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Ca2�/calmodulin (CaM)-dependent protein kinase II (CaMKII) is a major mediator of cellular Ca2� signaling. Several
inhibitors are commonly used to study CaMKII function, but these inhibitors all lack specificity. CaM-KIIN is a natural,
specific CaMKII inhibitor protein. CN21 (derived from CaM-KIIN amino acids 43–63) showed full specificity and potency
of CaMKII inhibition. CNs completely blocked Ca2�-stimulated and autonomous substrate phosphorylation by CaMKII
and autophosphorylation at T305. However, T286 autophosphorylation (the autophosphorylation generating autonomous
activity) was only mildly affected. Two mechanisms can explain this unusual differential inhibitor effect. First, CNs
inhibited activity by interacting with the CaMKII T-site (and thereby also interfered with NMDA-type glutamate receptor
binding to the T-site). Because of this, the CaMKII region surrounding T286 competed with CNs for T-site interaction,
whereas other substrates did not. Second, the intersubunit T286 autophosphorylation requires CaM binding both to the
“kinase” and the “substrate” subunit. CNs dramatically decreased CaM dissociation, thus facilitating the ability of CaM
to make T286 accessible for phosphorylation. Tat-fusion made CN21 cell penetrating, as demonstrated by a strong
inhibition of filopodia motility in neurons and insulin secrection from isolated Langerhans’ islets. These results reveal the
inhibitory mechanism of CaM-KIIN and establish a powerful new tool for dissecting CaMKII function.

INTRODUCTION

Ca2�/calmodulin-dependent protein kinase II (CaMKII) is a
multifunctional protein kinase best known for its critical role
in learning and memory (for review, see Lisman and McIn-
tyre, 2001; Soderling et al., 2001; Hudmon and Schulman,
2002; Lisman et al., 2002). CaMKII is highly expressed in the
brain (Erondu and Kennedy, 1985), but at least one of its
four isoforms (�, �, �, and �) has been found in every cell
type examined (Tobimatsu and Fujisawa, 1989; Bayer et al.,
1999; Tombes et al., 2003). Numerous cellular functions of
CaMKII have been described previously, both in and outside
the nervous system. These include regulation of various ion
channels (Worrell and Frizzell, 1991; Wang and Best, 1992;
Roeper et al., 1997; Derkach et al., 1999; Dzhura et al., 2000),
gene expression (Nghiem et al., 1994; Ramirez et al., 1997;
Meffert et al., 2003), cell cycle/proliferation control (Baitinger
et al., 1990; Patel et al., 1999; Matsumoto and Maller, 2002;
Illario et al., 2003), apoptotic and excitotoxic cell death
(Laabich and Cooper, 2000; Fladmark et al., 2002), cell mor-
phology (Wu and Cline, 1998; Fink et al., 2003), and filopodia
motility (Fink et al., 2003). CaMKII also has been implicated
in regulation of insulin secretion (for review, see Easom,
1999); however, this conclusion is largely based on experi-
ments using KN inhibitors, which also affect the Ca2� chan-
nels required for secretion (see below).

CaMKII forms multimeric holoenzymes (Bennett et al.,
1983; Kanaseki et al., 1991; Kolodziej et al., 2000; Morris and
Torok, 2001; Hoelz et al., 2003; Rosenberg et al., 2005), and a
Ca2�/calmodulin (CaM)-dependent intersubunit autophos-
phorylation at T286 renders the kinase active even after
dissociation of Ca2�/CaM (Hanson et al., 1994; Rich and
Schulman, 1998). Phosphorylation of T286, which is located
in the regulatory region, relieves autoinhibition by prevent-
ing binding of the region around T286 to the T-site, which is
adjacent to the substrate binding S-site (see kinase domain
model in Figure 3A) (Bayer et al., 2001, 2006; Rosenberg et al.,
2005). The subsequent Ca2�-independent or autonomous
activity has been regarded as a form of “molecular mem-
ory,” and it is important in several neuronal functions of the
kinase (Giese et al., 1998; Lisman and McIntyre, 2001; Lisman
et al., 2002). Additionally, T286 phosphorylation traps CaM
on CaMKII (Meyer et al., 1992), and regulates CaMKII bind-
ing to other proteins (for reviews, see Bayer and Schulman,
2001; Colbran, 2004), such as syntaxin (Ohyama et al., 2002),
densin-180 (Strack et al., 2000; Walikonis et al., 2001), NR1
(Leonard et al., 2002), NR2A (Gardoni et al., 1999), NR2B
(Strack and Colbran, 1998; Bayer et al., 2001), and F-actin
(Fink et al., 2003; O’Leary et al., 2006). Among the other
autophosphorylation sites, the functional consequences of
T305/306 phosphorylation are understood best. T305/306
autophosphorylation can occur in an intrasubunit reaction,
blocks CaM binding (Colbran and Soderling, 1990), acceler-
ates CaMKII dissociation from synaptic sites (Shen et al.,
2000), and also plays a role in learning (Elgersma et al., 2002).

CaMKII inhibitors such as KN62, KN93, and peptides
derived from the autoinibitory region of CaMKII, such as
AIP or AC3-I, are useful tools for examining functions of the
kinase. However, the KN drugs cannot discriminate be-
tween CaMKII and CaMKIV (Enslen et al., 1994), and they
inhibit voltage-gated K� and Ca2� channels (Li et al., 1992;

This article was published online ahead of print in MBC in Press
(http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E07–02–0185)
on October 17, 2007.
□D □V The online version of this article contains supplemental mate-
rial at MBC Online (http://www.molbiolcell.org).

* These authors contributed equally to this work.

Address correspondence to: K. Ulrich Bayer (ulli.bayer@uchsc.edu).

