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Changes in protein–protein interactions and activity states have been proposed to underlie persistent synaptic remodeling that is
induced by transient stimuli. Here, we show an unusual stimulus-dependent transition from a short-lived to long-lasting binding
between a synaptic receptor and its transducer. Both molecules, the NMDA receptor subunit NR2B and Ca 2�/calmodulin (CaM)-
dependent protein kinase II (CaMKII), are strongly implicated in mediating synaptic plasticity. We show that CaMKII reversibly trans-
locates to synaptic sites in response to brief stimuli, but its resident time at the synapse increases after longer stimulation. Thus, CaMKII
localization reflects temporal patterns of synaptic stimulation. We have identified two surface regions of CaMKII involved in short-lived
and long-term interactions with NR2B. Our results support an initial reversible and Ca 2�/CaM-dependent binding at the substrate-
binding site (“S-site”). On longer stimulation, a persistent interaction is formed at the T286-binding site (“T-site”), thereby keeping the
autoregulatory domain displaced and enabling Ca 2�/CaM-independent kinase activity. Such dual modes of interaction were observed in
vitro and in HEK cells. In hippocampal neurons, short-term stimulation initiates a reversible translocation, but an active history of
stimulation beyond some threshold produces a persistent synaptic localization of CaMKII. This activity-dependent incorporation of
CaMKII into postsynaptic sites may play a role in maturation and plasticity of synapses.
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Introduction
Compartmentalization of signaling pathways can enhance their
specificity and efficiency. The postsynaptic density (PSD) is an
organized compartment of structural and signaling proteins at
excitatory synapses. Remodeling of the PSD is believed to cause
long-term changes in synaptic transmission, which are assumed
to underlie learning and memory. Two PSD proteins have been
especially recognized as important mediators of synaptic plastic-
ity: the NMDA-type glutamate receptor (NMDAR) and the
Ca 2�/calmodulin (CaM)-dependent protein kinase II (CaMKII)
(Silva et al., 1992; Malenka and Nicoll, 1999; Kennedy, 2000;
Lisman and McIntyre, 2001; Lisman et al., 2002; Colbran and
Brown, 2004; Griffith, 2004).

The association of CaMKII with the PSD has been postulated
to be important for synaptic functions of the kinase. CaMKII can

bind to several PSD proteins in vitro, including NR2B, NR2A,
NR1, and densin-180 (Strack and Colbran, 1998; Gardoni et al.,
1999; Strack et al., 2000b; Bayer et al., 2001; Walikonis et al., 2001;
Leonard et al., 2002). However, the relative contribution of each
interaction to synaptic localization and function is not clear (for
review, see Bayer and Schulman, 2001; Colbran, 2004). These
synaptic protein–protein interactions are regulated by CaMKII
autophosphorylation at T286, but in the case of NR2B, Ca 2�/
CaM alone is sufficient to induce CaMKII binding (Bayer et al.,
2001). Synaptic translocation of CaMKII induced by NMDAR
stimulation similarly requires Ca 2�/CaM activation but not
T286 phosphorylation. This interaction was described to be com-
pletely reversible (Shen and Meyer, 1999; Shen et al., 2000); how-
ever, chemical long-term potentiation (LTP) induction resulted
in CaMKII translocation to spines that persisted for at least 90
min (Otmakhov et al., 2004).

In a simple LTP model, CaMKII is activated by Ca 2�-influx
through NMDARs and potentiates synaptic strength by enhanc-
ing AMPA-type glutamate receptor (AMPAR) currents (Benke et
al., 1998; Derkach et al., 1999; Hayashi et al., 2000; Zhu et al.,
2002). Generation of persistent autonomous (Ca 2�/CaM-
independent) CaMKII activity at synapses has been proposed to
be central in long-lasting plasticity (for review, see Chen et al.,
2001; Lisman and McIntyre, 2001; Lisman et al., 2002). CaMKII
autonomy can be generated by two different mechanisms: the
classical intersubunit autophosphorylation at T286 or by binding
to NR2B (Bayer et al., 2001). The autophosphorylation-
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dependent form of autonomy is reversed by phosphatase activity,
whereas autonomy of the NR2B-bound enzyme should only ter-
minate after dissociation from NR2B. Thus, long-lasting CaMKII
autonomy at synapses could be generated by reducing T286-
directed phosphatase activity (Strack et al., 1997; Fukunaga et al.,
2000) or by maintaining CaMKII binding to NR2B.

We show here that glutamate/glycine-induced translocation
of green fluorescent protein (GFP)-CaMKII to synapses in cul-
tured hippocampal neurons exhibited a reversible and a persis-
tent component, which paralleled CaMKII binding to NR2B in
vitro and in HEK cells. We demonstrate a novel transition from a
reversible to a persistent binding with longer stimulation. Our
data support a model that involves successive binding to two
different sites on CaMKII (S-site and T-site). We propose that
strong synaptic stimulation results in persistent CaMKII incor-
poration into synapses via NR2B binding, allowing for long-
lasting autonomous activity in the PSD that may be important in
plasticity.

Materials and Methods
Cell culture and transfection. Human embryonic kidney (HEK) cells were
cultured and transfected with GFP-CaMKII constructs (kindly provided
by Tobias Meyer, Stanford University, Stanford, CA) as described previ-
ously (Bayer et al., 2001). Neurons were cultured and transfected using
Lipofectamine 2000 (Invitrogen, San Diego, CA) for 5 h as described
previously (Hudmon et al., 2005) using GFP-CaMKII constructs with an
A207K mutation in the GFP to eliminate its dimerization (Zacharias et
al., 2002).

Time-lapse imaging of CaMKII translocation. Transfected HEK cells
were imaged as described previously (Bayer et al., 2001) under perfusion
with 25 mM HEPES, pH 7.4, buffered HBSS. Ca 2� stimuli were induced
by adding 10 �M ionomycin and 2 mM CaCl2 to the perfusion solution,
whereas 1 mM EGTA was added to the washout solution.