5024 © 2007 by The American Society for Cell Biology



Ledoux et al., 1999). Moreover, the KN drugs interfere com-
petitively with activation by CaM, and thus they do not
inhibit autonomous activity of the kinase (Tokumitsu et al.,
1990; Sumi et al., 1991). The CaMKII-derived peptide inhib-
itors are widely thought to be more specific. However, such
peptides also inhibit other CaM-dependent kinases and pro-
tein kinase (PK) A (Smith et al., 1990; Hvalby et al., 1994), and
their potency is low (Chen et al., 2001). The natural CaMKII
inhibitor protein CaM-KIIN provides a promising alterna-
tive, because it potently inhibits CaMKII but not CaMKI,
CaMKIV, PKA, or PKC (Chang et al., 1998, 2001). Two CaM-
KIIN isoforms are highly homologous to each other and
colocalize with microtubules in neurons; both bind selec-
tively to CaMKII only in its activated states (Chang et al.,
1998, 2001). CaM-KIIN–derived peptides could provide su-
perior CaMKII inhibitors, especially if they are short enough
to be synthesized easily.

Here, we identify the minimal region of CaM-KIIN� that
retains full potency and specificity of CaMKII inhibition
(CN21) (the homologous CaM-KIIN� region differs at one
residue only). CN21 efficiently blocked substrate- and T305
autophosphorylation of CaMKII, but surprisingly it only
mildly affected T286 autophosphorylation. Identification of
the T-site as the CaM-KIIN interaction site on CaMKII pro-
vided two mechanisms for this novel differential inhibitor
effect: CaM-KIIN was competitive with the region around
T286, and strengthened the CaM binding required for pre-
sentation of T286 as a substrate. Tat-fused CN21 was cell-
penetrating and inhibited filopodia motility and insulin se-
cretion, thus providing a powerful new tool for studying
cellular CaMKII function.

MATERIALS AND METHODS

Peptides and Proteins
CaMKII� and � were purified from a baculovirus/Sf9 cell expression system,
CaM was purified after bacterial expression (Bayer et al., 2001; Singla et al.,
2001). 2-Chloro-(�-amino-Lys75)-[6-(4-N,N-diethylaminophenyl)-1,3,5-triazin-
4-yl] calmodulin (TA-CaM) was kindly provided by Dr. Katalin Torok (Torok
et al., 2001; Tzortzopoulos and Torok, 2004). Green fluorescent protein (GFP)-
CaMKII� wild-type and mutants were expressed in Cos-7 cells, and extracts
were prepared in 50 mM piperazine-N,N�-bis(2-ethanesulfonic acid) (PIPES),
pH 7.2, 10% glycerol, 1 mM EGTA, 1 mM dithiothreitol, and protease inhib-
itors (Roche Diagnostics, Indianapolis, IN) (O’Leary et al., 2006). Then, 0.2
g/ml rat liver was homogenized in the same buffer and spun for 10 min at
10,000 � g. Glutathione transferase (GST)-NR2B-c (amino acids 1120-1482 of
the cytoplasmic NR2B C terminus) was expressed in bacteria (Bayer et al.,
2001). CaM-KIIN, MAP2, AC2, syntide2 (Sigma-Aldrich, St. Louis, MO),
calmodulin binding domain (CBD; Calbiochem, San Diego, CA), tat fusion
peptides (Global Peptide Services, Ft. Collins, CO), and other CN peptides
(Caltech Synthesis Core. Pasadena, CA) were obtained commercially.

CaMKII Activity Assays
Standard CaMKII assays were done for 1 min at 30°C (Bayer et al., 2001, 2002),
with 20 nM CaMKII (subunit, not holoenzyme concentration), 50 mM PIPES,
pH 7.2, 0.1 mg/ml bovine serum albumin (BSA), 10 mM MgCl2, 100 �M
[�-32P]ATP (�1 Ci/mmol), 1 mM CaCl2, 1–2 �M CaM, and 30–60 �M AC2
peptide (or syntide2). The reactions were spotted onto Whatman P81 phos-
phocellulose paper rectangles (�2 � 2.5 cm). To remove free radioactivity, the
paper rectangles were rinsed and washed for 30 min under agitation in 0.5%
phosphoric acid or water. After two more rinses, an additional 30-min wash
typically did not release any more measurable radioactivity. Radioactivity of
the bound peptides was quantified in a Beckman 6000TA scintillation counter
(Beckman Coulter, Fullerton, CA) by the Cherenkov method. Any changes of
the standard protocol were done as indicated. For assays of the GFP-CaMKII�
mutants, kinase amounts were normalized by GFP fluorescence in the extract,
and total protein was adjusted with Cos-7 extracts.

Kinase Panels
A panel of different kinases was tested using a kinase profiling service
(Upstate Biotechnology, Charlottesville, VA). Forty-minute reactions at room
temperature contained 0.1% BSA, and they were started by addition of 10 mM
Mg-acetate and [�-33P]ATP, stopped by 0.1% phosphoryic acid, spotted on

filter mats, and washed 3 � 5 min in 75 mM phosphoric acid and 1� in
methanol before drying and scintillation counting. CaMKII and -IV were
activated by 5 mM CaCl2 and 1.7 �M CaM in 40 mM HEPES, pH 7.4; substrate
was 30 �M KKLNRTLSVA. Buffers and substrates for the other kinases
are stated in parentheses: PKA (8 mM 3-(N-morpholino)propanesulfonic acid
[MOPS], pH 7, 0.2 mM EDTA; 30 �M Kemptide), PKC� (20 mM HEPES, pH
7.2, 0.3% Triton X-100, 0.1 mg/ml phosphatidylserine, 10 �g/ml diacylglyc-
erol; 0.1 mg/ml histone H1), JNK1�1 (50 mM Tris-HCl, pH 7.5, 0.1 mM EGTA,
0.1% �-mercaptoethanol; 3 �M ATF), MAPK1 and raf (25 mM Tris-HCl, pH
7.5, 0.02 mM EGTA; 250 �M proprietary substrate and 0.66 mg/ml myelin
basic protein, respectively). Reactions in presence of 5 �M CN21a were done
in duplicate and normalized to four parallel reactions without inhibitor.