Coverslips of transfected neurons were placed in a low-volume perfu-
sion (�1 ml/min) chamber (SD Instruments, Grants Pass, OR) on an
Axioskop FS2 microscope with 63� “Achroplan” water immersion ob-
jective (Zeiss, Göttingen, Germany) equipped with multivalve perfusion
system (PTR-2000; ALA-Scientific, Westbury, NY). Images (six and two
per minute during stimulation and washout, respectively) were acquired
with a CCD camera (CoolSnap-HQ; Photometrics, Tuscon, AZ) con-
trolled by MetaMorph software (Molecular Devices, Downingtown, PA).
Standard imaging solution consisted of 0.87� HBSS, 10 mM HEPES, pH
7.4, 2.0 mM glucose, 1.2 mM CaCl2, and 1.0 mM MgCl2 (osmolarity, 260
mOsm). Stimulation solution additionally contained glutamate/glycine
(100 �M/10 �M) or NMDA/glycine (30 �M/10 �M; data not shown), and
washout solution contained low Ca 2�/high Mg 2� (0.6 mM/5 mM).

Immunocytochemistry. Transfected cells were fixed and immuno-
stained as described previously (Bayer et al., 2001) using the PSD95
antibody IC9 (1:250; Affinity Bioreagents, Golden, CO) and G�M-
Alexa546 (1:500; Invitrogen) as secondary antibody. Coverslips were
mounted in Immunofluore mounting solution (ICN Biochemicals,
Costa Mesa, CA) and imaged on a Zeiss LSM510 META-Axioskop FS2
Plus confocal system using a 63� oil immersion objective (Plan-
Apochromat; Zeiss). GFP was excited with an Argon laser at 488 nm
and detected through a bandpass filter (505–535 nm). Alexa 546 was
excited with a HeNe laser at 543 and detected through a long-pass
filter (560 nm).

Quantification of CaMKII synaptic translocation. We used two comple-
mentary approaches to quantify CaMKII postsynaptic localization. First,
neurons were stimulated and fixed immediately, processed for PSD95
immunostaining, and observed under the microscope. Transfected neu-
rons were scored, blind to the condition, for the fluorescence contrast
between synaptic areas (PSD95 positive) and the rest of the dendrites on
a scale of “�” to “����” (see image samples in Fig. 6 and supplemen-
tal Fig. 1, available at www.jneurosci.org as supplemental material). This
approach, validated previously (Hudmon et al., 2005), afforded the col-
lection of a large data set (�100 neurons per mutant) to screen the effect

of different mutations or long-lasting incubation conditions (see Fig. 1).
Second, for quantification of time-lapse experiments, in-house software
was developed in IDL (RSI, Boulder, CO) to automate measurements of
the contrast between synaptic and neighboring extrasynaptic pixels on
dendrites from a series of images. Each 12-bit (0 – 4095) image of a series
was first background-corrected and the soma manually masked out. A
sliding threshold ranging from the image minimum to maximum values
in increments of 20 was applied. To detect above-threshold groups of
contiguous pixels that corresponded to synapses, we used two criteria:
pixel area corresponding to 0.22– 0.45 �m 2 and shape factor (4�A/P 2; A,
area; P, perimeter) �0.6. The algorithm identified relatively few appar-
ently nonsynaptic objects (based on PSD95 costaining of fixed neurons).
The “synaptic contrast” is [(mean pixel intensity of each object) �
(threshold value at which it was detected)]/(mean value of all nonzero
pixels in the image), averaged over all objects. To evaluate the dissocia-
tion rates of CaMKII from postsynaptic sites, the mean synaptic contrast
over the 2 min before stimulation was rescaled to zero (referred to as
“relative postsynaptic localization”) (see Fig. 9A); additionally, the mean
at the peak of translocation was rescaled to one (referred to as “postsyn-
aptic localization index”) (see Figs. 2 B, 9B).

Binding to immobilized glutathione S-transferase fusion proteins. A glu-
tathione S-transferase (GST) fusion protein with the cytoplasmic
C-terminal portion of NR2B (1120 –1482; NR2B-C) was immobilized on
anti-GST-coated 96-well plates (Amersham Biosciences, Piscataway,
NJ). CaMKII binding was assessed by immunoblotting or biotinylated
calmodulin overlay of the bound protein after elution from the wells
(Bayer et al., 1998, 2001). Unless indicated otherwise, binding time was
45– 60 min at 4°C in PIPES, pH 7.2, buffered saline in the presence of
Ca 2�/CaM, followed by seven washes over a time of �15 min in buffer
containing 1 mM EGTA instead of Ca 2�/CaM. However, some experi-
ment (see Fig. 3) binding was done at room temperature, followed by
four quick rinses within 20 s. For binding of CaMKII� wild-type, purified
protein from a baculovirus/Sf9 cell overexpression system was used (Sin-
gla et al., 2001; Bradshaw et al., 2002); for binding of the isoforms and
mutants, 20,000 � g supernatants of transfected Cos7 cells were used
(Bayer et al., 1998).

CaMKII activity. Kinase activity was assessed by 32P incorporation
into the peptide substrate AC3, as described previously (Bayer et al.,
2001). Full-length and truncated (1–316) CaMKII� purified from a bac-
ulovirus/Sf9 cell overexpression system was used. The peptides N2B-l
(NR2B 1259 –1310) or N2B-s (NR2B 1289 –1310) were incubated with
the kinase in the presence of Ca 2�/CaM to initiate interaction. To allow
dissociation of Ca 2�/CaM, EGTA was added 4 min before the mix was
diluted 1:5 into the activity assays.

Results
Synaptic CaMKII localization reflects past
neuronal stimulation
GFP-CaMKII� was found at synapses of unstimulated hip-
pocampal neurons [12–14 d in vitro (DIV)] 16 h after transfec-
tion, as indicated by immunostaining of PSD95 as a synaptic
marker (Fig. 1A). This spontaneous synaptic localization ap-
peared persistent and was not reversed by perfusing the neurons
with low Ca 2�/high Mg 2� external solution for 30 min (data not
shown). However, when NMDARs were blocked in the cultures
by AP-5 directly after transfection, GFP-CaMKII� was much
more evenly distributed throughout the neurons (Fig. 1B). Using
a semiquantitative analysis (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material), we estimated the
percentage of neurons that exhibited synaptically enriched
CaMKII to be approximately threefold lower in the presence of
AP-5 (Fig. 1C). The Ca 2�/CaM binding-deficient CaMKII� mu-
tant T305/306D was also more evenly distributed, even in
absence of AP-5 (Fig. 1C). This indicated that Ca 2�/CaM ac-
tivation of CaMKII by NMDAR stimulation via spontaneous
synaptic activity in the culture was necessary and sufficient to
induce persistent synaptic localization of CaMKII. The
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autophosphorylation-defective mutant of CaMKII� (T286A)
was localized synaptically in the absence of AP-5 (Fig. 1C),
indicating that T286 phosphorylation was not required for the
persistent postsynaptic recruitment of the enzyme (Shen and
Meyer, 1999).

To examine whether acute NMDAR stimulation also leads to
persistent postsynaptic localization, AP-5 pretreated neurons
were stimulated by bath application of NMDA (data not shown)
or glutamate/glycine (Fig. 2A) in the absence of AP-5 for 1 min.
This treatment induced robust translocation of GFP-CaMKII�
to synapses (Fig. 2A) (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). Quantitative analysis of
this rapid postsynaptic translocation revealed that it was, for the
most part, reversed within 2 min of perfusion with low Ca 2�/
high Mg 2� external solution (Fig. 2B). However, a significant
amount of kinase (�20% of peak translocation) remained per-

sistently localized at synapses even after 30 min of washout (Fig.
2B) (supplemental movie, available at www.jneurosci.org as sup-
plemental material). Again, the T286A mutant of CaMKII� also
exhibited both the peak and the long-lasting plateau of postsyn-
aptic localization. However, its initial phase of dissociation from
the synapse after washout was significantly faster compared with
wild-type (Fig. 2B), as described previously (Shen and Meyer,
1999).

We next tested whether the duration of the stimulation would
affect the dissociation time course of CaMKII from the synapse.
The most significant effect of stimulation time was on the height
of the persistent plateau (between 5 and 26 min of wash). The
relative amount of persistently synaptic CaMKII during this pro-
longed washing phase increased with stimulation time, both for
wild-type and T286A (Fig. 2C). These results suggest that the
extent of persistent synaptic CaMKII localization reflects the past
neuronal stimulation history. The stimulus-dependent transition
from reversible to persistent synaptic CaMKII localization does
not depend on T286 autophosphorylation, because it was also
seen for the T286A mutant. However, T286 autophosphorylation
appears to modulate the transition, because the height of the
persistent plateau was significantly lower for T286A than for
wild-type CaMKII, at least after 2 min of stimulation (Fig. 2C).

Reversible and persistent CaMKII binding to NR2B in vitro
and in HEK cells
The observed reversible and persistent postsynaptic recruitment
of CaMKII in neurons suggest different modes of interaction with
its synaptic binding partner(s). Given that NR2B appears to be a
key activity-dependent recruiter of CaMKII to postsynaptic sites
(Bayer et al., 2001), we examined whether the receptor is capable
of binding CaMKII with both reversible and persistent modes,
using an in vitro binding assay of CaMKII� to immobilized GST-
NR2B-C (Bayer et al., 2001). The amount of NR2B-bound
CaMKII was determined after different times of Ca 2�/CaM-
induced binding, followed by washes with either Ca 2�/CaM or
EGTA (Fig. 3A,B). Significantly more CaMKII� remained
bound after Ca 2�/CaM washes compared with EGTA washes but
only in the early phase of the binding reaction (�5 min). After
more extended binding times (5– 45 min), inclusion of Ca 2�/
CaM or EGTA in the washes no longer affected the amount of
NR2B-bound kinase. Thus, the interaction of CaMKII� with
NR2B is initially reversible but becomes Ca 2�/CaM independent
after longer binding, as observed for synaptic CaMKII transloca-
tion in neurons. Furthermore, this long-lasting binding interac-
tion was independent of T286 phosphorylation, because the
binding assays were performed in the absence of ATP.

To assess whether both modes of binding between CaMKII
and NR2B also occurred with the full-length receptor inside live
cells, we coexpressed both partners in HEK cells. Under these
live-cell conditions, GFP-CaMKII� was reported to translocate
to NR2B after an ionomycin-induced rise in intracellular [Ca 2�]
(Bayer et al., 2001; Hudmon et al., 2005). Figure 3B shows an
example of HEK cells cotransfected with NR2B and T286A-GFP-
CaMKII�. Without stimulation, the cells show a diffuse pattern
of GFP-CaMKII� fluorescence but with nuclear exclusion. After
Ca 2�/ionomycin stimulation, the kinase translocated to form a
punctate pattern within 1.5–3 min (Fig. 3C) but only when coex-
pressed with NR2B (Fig. 5A). When the Ca 2� stimulation was
brief (2 min), the punctate pattern completely reversed within 15
min of wash in EGTA (n � 28 cells) and, in most cases, within 5
min (23 of 28 cells). However, after a second stimulation of 6 min,
the punctate pattern persisted during EGTA perfusion for 20 min

Figure 1. Spontaneous postsynaptic CaMKII� localization in hippocampal neurons (12–14
DIV). A, B, Spontaneous synaptic enrichment of CaMKII� depends on NMDAR activity. Neurons
expressing GFP-CaMKII� were incubated without (A; W/O) or with (B) 100 �M AP-5 for 16 h,
fixed, and immunostained for PSD95. Boxes indicate cropped area on the right. Arrowheads
indicate synaptic sites. Colocalization was more pronounced in untreated neurons. Scale bars:
overview, 10 �m; cropped, 5 �m. C, Mean percentage (�SEM; n � 3) of neurons (78 –93 per
n) exhibiting synaptic enrichment of GFP-CaMKII� (neurons with localization score of “�” or
more; see Materials and Methods). Neurons were transfected with wild-type (wt) or T305/306D
GFP-CaMKII�. The asterisk indicates significantly different from T305/306D (*p � 0.01; t test).
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(n � 28 cells) and, in most cases, for at
least 45 min (21 of 28 cells). These experi-
ments were performed using the T286A
mutant to control for possible effect of au-
tophosphorylation; however, similar re-
sults were obtained with GFP-CaMKII�
wild-type: the punctate pattern reversed
after short stimulation (n � 25) but per-
sisted after extended stimulation (n � 20).
Thus, translocation of CaMKII to NR2B in
HEK cells shows a stimulation time-
dependent transition from a reversible to a
persistent mode, both for CaMKII� wild-
type and the autophosphorylation-
incompetent T286A mutant.