CaMKII Auto- and Protein Phosphorylation
Mitogen-activated prtoein (MAP)2 (10 nM; �140 nM phosphorylation sites;
Schulman, 1984) was used instead of substrate peptide, and reaction times
were 5 min, unless indicated otherwise. CaMKII concentration was 100 nM
subunits (�8.3 nM holoenzymes). Auto- and MAP2 phosphorylation were
assessed by immunoblot analysis (Bayer et al., 2002) with phospho-T286- or
-T305–specific antibodies (1:500; PhosphoSolutions, Aurora, CO) and an anti-
phospho-Thr antibody (1:500; Zymed Laboratories, South San Francisco, CA),
respectively. Total CaMKII� was detected with CB�2 antibody (1:2000; In-
vitrogen, Carlsbad, CA). Protein was separated on 10% poly-acrylamide SDS
gels, and electroblotted onto Protran 0.2-�m pore nitrocelluse filters (What-
man Schleicher and Schuell, Keene, NH) or onto polyvinylidene difluoride
(PVDF) filters (PerkinElmer-Cetus, Boston, MA). Alternatively, for quantita-
tive analyses, a vacuum-driven slot-blot manifold (Whatman Schleicher and
Schuell) was used for transfer onto PVDF membranes. PVDF membranes
were air-dried for 15 min, and then wetted in methanol. Blots were blocked in
5% milk in Tris-buffered saline, pH 7.6, with 0.1% Tween 20 (TBS-T). Anti-
bodies were incubated for 45–60 min at room temperature in 2.5% milk in
TBS-T; for the anti-phospho-T305 antibody, 2.5% BSA was used instead. After
secondary antibody incubation (anti-mouse or anti-rabbit horseradish perox-
idase conjugate; 1:4000; GE Healthcare, Chalfont St. Giles, United Kigndom),
detection was done using the Western Lightning system (PerkinElmer-Cetus)
and exposure to Hyperfilm (GE Healthcare). For quantitative analysis, che-
moluminescence was captured using a ChemiImager 4400 imaging system
(Alpha Innotech, San Leandro, CA) instead of film. Only nonsaturated images
were analyzed, using AlphaEase software (Alpha Innotech).

Crude liver extracts or NR2B-c were phosphorylated with 100 nM auto-
phosphorylated CaMKII, 2 �M CaM, and 40 �M [�-32P]ATP (�2 Ci/mmol).
Pre-autophosphorylation (of 300 nM CaMKII) was done for 5 min on ice in
presence of 3 mM CaCl2, 6 �M CaM, and 120 �M unlabeled ATP. After
addition of [�-32P]ATP and inhibitors as indicated, 2-min reactions at 30°C
were started by addition of substrate protein extract (1/3 to 1/12 of total
reaction volume) and stopped with 25 mM EDTA. Phosphorylation was
detected by autoradiography after gel electrophoresis.

CaMKII Binding to NR2B-c
CaMKII binding to NR2B-c was assessed as described previously (Bayer et al.,
2001, 2006). Briefly, GST-NR2B-c was immobilized on anti-GST–coated mi-
crotiter plates, then overlaid with 100 nM CaMKII in presence of Ca2�/CaM
and 1 or 5 �M of various CN peptides. After extensive wash, protein was
eluted from the plates by boiling in SDS loading buffer. Eluted CaMKII was
detected by Western blot as described above.

TA-CaM Dissociation
TA-CaM dissociation was assessed by increased TA-CaM (30 nM) fluores-
cence after dissociation from CaMKII or its CBD (150 nM) during a chase with
unlabeled CaM (60 �M) (Torok et al., 2001; Tzortzopoulos and Torok, 2004).
Buffer contained 50 mM HEPES, pH 7.4, 150 mM KCl, 2 mM MgCl2, 2 mM
Mg-ADP, 2 mM CaCl2, and 0.1 mg/ml BSA. Fluorescence was measured in a
time scan (1-s samples) at 365-nm excitation and 415-nm emission wavelength
on a spectrofluorometer (Fluorolog3; HORIBA Jobin Yvon, Edison, NJ) and
was corrected for photobleach (Supplemental Figure 9).

Imaging of Neuronal Filopodia Motility
Imaging of neuronal filopodia motility was done similarly to that described
previously (Fink et al., 2003). Hippocampal cultures were prepared from
newborn Sprague Dawley rats (Harlan, Indianapolis, IN) as described previ-
ously (Bayer et al., 2001), plated onto poly-d-lysine–coated glass-bottomed
dishes (MatTek, Ashland, MA) at a density of �2.5 � 106 cells/cm2, and
maintained in Neurobasal A medium with penicillin/streptomycin (50
U/ml), GlutaMAX (2 mM), and B27 supplement (Invitrogen). Glial growth
was inhibited by 5-fluoro-2�-deoxy-uridine and uridine (70 and 140 �M,
respectively). After 5 d in vitro, neurons were transfected with a GFP expres-
sion construct (Clontech, Palo Alto, CA) by using Lipofectamine 2000 (In-
vitrogen), as described previously (Bayer et al., 2001, 2006). On the next day,
neurons were imaged in culture medium on a Zeiss Axiovert 200M system
equipped with a 40� oil immersion objective, CoolSnap HQ charge-coupled
device camera (Roper Scientific, Trenton, NJ), Xenon lamp LB-LS/17 (Sutter
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Instrument, Novato, CA), and climate control set to 30°C and 5% CO2.
Fluorescence Images were acquired and analyzed using SlideBook software
(Intelligent Imaging Innovations, Denver, CO). Sixteen images were taken in
20-s time intervals, at 100-ms exposure time and bin factor 2. Subtraction
image (� image) stacks were generated by subtracting one stack (first image
deleted) from its duplicate (last image deleted). Then, � image stacks were
converted into average images in pseudocolor, for better visualization of
motility. Quantification of the pixel intensity yielded a relative motility index,
expressed as � image intensity before treatment set as 100%. Intensity cutoff
masks eliminated most background pixels not located within neurons. Neu-
rons were imaged before and after 20-min incubation with either tatCN21 or
tatRev (5 �M). Incubation was done on the imaging setup; data from exper-
imental days on which mock incubation without peptide affected motility
were discarded.

Insulin Secretion
Langerhans’ islets acutely isolated from adult male Wistar rats (Harlan) were
obtained from the islet core facility of the Barbara Davis Center at University
of Colorado Denver. On 24-well plates, 10 islets were pooled per well in 20
mM HEPES, 25 mM NaHCO3, 114 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4,
1.16 mM MgSO4, 2.5 mM CaCl2, and 0.2% BSA; adjusted to pH 7.2. Within 90
min after isolation, insulin secretion was stimulated with 11 mM glucose.
Inhibitors or EGTA were added 30 min before stimulation. Insulin secreted
into the medium during 90-min stimulation was measured using an ELISA kit
(CrystalChem, Downers Grove, IL). Two independent islet preparations
showed inhibition of glucose-stimulated insulin secretion by tatCN21.

RESULTS

The Minimal Inhibitory Region of CaM-KIIN Retains
CaMKII Specificity
Three overlapping 21 amino acids long peptides were de-
rived from the previously identified inhibitory region of
CaM-KIIN (Chang et al., 1998) (Figure 1A). Their effect on
AC2 substrate phosphorylation by CaMKII was then as-
sayed in vitro (Figure 1B). The N-terminal peptide CN21a
showed the full inhibitory effect observed with the full-
length CaM-KIINtide (here named CN27). The other 21mer
peptides, CN21b and CN21c, had minimal or no effect. C-
terminal truncations of CN21a by four and seven amino
acids significantly impaired inhibition, although CN17a still
clearly affected CaMKII activity (Figure 1B). Thus, the full
inhibitory activity is contained in CN21a (CaM-KIIN 43–63).
CN21a also blocked phosphorylation of crude liver protein
extracts and of bacterially expressed GST-NR2B-c (Supple-
mental Figure 10).

CaM-KIIN efficiently inhibits CaMKII� but not CaMKIV,
PKA or PKC (Chang et al., 1998). CN21a retained this spec-
ificity, because it had no inhibitory effect on CaMKIV, PKA,
PKC, MAPK1, JNK1�1, or Raf even at 5 �M (Figure 1C). The
CaMKII� and � isoforms were inhibited to a similar degree
(Figure 1D). Thus, CN21a selectively inhibited CaMKII, but
not in an isoform-specific manner.

Different CN Effects on Two Peptide Substrates
Surprisingly, the concentration of half maximal inhibition
(IC50) for CN27 and CN21a was substrate dependent (Figure
2A). AC2 and syntide2 are commonly used peptide sub-
strates of CaMKII (Chang et al., 1998; Chen et al., 2001; Bayer
et al., 2002; Lu et al., 2003; Zhang et al., 2005). Although 1 �M
CN27 or CN21a reduced phosphorylation of AC2 only by
approximately half, phosphorylation of syntide2 was com-
pletely blocked (Figure 2A). For syntide2, the IC50 of CN21a
was �0.1 �M (Figure 2B). Addition of AC2 to the syntide2
phosphorylation reaction significantly reduced the inhibi-
tory effect of CN21a in a concentration-dependent manner,
indicating a competitive effect of AC2 with the CN inhibitor
(Figure 2B). This is in contrast to the noncompetitive inhibi-
tion of syntide2 phosphorylation (Chang et al., 2001). Com-
petition of CN21a with AC2 was further corroborated using
a double-reciprocal plot (Lineweaver and Burk, 1934): In-

creasing CN21a concentrations affected apparent km (x-axis
intersection: �1/km) much more strongly than apparent
Vmax (y-axis intersection: 1/Vmax) (Figure 2C).

CaM-KIIN and CN21a Require the CaMKII T-Site for
Inhibition
Why is CN-mediated inhibition of AC2 phosphorylation
competitive (Figure 2, B and C), whereas inhibition of other
substrates is not (Chang et al., 2001)? AC2 is derived from
the CaMKII autoregulatory region around T286, and thus it
can interact not only with the CaMKII S-site (substrate bind-
ing site) but also with the T-site (which interacts with the
T286 region in the basal, inactive state of the kinase) (Bayer
et al., 2001) (Figure 3A). Therefore, we hypothesized that CN
may bind to the T-site of CaMKII, leading to competition for
binding to the T-site (with AC2) but not the S-site (all sub-

Figure 1. CN21a contains the full CaMKII inhibitory potency and
specificity of CaMK-IINtide. (A) The CN peptides used in this study
are indicated relative to the sequence of CaMK-IINtide (Chang et al.,
1998) (here termed CN27). Darker bars indicate greater CaMKII
inhibitory potential found in this study. (B) CN21a contains the full
inhibitory potency. Deletion of the three N-terminal amino acids
abolishes inhibiton, whereas C-terminal deletion reduces it. Ca2�/
CaM-induced CaMKII activity was measured by 32P incorporation
into the peptide substrate AC2. (C) CN21a specificity was tested on
a panel of different kinases (at 5 �M, 50-fold IC50). Kinase activity
without inhibitor was normalized to 100% for each kinase. CaMKII
activity was completely blocked, whereas activities of the other
kinases were not affected. Individual data points of duplicate assays
are shown. (D) CN27 and CN21 inhibited both major brain CaMKII
isoforms, � and �. Error bars indicate SEM.
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strates). This model was tested using GFP-CaMKII� wild
type and two T-site mutants, W237R and I205K (Yang and
Schulman, 1999; Bayer et al., 2006). Indeed, both CN21a and
CaM-KIIN inhibited the T-site mutants much less than
CaMKII wild type (Figure 3B). CN21a (1 �M) reduced phos-

phorylation of syntide2 by CaMKII wild type to �4%,
whereas the W237R and I205K and mutants retained �35
and 60% of their maximal activity, respectively (Figure 3B).
At 0.1 �M CN21a, both mutants showed �75% of their
maximal activity, whereas activity of CaMKII wild type was
reduced to �10% (Figure 3B). In an independent experi-

Figure 2. CNs differentially inhibit phosphorylation of two peptide
substrates. (A) CN peptides (1 �M) blocked CaMKII phosphorylation
of the peptide substrate syntide2 (derived from a phosphorylation site
on glycogen synthase), but only reduced phosphorylation of AC2
(derived from the autophosphorylation site around T286). (B) AC2
interferes with CaMKII inhibition by CN21. Kinase assays were
done in presence of 0.1 or 0.5 �M CN21 with 80 �M syntide2 as the
principle substrate; AC2 was added at the indicated concentration.
Kinase activity is shown as percentage of maximal activity without
CN21 peptide. Error bars indicate SEM (C) Inhibition by CN21 is
competitive with AC2. Standard kinase assays were performed with
10 nM CaMKII, 1 �M CaM, and varying concentrations of AC2 (40,
13.33, 8, and 5 �M) and CN21 (0, 0.3, 0.6, and 0.9 �M). In a
Lineweaver–Burk plot, increasing the CN21 concentration has a
much stronger effect on apparent �1/km (x-axis intersection) than
on apparent 1/Vmax (y-axis intersection), indicating inhibition by a
largely competitive mechanism. The r2 values of regression for all
inhibitor series were 	0.994.