It should be noted that extended iono-
mycin treatment of HEK cells can lead to
the formation of GFP-CaMKII clusters
also in the absence of NR2B. However,
such clusters show a distinct morphology
from the pattern induced in the presence
of NR2B and take more time to form (data
not shown) (but see Hudmon et al., 2005).
The time course of formation of such
NR2B-independent clusters depends on
the extracellular buffer and did not occur
until 10 min of ionomycin under the con-
ditions used here (data not shown). Fur-
thermore, the persistent binding of
CaMKII to NR2B during prolonged
washes in the absence of Ca 2� contrasted
from the CaMKII cluster formation in the
absence of NR2B, which was fully revers-
ible within a few minutes under such con-
ditions (Hudmon et al., 2005).

Mapping the NR2B interaction surface
on CaMKII
As a first step to better understand the
mechanism underlying the dual modes of
CaMKII binding to NR2B, we determined
the region of CaMKII that is involved in
the binding to NR2B by mutational analy-
sis. We tested a set of CaMKII� mutants
(19) and all CaMKII isoforms (4) for bind-
ing to the NR2B C-tail in our CaMKII
overlay assay (Fig. 4). For all isoforms (�,
�, �B, and �A), which differ at 45 amino
acid positions, binding to NR2B-C was in-
duced by stimulation with Ca 2�/CaM
without requirement of autophosphoryla-
tion (Fig. 4A). Once the binding was fully
established, the interaction was no longer
dependent on Ca 2�/CaM, because the iso-
forms remained bound during washes
with EGTA. The same was observed for all
but four of the point mutants (Fig. 4B):
only F98K, E139R, I205K, and W237K
showed significantly impaired binding. All
other tested point mutants (K42M, E99K/
D100K, E105K, E109R, D111R, K148E,
F173K, V208E, Y210R, E236K, D238R,
V240D, and E243R) showed NR2B bind-

Figure 3. Ca 2�-dependent and -independent states of CaMKII� interaction with NR2B in vitro and in HEK cells. A, B, CaMKII�
was allowed to bind to immobilized GST-NR2B-C for various times, as indicated, at room temperature in the presence of Ca 2�/
CaM. Then, the complexes were washed either with Ca 2�/CaM or EGTA. A, Bound CaMKII� is detected by immunoblotting of
eluted protein. B, CaMKII� binding under the different conditions was compared by densitometry using NIH Image (means �
SEM; n � 6). The asterisks indicate wash conditions that yielded significantly different CaMKII binding after 0.5 min ( p � 0.005;
t test) and 1.5 min ( p � 0.05; t test). C, Localization of GFP-CaMKII�-T286A in living HEK cells cotransfected with NR2B changes
after stimulation (stim.) with Ca 2�/ionomycin. Localization before and after two rounds of stimulation with subsequent EGTA
washes is shown; stimulation times (2 and 6 min) and wash times (10 and 45 min) are indicated. Note the appearance of punctated
fluorescence after the stimuli, which persisted after longer (6 min) stimulation.

Figure 2. Stimulus-induced transition from reversible to persistent synaptic CaMKII localization. A, Time lapse images of
GFP-CaMKII� in a neuron preincubated with AP-5. Arrowheads point to examples of synapses in which GFP-CaMKII� accumu-
lated during the 1 min glutamate/glycine stimulation (stim) and persisted after the 30 min wash. Scale bars, 10 �m. B, Mean
(�SEM) postsynaptic localization index of wild-type (wt) and T286A GFP-CaMKII� in neurons treated as in A. The initial disso-
ciation curves (inset) for both wild type and T286A differed significantly from pooled data ( p � 0.002; F test). C, Effect of
stimulation time on the poststimulation plateau of postsynaptic localization index of CaMKII. Mean (�SEM; n � 7–9) plateaus
were determined between 15 and 30 min of washout. The asterisk indicates wild type and T286A differed significantly at 60 and
120 s from their 30 s time point (*p � 0.005; t test). Persistent plateaus of wt and T286A differed significantly from pooled data
only at 120 s ( p � 0.005; F test).
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ing similar to CaMKII� wild type. In Fig-
ure 4C, the position of the mutations are
colored in yellow (impair NR2B binding)
and green (do not impair binding) on
three views of a CaMKII kinase domain
model (Yang and Schulman, 1999); amino
acid differences between the isoforms are
colored in aqua.

Binding of CaMKII variants to full-
length NR2B was then tested in HEK cells
(Fig. 5). In particular, the other major
neuronal isoform, CaMKII�, and the four
CaMKII� mutants impaired for in vitro
binding to NR2B C-tail were examined.
Translocation was observed for both the
CaMKII� and � isoforms (Fig. 5A). Be-
cause of the interaction of inactive
CaMKII� with F-actin, this isoform typi-
cally exhibited a distribution overlapping
with cortical actin in unstimulated cells
(Shen et al., 1998; Fink et al., 2003). After
ionomycin treatment, the GFP-CaMKII�
quickly dispersed from such localization
to form the same punctate pattern seen
with the � isoform (Fig. 5A). In contrast,
none of the � isoform mutants with im-
paired NR2B binding in vitro showed any
NR2B-dependent translocation in HEK
cells after 6 min of stimulation, except for
a weak translocation of the W237K mu-
tant (Fig. 5B). A punctate pattern for the W237K mutant was
observed in only one of 85 cells within 3 min of stimulation, a
time when translocation of the wild type was essentially com-
pletely established. After 6 min of stimulation, the W237K mu-
tant translocated in 10 of 67 cells.