Figure 3. CaM-KIIN and CN21 interact with the CaMKII T-site.
(A) Model of the CaMKII kinase domain (Rosenberg et al., 2005)
with the substrate binding S-site (orange), the T286-region binding
T-site (yellow), and the regulatory region (ribbon). The blue arrow
indicates the proposed orientation of CN21a binding to the T-site
(when the regulatory region is displaced after activation) (B) Com-
pared with GFP-CaMKII� wild type (wt), the activity of the CaMKII
T-site mutants W237R and I205K were significantly less affected by
CN21a (p � 0.001; n � 6) or CaM-KIIN (p � 0.02; n � 4), as assessed
by standard kinase assays with the peptide substrate syntide2.
Results are normalized to maximal kinase activity without inhibitor.
Error bars show SEM (C) CN21 efficiently blocked Ca2�/CaM-
induced CaMKII binding to immobilized GST-NR2B-c, an interac-
tion that occurs at the CaMKII T-site (Bayer et al., 2001, 2006). Bound
CaMKII was eluted and detected by Western blot. C- but not N-
terminal truncations of CN21 also inhibited binding to NR2B.
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ment, 1 �M CaM-KIIN yielded similar results: W237R and
I205 retained �40 and 80% of their maximal activity,
respectively, whereas the activity of CaMKII wild type
was reduced to below 20% (Figure 3B). These results
indicate that inhibition by CNs requires interaction with
the T-site of CaMKII, thereby explaining the T286-region-
specific competition.

CN Peptides Inhibit CaMKII Binding to NR2B
If CN peptides bind to the CaMKII T-site, they should
interfere with CaMKII binding to the N-methyl-d-aspartate
(NMDA)-type glutamate receptor subunit NR2B, which
binds to the same site (Bayer et al., 2001, 2006). Indeed,
CN21a efficiently inhibited binding of CaMKII to immobi-
lized GST-NR2B C terminus (Figure 3C). CN21a (1 �M) was
sufficient to completely block CaMKII binding to NR2B (Fig-
ure 3C), whereas much higher concentrations of peptides
derived from the binding site on NR2B or the CaMKII T286-
region are required to produce the same effect (	30 �M;
Bayer et al., 2006). The C-terminal truncations of CN21a
(CN17 and 14) also affected CaMKII binding to NR2B, but
these effects were less pronounced (Figure 3C).

CaM-KIIN and CN21a Trap CaM on CaMKII
CaMKII T286 autophosphorylation or binding to NR2B dra-
matically reduces the CaM off-rate, which can effectively
result in trapping of CaM on CaMKII (Meyer et al., 1992;
Bayer et al., 2001). We hypothesized that CaM-KIIN and
CN21a should have a similar effect, if CaM trapping is
indeed mediated by displacement of the CaMKII autoregu-
latory region from the T-site. To follow CaM dissociation,
we used TA-CaM, which shows increased fluorescence after
dissociation from CaMKII or a peptide derived from the
CaMKII calmodulin binding domain (CBD) (Torok et al.,
2001; Tzortzopoulos and Torok, 2004). Dissociation of TA-
CaM was initiated by a chase with an excess of unlabeled
CaM, and the change in fluorescence was followed over time
(Figure 4). Both CN21a and CaM-KIIN dramatically reduced
the CaM off-rate from CaMKII. A control peptide (CN21c)
had no effect. The direct action of CN21a was on CaMKII
and not on CaM, because CN21a did not slow down disso-
ciation of TA-CaM from a CBD peptide (Figure 4).

CaM-KIIN and CNs Block Substrate- and T305
Autophosphorylation, but Only Mildly Affect T286
Autophosphorylation
Intersubunit, intraholoenzyme autophosphorylation at T286
generates Ca2�/CaM-independent (autonomous) activity of
CaMKII. T286 autophosphorylation requires CaM binding
to both the “kinase subunit” (for activation) and the “sub-
strate subunit” (to make T286 accessible for phosphoryla-
tion). Based on two mechanistic actions of CNs, we hypoth-
esized that they should affect T286 autophosphorylation
much less than phosphorylation of exogenous substrates: 1)
the T286-region competed with CNs for T-site binding (even
at 6 �M of the T286-derived AC2; Figures 2 and 3); and 2)
CNs strengthened CaM binding to CaMKII (Figure 4) and
thereby should facilitate the substrate-directed CaM effect in
autophosphorylation. Indeed, even 5 �M CN21a or CN27
failed to block T286 phosphorylation (Figure 5A). By contrast,
phosphorylation of MAP2 present in the same reaction was
strongly inhibited. This suggests that CNs do not block gener-
ation of the autonomous state of CaMKII by autophosphory-
lation, even though they efficiently inhibit substrate phosphor-
ylation by Ca2�/CaM-stimulated and autophosphorylated
CaMKII.

Can CaM-KIIN slow down T286 autophosphorylation? To
test this, reactions were stimulated with submaximal CaM
(0.1 �M) at 30°C and stopped at different time points (Figure
5B) (essentially the same results were obtained at 1 �M CaM;
Supplemental Figure 11). Both CN21a and KN93 (5 and 10
�M, respectively) blocked T305 and other slow secondary
autophosphorylation reactions that result in a band-shift of
CaMKII (Figure 5B). Thus, CNs can block autophosphory-
lation in principle. However, T286 autophosphorylation was
almost completely blocked only by KN93, but not by CN21a
(Figure 5B). Thus, T286 autophosphorylation is not inher-
ently hard to inhibit, and T286 protection is specific to CN
inhibitors. In Figure 5B, CN21a seems to somewhat reduce
T286 phosphorylation, even if it does not block it. However,
this appearance is because the CaMKII band stays much
tighter in the presence of CN21a, because it inhibits the
secondary autophosphorylation reactions that cause a band-
shift. Thus, we quantified T286 autophosphorylation after
performing a slot-blot, which keeps the area of signal con-
stant (Figure 5C). Indeed, CN21a did not significantly affect
T286 autophosphorylation (Figure 5C).

Detection of any slowing of T286 autophosphorylation by
CN inhibitors (5 �M; �50-fold IC50) required subphysiological
conditions, i.e., combination of submaximal CaM (0.1 �M) with
low temperature (on ice) (Figure 5D). A more obvious slowing
down of the reaction was obtained by further increasing inhib-
itor concentrations (20 �M CN27; �200-fold IC50) (Figure 5D).
However, even this degree of inhibition is qualitatively differ-
ent from the essentially complete block of substrate- and T305
autophosphorylation by CN inhibitors and from the block of
T286 autophosphorylation by KN93 seen in Figure 5, A–C.
Together, CN inhibitors completely block substrate and T305
autophosphorylation, but only mildly inhibit T286 autophos-
phorylation by CaMKII.

CN21a Truncations and a Bulky Protein Substrate
MAP2 is an excellent CaMKII substrate and contains 	10
different phosphorylation sites (Schulman, 1984). MAP2
phosphorylation by CaMKII was efficiently blocked not only
by CN21a, but also by the C-terminally truncated CN17 and
14, and by the N-terminally shifted CN21b but not by CN21c
(Figure 5A). This indicated that the eleven CaMK-IIN amino

Figure 4. CaM-KIIN and CN21a (5 �M) slowed down CaM disso-
ciation from CaMKII (150 nM). Dissociation of TA-CaM (30 nM) was
monitored by its increased fluorescence (1-s sample times) during a
chase with excess unlabeled CaM (60 �M). The control peptide
CN21c did not slow down dissociation. CN21a slowed dissociation
from CaMKII, but not from a peptide derived from the CaMKII
calmodulin binding domain (CBD), demonstrating a CaMKII di-
rected effect.
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acids 46–56 (CN21a amino acids 4–14; Figure 1A) form a
core inhibitory region that was sufficient to block access of

the bulky protein substrate MAP2, but not of smaller pep-
tide substrates.

tatCN21 Retains Inhibition of CaMKII Activity and
NR2B Binding
To generate a cell-penetrating CaMKII inhibitor, the tat se-
quence was fused to the N terminus of CN21a. In contrast to
a previously used CaMK-IIN–derived inhibitor (antCN27;
Fink et al., 2003; Illario et al., 2003; Meffert et al., 2003;
Sanhueza et al., 2007), the resulting 32-amino acid-long
tatCN21 can be easily synthesized by any routine peptide
facility. tatCN21 (1 �M) completely blocked CaMKII activ-
ity, whereas even 5 �M tatCN21 had little or no effect on
other kinases tested (Figure 6A). Importantly, this included
basophilic kinases such as PKA and PKC (as the tat peptide
is rich in basic Arg and Lys residues). However, 5 �M
tatCN21 did have a mild effect on CaMKIV activity (�35%
reduction), consistent with a previously reported similar
mild effect by CaMK-IIN (Chang et al., 1998). Thus, tatCN21
is much more specific than any other reported CaMKII
inhibitor, but use at concentrations significantly higher than
5 �M should be avoided. Both tatCN21 and antCN27 (1 �M)
blocked CaM-induced CaMKII binding to immobilized
NR2B C terminus (Figure 6B), as seen for CN21a and CN27
(Figure 3C).

tatCN21 Inhibits Motility in Hippocampal Neurons
CaMKII activity regulates motility of filopodia and small
dendritic branches in hippocampal neurons (Fink et al., 2003;
Jourdain et al., 2003). This CaMKII function was used to test
the effect of extracellular tatCN21 application on an intracel-
lular process. Motility was assessed by time series imaging
of cultured hippocampal neurons that express GFP (Figure
7; see Supplemental Movies), essentially as described previ-

Figure 5. CaM-KIIN and CN21 block substrate- and T305 but not
T286 autophosphorylation. (A) CN peptides (5 �M) blocked
CaMKII substrate- but not T286 autophosphorylation when stimu-
lated with 1 �M CaM (5-min reaction time). Phosphorylation of
MAP2 and CaMKII autophosphorylation at T286 were assessed by
Western analysis. Only CN21c failed to block MAP2 phosphoryla-
tion, indicating that CN21a amino acids 4–14 from the core inhibi-
tory region. Importantly, none of the CN peptides blocked CaMKII
T286 autophosphorylation. (B) Time course of CaMKII autophos-
phorylation stimulated by 0.1 �M CaM at 30°C. CN21 and KN93 (5
and 10 �M, respectively) blocked T305 and other autophosphory-
lation that result in a band-shift of CaMKII. By contrast, T286 was
essentially completely blocked by KN93, but not by CN21. Total
CaMKII and autophosphorylation at T286 and T305 were detected
by Western analysis. (C) Slot-blot analysis (left) was performed for
quantification (right) of T286 autophosphorylation in the experi-
ment shown in B. T286 autophosphorylation was normalized to the
degree seen after 8-min reaction without inhibitor; dilutions of this
reaction were used as standard. Slot-blot avoids differences in the
area of the signal caused by the band-shift seen only in absence of
inhibitor. CN21 had no significant effect on the T286 autophosphor-
ylation measured (p 	 0.25). Error bars show SEM of triplicates. (D)
Reactions as in B (submaximal CaM) were slowed down further by
low temperature (on ice). Under these conditions, CN inhibitors
slowed down T286 autophosphorylation, but they still did not com-
pletely block it. T305 and other autophosphorylation that result in
band-shift were not detected under these conditions.