It is worth mentioning that the kinase domain of the four
mutants is functionally intact, because they showed catalytic ac-
tivity in a previous study (Yang and Schulman, 1999). However,
two (F98K and E139R) showed reduced substrate affinity, be-
cause the mutations are in a substrate binding site (Yang and
Schulman, 1999). Two of the mutants are partially autonomous
(F98K and W237K) (Yang and Schulman, 1999), indicating par-
tial disruption of autoinhibitory interactions. Disruption of au-
toinhibition itself does not abolish interaction with NR2B, be-
cause four other partially autonomous mutants (Yang and
Schulman, 1999) did not show reduced NR2B binding (K148E,
D238R, E243R, and T286D).

Reduced synaptic targeting of NR2B binding-impaired
CaMKII mutants
We showed previously that the I205K mutant of CaMKII is im-
paired for activity-dependent postsynaptic translocation (Bayer
et al., 2001). The identification of three additional CaMKII mu-
tants with deficiencies for NR2B binding prompted us to examine
whether they too were impaired for postsynaptic targeting. In-
deed, all NR2B binding-impaired mutants showed clearly re-
duced postsynaptic translocation in transfected hippocampal
neurons (Fig. 6). The extent of impairment for postsynaptic
translocation of the mutants and for their binding to NR2B in
vitro and in HEK cells appeared correlated, with CaMKII�
W237K showing the mildest effect. Residual translocation of the
NR2B-binding impaired mutants in neurons (CaMKII� F98K,
I205K, E139R, and W237K) may be because of residual interac-

tion with NR2B, interaction with additional synaptic proteins, or
partial cotargeting in heteromers with the endogenous wild-type
CaMKII. We also observed that monomeric GFP-CaMKII (1–
326) failed to accumulate postsynaptically (Fig. 6). This result is
consistent with the fact that monomeric CaMKII also failed to
stably bind to immobilized NR2B in vitro (data not shown) (but
see Strack et al., 2000a), although the interaction of individual
kinase subunits with NR2B peptides in solution does not appear
to be dependent on holoenzyme structure (see below) (Fig. 8D).

Peptide studies implicate the kinase domain T-site for
persistent binding to NR2B
Our mutational analysis points to two sites on CaMKII that may
be involved in binding to NR2B. First, the substrate-binding site
(S-site), where F98 and E139 reside and, second, the T286 bind-
ing site (T-site), where I205 and W237 reside (Fig. 7). To further
examine the role of these sites in NR2B binding, we determined
the effect of S- and T-site binding peptides on CaMKII interac-
tion with NR2B in vitro (Fig. 8). Syntide is a CaMKII substrate
peptide that should only interact with the S-site. Surprisingly,
syntide did not block CaMKII binding to NR2B, not even at high
concentrations (0.15–1.2 mM) (Fig. 8A,C). In contrast, AC3 and
a peptide derived from the CaMKII binding site on NR2B
(N2B-l) [compare Strack and Colbran (1998) and Bayer et al.
(2001)] both interfered with the interaction (Fig. 8A). AC3 is
derived from the CaMKII sequence around T286 and thus should
be able to interact both with the S-site (as T286 is a CaMKII
substrate) and with the T-site (to which T286 binds in the inac-
tive state). Thus, blocking the T-site of CaMKII, in addition to the
S-site, interfered with binding to NR2B, whereas blocking the
S-site alone was not sufficient.

The persistence of CaMKII binding to NR2B-C after removal
of Ca 2�/CaM suggested a very stable interaction between the

Figure 4. All CaMKII isoforms can bind to NR2B in vitro, but four mutants do not. A, B, Binding of CaMKII isoforms (A) and point
mutants to immobilized GST-NR2B-C (B) was tested in vitro. Ca 2�/CaM was present in the binding reaction but not in the washes.
Bound CaMKII is visualized by CaM overlay (A) or immunoblotting (B) of the eluted protein. The bottom panels show half of the
amount of kinase used in the binding assays. wt, Wild type. C, Three views of a CaMKII kinase domain model (Yang and Schulman,
1999). Amino acids: aqua, differ between isoforms; green, mutations that did not affect NR2B binding; yellow, mutations that
impaired NR2B binding.
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proteins. If so, we would predict that competing peptides would
not be able to separate such an interaction once it is formed.
Thus, we allowed CaMKII to bind to NR2B-C and then added
AC3 or N2B-l. Figure 8B shows that neither peptide was able to
release the bound kinase from the receptor, consistent with a
stable CaMKII-NR2B interaction.

The core region on NR2B and the peptide N2B-l (NR2B
1259 –1310) that binds to CaMKII is likely within NR2B 1289 –
1310 (Bayer et al., 2001; Strack et al., 2000a). We thus tested a
corresponding peptide, N2B-s (NR2B 1289 –1310), and observed
that it interfered with CaMKII binding to NR2B in vitro (Fig. 8C).
However, higher concentrations of N2B-s (�150 �M) compared
with N2B-l were required, suggesting that amino acids 1259 –
1289 on the receptor may help to stabilize CaMKII interactions
with the neighboring amino acids 1289 –1310.

The NR2B-derived peptides N2B-l and N2B-s induced similar
autonomous kinase activity for both CaMKII holoenzymes and
monomeric kinase domains (CaMKII 1–316; contains the regu-
latory region and is subject to regulation by Ca 2�/CaM) (Fig.
8D). This indicated that the CaMKII kinase domain is not only
necessary (see mutational analysis in Fig. 4) but also sufficient for
interaction with an individual binding site on NR2B. However,
for immobilized NR2B-C, no binding of monomeric CaMKII
was detected in vitro (data not shown) (but see Strack et al.,
2000a). Thus, holoenzyme structure may be required to allow
simultaneous interactions of several of its kinase subunits with
receptor subunits, thereby enhancing apparent affinity. Consis-

tent with this notion, relatively high con-
centrations (�10 �M) of soluble NR2B
peptides are required for efficient block of
CaMKII binding to immobilized NR2B-C
(Fig. 8A) and for inducing CaMKII auton-
omy (Bayer et al., 2001) (Fig. 8D).