Figure 6. tatCN21 retains inhibition of CaMKII activity and bind-
ing to NR2B. (A) Effect of tatCN21 was tested on a panel of different
kinases. Kinase activity without inhibitor was normalized to 100%
for each kinase. tatCN21 (1 �M) completely blocked CaMKII activ-
ity, whereas even 5 �M tatCN21 had little or no effect on the other
kinases. A mild but clear effect was observed only on CaMKIV
(�35%). Individual data points of duplicate assays are shown. (B)
Like CN21a, both tatCN21 and antCN27 efficiently blocked Ca2�/
CaM-induced CaMKII binding to immobilized GST-NR2B-c. Con-
trol peptides did not affect CaMKII binding. Bound CaMKII was
eluted and detected by Western blot.
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ously (Fink et al., 2003). Briefly, subtraction images (� im-
ages) were created by subtracting pixel intensities of one
image from an image taken 20 s later, and then they were
used to quantify relative motility before and after a 20-min
treatment with peptide. tatCN21 but not tatRev (the reverse
sequence control), inhibited motility (Figure 7). It also re-
sulted in a net loss of filopodia (Figure 7A), consistent with
a stronger effect of CaMKII inhibition on filopodia extension
than retraction (Fink et al., 2003). Figure 7A shows an area of
high motility that was dramatically reduced by the inhibitor
(see Supplemental Movies). Averages of larger areas (110 �

148 �m), as shown in Figure 7B, were used for the quanti-
fication in Figure 7C. Reduced motility is not due to toxicity
of tatCN21, as assessed by a cell death assay based on lactate
dehydrogenase release 20–24 h after tatCN21 addition
(unpublished observation). Thus, extracellularly applied
tatCN21 affects an intracellular function that is regulated by
CaMKII.

tatCN21 Inhibits Insulin Secretion from Isolated
Langerhans’ Islets
CaMKII has been implicated in regulation of insulin secre-
tion, however, largely based on experiments with KN93,
which also directly affects Ca2� channels required for insulin
secretion (for review, see Easom, 1999). Insulin secretion
from isolated rat Langerhans’ islets was stimulated by 11
mM glucose (Figure 8). Stimulated insulin secretion was
significantly inhibited not only by extracellular EGTA and
KN93 but also by the CaM-KIIN–derived fusion peptides
tatCN21 and antCN27 (Figure 8). These results corroborate
previous indication of CaMKII involvement in insulin secre-
tion. Together, the results show that tatCN21 is cell pen-
etrating and can affect CaMKII function in cells (Figures 7
and 8).

DISCUSSION

The results of this study reveal the inhibitory mechanism of
the natural CaMKII-specific inhibitory protein CaM-KIIN
(Chang et al., 1998, 2001) and establish a powerful new tool
for dissecting cellular CaMKII functions. CN21a (now also
termed CN21) was identified as the minimal 21-amino acid
region of CaM-KIIN that contains the full inhibitory potency
and specificity. CN21 interacted with the T-site of CaMKII to
achieve inhibition, block CaMKII binding to NR2B, and
significantly enhance binding of CaM. CN21 efficiently
blocked substrate- and T305 autophosphorylation, but re-
markably (and in contrast to KN93) only mildly affected
T286 autophosphorylation. Thus, although CN21 blocked
general stimulated and autonomous CaMKII activity, it did
not block the autophosphorylation at T286 that generates the
Ca2�/CaM-independent autonomous state. To our knowl-
edge, this is the first mechanistic characterization of such

Figure 7. tatCN21 inhibits motility in hippocampal neurons. Im-
ages of GFP-expressing hippocampal neurons (5–6 d in vitro) were
acquired at 30°C in 20-s intervals to assess motility. After the first set
of 16 images, neurons were incubated with tatCN21a or with control
peptide for 20 min; then a second set of images was taken. Bars, 10
�m. (A) Example images of the same dendrite area before and 20
min after addition of tatCN21, at different times of acquisition as
indicated (also see Supplemental Movies). � images were created by
subtracting pixel intensities of one image from the one taken 20 s
later. Shown � image intensities are fourfold exaggerated compared
with the original captures on the left. (B) Average of � images in
pseudocolor visualize motility in a larger area (110 � 148 �m). Error
indicates SEM of the � images used for the average projections
shown. (C) Quantification of the change in motility after application
of tatCN21 or tatRev control based on � image average projections.
Error bars show SEM (n � 7 neurons from three independent
cultures). In three cases, neurons were treated first with tatRev and
then tatCN21, as shown in B.

Figure 8. tatCN21 inhibits glucose-induced insulin secretion. In-
sulin secretion from acutely isolated rat Langerhans’ islets (10/well)
was stimulated by 11 mM glucose. This secretion was inhibited by
extracellular EGTA (0.5 mM; instead of 2.5 mM CaCl2), KN93 (10
�M), antCN27 (5 �M), and tatCN21 (5 �M) (p � 0.025; for KN93 and
tatCN21, p � 0.01). Error bars show SEM (n � 4; for antCN27, n �
3). The CN peptides inhibited secretion also in an independent
experiment (which did not include the standard for determining
absolute insulin amount; data not shown).
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differential effect of a kinase inhibitor, in this case for an
inhibitor that is naturally expressed in cells.

How does the differential effect of CN inhibitors on sub-
strate- versus T286 autophosphorylation work? CaM-KIIN
inhibits phosphorylation of syntide2 in a noncompetitive
manner (Chang et al., 1998). By contrast, according to our
results, inhibition was competitive with the substrate pep-
tide AC2. Syntide2 should only interact with the substrate
binding site (S-site), whereas AC2 can interact with the S-site
and the autoregulatory T286 binding site (T-site), because
AC2 is derived from the region around T286 (Figure 3A;
Bayer et al., 2001, 2006). Mutations in the CaMKII T-site
greatly reduced inhibition by CaM-KIIN and CN21, indicat-
ing that these inhibitors interact with the T-site to achieve
inhibition. Thus, CNs competed with AC2 and the T286
region for T-site binding. Consistent with such T-site bind-
ing, CaM-KIIN binds only to activated forms of CaMKII
(Chang et al., 1998), because the T-site is only accessible upon
CaMKII activation. Also, CN21 prevented CaMKII binding
to NR2B, which is known to occur at the T-site (Bayer et al.,
2001, 2006). The unusual competition between CN and the
CaMKII T286 region for T-site binding, together with high
T286 concentration, may prevent block of T286 autophos-
phorylation by CN. The “local concentration” of T286 within
the space occupied by a holoenzyme (Kolodziej et al., 2000;
Hoelz et al., 2003; Rosenberg et al., 2005) is 6 mM. This
should indeed allow highly efficient competition, because
the T286 region-derived AC2 peptide competed even at a
1000� lower concentration. High local substrate concentra-
tion alone is not sufficient to escape inhibition by CN, be-
cause CN blocked autophosphorylation at T305. This is con-
sistent with the model, because substrates that do not
interact with the T-site (including CaMKII T305) do not
compete with CNs, even at high concentrations (also see
Chang et al., 1998). Also, T286 autophosphorylation is not
difficult to inhibit in principle, because an essentially com-
plete block was achieved by the less potent inhibitor KN93.
Thus, partial protection of T286 from CN inhibition indeed
requires a special mechanism, such as the demonstrated
competitive effect. Perhaps even more importantly, T286
(but not T305) autophosphorylation occurs intersubunit and
requires CaM binding not only to the kinase but also to the
substrate subunit (Hanson et al., 1994; Rich and Schulman,
1998). Although CNs may reduce activity of the kinase
subunit, they did significantly strengthen CaM binding, thus
enhancing the substrate-directed effect of CaM in T286 au-
tophosphorylation. The observed CaM trapping by CNs is
likely a direct effect of displacing the region around T286
from the T-site, because T286 autophosphorylation or bind-
ing to NR2B have similar effects (Meyer et al., 1992; Bayer et
al., 2001). Consistent with our model, although CNs did not
block T286 autophosphorylation (in contrast to KN93), they
were able to slow down the reaction. However, clear detec-
tion even of a slowing of the reaction required high CN
concentration (200-fold IC50) and much subphysiological
temperature and CaM concentration. At first glance, protec-
tion of T286 from CN block seems contradictory with a
previous report (Chang et al., 1998); however, detection of
inhibition in that study also required high CaMK-IIN con-
centrations at much subphysiological temperature and also
did not result in complete block of T286 phosphorylation
(Chang et al., 1998).

How do CNs inhibit CaMKII activity? CaM-KIIN and
CN21 interact with the noncatalytic T-site of CaMKII, and
this may prevent substrate access to the immediately adja-
cent catalytic S-site. But why, then, does the T-site binding
peptide AC2 not inhibit CaMKII activity? In contrast to

CN21, AC2 bound to the T-site does not block the S-site
(Figure 3A). Indeed, a CaMKII truncation to L300 (the C
terminus of AC2) is constitutively active, whereas a slightly
less extensive truncation to N304 results in permanent S-site
block, due to loss of the CaM binding site (Yamagata et al.,
1991; Cruzalegui et al., 1992) (also see Figure 3A). Thus,
T-site binding inhibitors have to be sufficiently long to pre-
vent substrate access to the neighboring S-site. Consistent
with this notion, our results showed that further truncations
of CN21 were still able to block phosphorylation of a large
protein substrate, even though they allowed at least partial
access of small peptide substrates (CN21 amino acids 1–14
were sufficient to inhibit MAP2 phosphorylation; full-length
CN21 was required to block access of small peptide sub-
strates). This suggests that the CN21 N-terminus interacts
with the T-site, whereas the C terminus extends to block
S-site access (Figure 3A). However, this primary effect on
substrate access does not preclude additional, more subtle
effects on ATP binding pocket conformation.

Currently used CaMKII inhibitors are demonstrated to
have nonspecific effects (Smith et al., 1990; Li et al., 1992;
Enslen et al., 1994; Hvalby et al., 1994; Chang et al., 1998;
Ledoux et al., 1999). CN21 will be a useful tool, due to its
specificity. Additionally, the differences in the inhibitory
actions of CN21 and KN93 may allow further dissection of
the functions of different modes of CaMKII action. KN93
interferes with activation by CaM, thus blocking the
CaM-dependent substrate- and T286 autophosphorylation
(Tokumitsu et al., 1990; Sumi et al., 1991), but not autono-
mous activity once generated by autophosphorylation. By
contrast, CN inhibitors blocked both CaM-stimulated and
autonomous activity, even though they did not block T286
autophosphorylation. Therefore, these peptides could be
used to determine functions of T286 autophosphorylation
and autonomous CaMKII activity, such as their proposed
roles in maintenance of long-term potentiation of synaptic
strength and in metaplasticity (for review, see Tompa and
Friedrich, 1998; Lisman and McIntyre, 2001). Indeed, a re-
cent study using antCN27 indicated a possible role of
CaMKII in maintenance of synaptic memory (Sanhueza et
al., 2007). The characterization of the CN inhibitory mecha-
nism suggests involvement of either autonomous activity or
NR2B binding of CaMKII.

The neuronal functions of endogenous CaM-KIIN are cur-
rently unknown. However, its specific dendritic shaft local-
ization (Chang et al., 1998) suggests inhibition of CaMKII
only in dendrites but not in synapses or filopodia. CaMKII�
localizes to neuronal filopodia and regulates their motility
(Fink et al., 2003). The inhibitory and targeting regions of
CaM-KIIN are likely on different parts of the protein: extra-
cellular application of its inhibitory region made cell-pene-
trating by tat fusion (tatCN21) inhibited filopodia motility in
hippocampal neurons, and its effect is thus not restricted to
the dendritic shaft. Cell penetration of tatCN21 was further
demonstrated by its inhibition of insulin secretion from
Langerhans’ islets. KN93 has similar effects (Wasmeier and
Hutton, 1999), also in �-toxin–permeabilized �-cells (Bhatt et
al., 2000) that circumvent requirement of voltage-dependent
Ca2� channels, which are directly affected by KN93 (Li et al.,
1992). TatCN21 made it possible to corroborate these find-
ings in intact islets stimulated by glucose. Tat fusion pep-
tides have proven useful not only in tissue culture but also
in vivo, and they can even cross the blood-brain barrier
(Aarts et al., 2002). With a length of 32 amino acids, tatCN21
can be easily generated by any routine peptide synthesis
facility (in contrast to the 42 amino acid antCN27). Thus,
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tatCN21 provides a powerful, readily accessible, and easy-
to-use tool for studying cellular CaMKII function.

Note added in proof. The University of Colorado is currently
seeking patent protection for the peptide inhibitors de-
scribed in this study.
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