Surprisingly, N2B-s induced CaMKII
autonomy at a concentration that was not
sufficient to block CaMKII binding to
NR2B in vitro (150 �M) (Fig. 8C). These
results suggest that N2B-s does interact
with CaMKII at this concentration but can
be replaced by a more stable interaction
with the full-length NR2B-C. In this case,
we might expect that the time course of
CaMKII binding to NR2B-C would be af-
fected by N2B-s. In fact, preincubation of
CaMKII with 150 �M N2B-s in the pres-
ence of Ca 2�/CaM accelerated subsequent
binding to NR2B (Fig. 8E). The preincu-
bation with N2B-s even allowed binding in
the absence of Ca 2�/CaM, indicating that
it kept the kinase in an open conformation
without completely blocking the NR2B
binding surface. Syntide did not abolish
the requirement for Ca 2�/CaM but also
accelerated binding. Together, the data
suggest that initial occupation of the ki-
nase S-site is essential to further promote a
Ca2�/CaM-induced open conformation
that then allows access to the T-site. S-site
occupation by peptides may circumvent re-
quirement for initial S-site binding of NR2B
and enable direct access to the T-site, which
mediates the persistent binding mode.

T- but not S-site mutants abolish persistent
synaptic translocation
Our model for a sequential transition from reversible to persis-
tent CaMKII binding to NR2B (Fig. 7) predicts that CaMKII
S-site mutants should be impaired for the initial reversible bind-
ing, whereas T-site mutants should be impaired for the persistent
plateau of binding. Some of the mutants impaired for NR2B
binding exhibited partial but significant accumulation at
postsynaptic sites (Fig. 6). Thus, we decided to monitor the time
course of this process during and after a 1 min glutamate/glycine
stimulus (Fig. 9) (images are shown in supplemental Fig. 2, avail-
able at www.jneurosci.org as supplemental material). Indeed, the
S-site mutants (F98K and E139R) were impaired for the initial
peak translocation, which was completely abolished for the F98K
mutant. The E139R mutant showed significantly reduced peak of
translocation when compared with wild type (Fig. 9A). To eval-
uate the extent of long-lasting postsynaptic accumulation of this
mutant, we rescaled this peak to that of wild type (Fig. 9B). The
rescaled persistent plateau phases of E139R and wild type were
indistinguishable, consistent with the model that the S-site me-
diates the initial contact but not the persistent binding. In con-
trast, the T-site mutants (I205K and W237K) showed essentially
no persistent plateau, as expected from our model. However,
their initial peak translocation was also reduced. This may indi-
cate reversible T-site binding as a possible intermediate state in
the transition from reversible to persistent binding. Peak trans-
location was least impaired for the W237K mutant, as expected

Figure 5. Impaired translocation of CaMKII mutants to NR2B in HEK cells. GFP-CaMKII isoforms or mutants were coexpressed
with or without NR2B in HEK cells, and kinase localization before and after an ionomycin-induced Ca 2� stimulus was monitored.
Representative cells are shown. The number of cells with translocating kinase per number of cells monitored (32– 85) is indicated
for each condition in the lower right corner of the corresponding panel. A, CaMKII� and � wild-type translocate in an NR2B-
dependent manner. B, The four CaMKII� mutants with impaired NR2B-C-binding in vitro show impaired translocation in HEK cells
coexpressing NR2B. Pictures were taken 6 min after stimulation unless indicated otherwise. Only the W237K mutant showed any
NR2B-dependent translocation.

Bayer et al. • Two CaMKII Binding Modes to NR2B J. Neurosci., January 25, 2006 • 26(4):1164 –1174 • 1169



(Figs. 5, 6), whereas I205K showed similar
or stronger impairment when compared
with the S-site mutant E139R. This may
indicate that I205 participates not only in
persistent T-site binding but also in the
initial reversible interaction with NR2B.
I205 is immediately adjacent to the S-site
(Fig. 7A) and S-site binding may place
NR2B residues N1296 or L1298 in a posi-
tion that would allow hydrophobic inter-
action with I205 (Fig. 7B).

Discussion
Synaptic CaMKII activity is important for
several forms of neuronal plasticity that
underlie learning and memory (Silva et al.,
1992; Lisman et al., 2002). We demon-
strated here that stimulation of neurons
with glutamate can trigger two modes of
synaptic CaMKII binding (reversible and
persistent). Both binding modes can be re-
constituted with NR2B in nonneuronal
cells and in an in vitro binding assay. The
model in Figure 7 describes the transition
from an initially transient Ca 2�/CaM-
dependent interaction to a more stable
Ca 2�/CaM-independent binding that also
prolongs an active state of CaMKII. Such
activity-dependent incorporation of
CaMKII into postsynaptic sites may play a
role in structural and functional synapse
maturation during development and in
learning and memory.

Based on our mutational analysis,
two adjacent sites on the kinase domain
of CaMKII, termed S-site and T-site, are
required for the binding to NR2B. The
regulatory region around T286 (CaMKII
272–293) interacts with the T-site of the
same subunit in the basal state; after
stimulation with Ca 2�/CaM, it becomes
accessible to the S-site of a neighboring
subunit. The CaMKII binding site on
NR2B (around S1303) (Strack and Col-
bran, 1998; Bayer et al., 2001) is homol-
ogous to this regulatory region (around
T286) and interacts with similar kinase
surfaces in our model (Fig. 7). Ca 2�/
CaM is required to displace the regula-
tory region from the S-site and allow ac-
cess of NR2B. This initial weak S-site
occupation would then allow access to
the T-site, where a more stable interac-
tion with NR2B can be formed. Such interaction at the T-site is
not dependent on Ca 2�/CaM anymore and maintains partial
kinase activity by keeping the regulatory region displaced.
This model readily explains why mutations not only in the
T-site but also in the S-site impaired CaMKII binding to
NR2B, although an S-site binding peptide did not block the
interaction. It also explains both the initial Ca 2�/CaM-
dependent reversible binding followed by a more persistent
interaction. The time delay in transition may be provided by
dissociation and reassociation of the weak S-site binding until

stable T-site binding occurs. Ca 2�/CaM-induced binding fol-
lowed by Ca 2�/CaM-independent autonomous activity of the
bound CaMKII has been described for NR2B (Bayer et al.,
2001) and for the eag potassium channel in Drosophila (Sun et
al., 2004). If both mechanisms involve a similar transition
from S- to T-site binding, eag-derived peptides should not
only generate autonomous activity (through T-site binding)
but also decrease Ca 2�/CaM-activated activity (through S-site
binding), as observed previously for NR2B-derived peptides
(Bayer et al., 2001).

Figure 6. CaMKII� mutants with impaired NR2B binding show reduced postsynaptic localization. Relative frequency plot of
postsynaptic localization of GFP-CaMKII� wild type (wt) and mutants after a 1 min glutamate/glycine stimulation and an imme-
diate fixation (neurons cultured as in Fig. 1b). 1–326 is a monomeric CaMKII� mutant. The right panels show examples of the
dendrite categories used for scores (� to ���). Every transfected neuron (14 DIV; 40 – 80 per coverslip; n � 2) was scored for
each GFP-CaMKII� construct tested. Scale bar, 5 �m.

Figure 7. The NR2B-binding surface on CaMKII is involved in autoregulation. A, The residues implicated in the interaction with
the autoregulatory region (shown as trace) are marked in this model of a kinase domain. Orange, Substrate binding site (S-site);
yellow, T286 interacting site (T-site); boxed area, mutations that impaired NR2B binding. B, Alignment of the CaMKII� autoreg-
ulatory region and the binding region on NR2B. Proposed T- and S-site interactions are marked in yellow and orange, respectively.
The autoregulatory region of CaMKII interacts with the kinase domain of the same subunit as indicated in the top panel or with a
neighboring subunit during T286 autophosphorylation as indicated in the bottom panel. Possible NR2B-specific additional S-site
interactions of CaMKII I205 are indicated by dashed orange lines. C, Models for biphasic interaction of a CaMKII kinase domain with
NR2B. i, Basal state; ii, Ca 2�/CaM allows S-site access; iii, initial S-site binding of NR2B is required for T-site access (but can be
circumvented by peptides occupying the S-site); iv, dissociation-reassociation provides stimulus time-dependent step; v, T-site
binding involves more amino acids and is persistent.
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NR2B peptides in solution induced autonomous activity
equally well for kinase domain monomers and for multimeric
holoenzymes, and mutations within the kinase domain abol-
ished NR2B binding. Thus, the kinase domain mediates the
interaction with NR2B, as suggested also by previous studies
(Strack et al., 2000a; Bayer et al., 2001). However, only
CaMKII holoenzymes, not kinase domain monomers, were
found to bind to immobilized NR2B in vitro (data not shown)
(but see Strack et al., 2000a) and to translocate to synapses in
neurons. This could be explained by the dissociation step in
our model. Simultaneous binding of multiple kinase domains
of a holoenzyme to different NR2B molecules would keep the
kinase in place to allow T-site reassociation after S-site disso-
ciation. In neurons, this could explain why CaMKII translo-
cates only to synaptic NMDARs, where they are more
clustered.

Regulated binding of CaMKII to NR2B as a mechanism for
synaptic CaMKII translocation in neurons is supported by the
observations that both are induced by Ca 2�/CaM, do not re-
quire autophosphorylation (but can be enhanced by it), and
show a transition from reversible to persistent interaction.
Additionally, the four NR2B binding-deficient kinase mutants
are also impaired for synaptic translocation. Additional evi-

dence supporting a role of NR2B as a direct recruiter of
CaMKII to the synapse could come from neuronal cultures
from mutant mice lacking the NR2B cytoplasmic C terminus.
However, these mice die around birth (Sprengel et al., 1998),
and the major changes in NR2B-dependent overall postsynap-
tic organization would complicate the interpretation of such
experiment. Even transient knockdown of NR2B by RNAi was
shown to cause spine loss and reductions in NR2A, NR1, and
GluR1 surface expression (Kim et al., 2005). Furthermore,
NR2B has been shown to be critical in providing spine Ca 2�

after glutamate stimulation (Sobczyk et al., 2005). Disrupted
postsynaptic CaMKII targeting after NR2B deletion would be
expected, primarily because of altered synaptic structure

Figure 9. Effect of S- and T-site mutations on the transient and persistent postsynaptic
translocation of CaMKII� after a 1 min glutamate/glycine stimulus. A, Mean (�SEM)
postsynaptic localization of wild type (wt) and mutant GFP-CaMKII� relative to basal state
(averaged over the first 2 min) measured before, during, and after stimulation (stim.) (sample
images are shown in supplemental Fig. 2, available at www.jneurosci.org as supplemental
material). Statistical differences (t test) for the peak values compared with wt (0.167 �
0.051) are p � 0.024 (I205K, 0.049 � 0.003), p � 0.042 (E139R, 0.065 � 0.014), and p �
0.056 (W237K, 0.071 � 0.012). B, Mean (�SEM) postsynaptic localization index of wt and
mutant GFP-CaMKII� in neurons treated as in A. Data from A are rescaled from 0 (basal
postsynaptic localization state, averaged over the first 2 min) to 1 (maximal postsynaptic
localization) to compare the postsynaptic dissociation of the different mutants and wt CaMKII
after the stimulus. The E139R mutant also exhibited a long-lasting plateau of postsynaptic
enrichment after the stimulus. The statistical differences (t test) for the mean index from 15 to
30 min of wash compared with wt (0.218 � 0.011) are p � 0.006 (W237K, 0.034 � 0.003),
p � 0.042 (I205K, 0.064 � 0.004), and p � 0.1 (E139R, 0.195 � 0.011).

Figure 8. Effects of T- and S-site binding peptides on CaMKII� interaction with NR2B. A,
CaMKII� (0.2 �M) was incubated with different peptides (pept.) before the binding reaction to
immobilized NR2B-C. Bound kinase was detected by immunoblotting the eluted protein. Syn-
tide (syn) binds to the kinase S-site, whereas AC3 can interact with both the S-site and the
T-site. N2B-l and N2B-s are derived from amino acids 1259 –1310 and 1289 –1310 of NR2B,
respectively. B, CaMKII was allowed to bind to immobilized NR2B-C; then, different peptides
were added and incubated for 1 h. Essentially, all of the kinase remained bound (top), and no
kinase was detected in the supernatant (bottom). C, N2B-s (NR2B1289 –1310) but not syntide
affects CaMKII-NR2B interaction at high concentration. D, Autonomous kinase activity
(means � SEM) of CaMKII� holoenzymes (CaMKII wt) and monomers (1–316) are affected
similarly by the NR2B-derived peptides. Kinase/peptide interaction was enabled by Ca 2�/CaM
before the addition of EGTA. Autonomy is expressed as a percentage of the activity stimulated
by Ca 2�/CaM (in presence of peptide). E, Time course of CaMKII� binding to NR2B-C. Kinase,
peptides, and Ca 2�/CaM were preincubated for 8 min. Bottom, CaM was dissociated from the
kinase by EGTA before the binding reaction. Binding reactions were done at 4°C to slow down
the kinetics.
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and/or Ca 2� signaling, and thus would not allow conclusions
about NR2B functions as a direct CaMKII anchor.

Interactions with additional synaptic proteins such as NR1,
NR2A, densin-180, �-actinin, and CASK/Lin-2 may contrib-
ute to the postsynaptic targeting of the kinase, although regu-
lation of their binding to CaMKII in vitro does not match the
regulation of synaptic CaMKII targeting (Strack and Colbran,
1998; Gardoni et al., 1999; Strack et al., 2000b; Bayer et al.,
2001; Walikonis et al., 2001; Leonard et al., 2002; Lu et al.,
2003; Petersen et al., 2003) (for review, see Bayer and Schul-
man, 2001; Colbran, 2004). The multivalent nature of CaMKII
holoenzymes should allow multiple simultaneous protein in-
teractions at the synapse. This could involve simultaneous
interaction with two NR2B molecules or with additional bind-
ing partners such as NR1, densin-180, or other already synap-
tically localized CaMKII holoenzymes. Indeed, CaMKII self-
association may contribute to reversible postsynaptic
recruitment of the kinase (Hudmon et al., 2005). Abolishing
one such interaction may be sufficient to interfere with syn-
aptic CaMKII targeting. For other synaptic proteins, at least
two targeting elements are indeed required for proper local-
ization: PSD95 targeting involves PDZ domains and a palmi-
toylation site (El-Husseini et al., 2000), SAP97 targeting in-
volves PDZ domains and a 4.1 interaction site (Rumbaugh et
al., 2003), and AKAP79/150 targeting involves PIP2 and
F-actin binding sites (Gomez et al., 2002). CaMKII incorpo-
ration into the PSD by different protein–protein interactions
may serve distinct structural and catalytic roles. Thus, CaMKII
interaction with synaptic proteins other than NR2B may be of
functional importance even if not essential for targeting.

The observation that glutamate application causes a rapid
postsynaptic accumulation of CaMKII (Shen and Meyer,
1999) was met with great interest but also some surprise, be-
cause CaMKII is generally perceived as a major component of
mature glutamatergic synapses even under basal synaptic ac-
tivity (for review, see Kennedy, 2000). Indeed, we found GFP-
CaMKII� to be persistently located at synapses in 12- to 14-d-
old hippocampal cultures, but chronically blocking NMDAR
activity prevented such localization. Thus, our results indicate
a transition from reversible to persistent NMDAR-dependent
translocation as a mechanism to achieve CaMKII localization
to mature synapses also under basal activity but dependent on
past stimulation. CaMKII may become favorably localized to
active synapses; the initial reversibility of the translocation
could generate a threshold for the degree or frequency of neu-
ronal activity required. As such, CaMKII could serve as a syn-
aptic tag involved in the regulation of plasticity (Martin and
Kosik, 2002) or may promote maturation of active synapses.
Recent findings support that CaMKII persistently accumu-
lates at synapses after chemical LTP induction (Otmakhov et
al., 2004). Additionally, the NR2B-specific CaMKII binding
site was found to be essential for LTP enhancement by NR2B
overexpression (Barria and Malinow, 2004). Recent attempts
at inhibiting specifically NR2A or NR2B in LTP protocols have
yielded different results on various preparations (Liu et al.,
2004; Massey et al., 2004; Berberich et al., 2005; Weitlauf et al.,
2005). Conceivably, one key function of NR2B-containing re-
ceptors in LTP would be the recruitment and maintenance of
CaMKII in the PSD, before the critical LTP-inducing activa-
tion of NR2A-containing receptors.

What are the synaptic substrates of NR2B-bound autono-
mous CaMKII? CaMKII can phosphorylate and regulate the
AMPAR subunit GluR1 (Derkach et al., 1999) as well as the

AMPAR auxiliary protein stargazin (Tomita et al., 2005).
However, because CaMKII is a 12–14meric holoenzyme of
�20 nM diameter (Kolodziej et al., 2000; Hoelz et al., 2003), it
is likely that this phosphorylation involves the unbound sub-
units of the NR2B-bound holoenzyme, and therefore should
still require a Ca 2�/CaM stimulus. This re-emphasizes how an
NR2B-dependent recruitment of CaMKII may serve as a syn-
aptic tag (i.e., as a preceding step in a CaMKII-dependent
phosphorylation of a postsynaptic target that is triggered by a
subsequent synaptic transmission event). In contrast, NR2B
can be phosphorylated directly by autonomous activity of
bound CaMKII (Bayer et al., 2001), which may serve to main-
tain the receptor in the phosphorylated state. Indeed, there is
evidence that CaMKII activity can potentiate NMDAR cur-
rents (Kitamura et al., 1993; Kolaj et al., 1994). Several other
CaMKII substrates are found in tight complexes with
NMDARs (Yoshimura et al., 2000), and some may be directly
phosphorylated by the autonomous activity of an NR2B-
bound kinase subunit. This may include the scaffolding pro-
tein PSD95 and the ras GTPase activating protein SynGAP
(Chen et al., 1998; Kim et al., 1998). Indeed, SynGAP is regu-
lated by CaMKII (Oh et al., 2004) and is critical for neuronal
development and plasticity (Kim et al., 1998; Komiyama et al.,
2002). Both Ca 2�/CaM-dependent and autonomous activities
of CaMKII have been implicated in the induction and main-
tenance of LTP (for review, see Lisman and McIntyre, 2001;
Lisman et al., 2002). Thus, elucidating the mechanisms of
synaptic CaMKII action will contribute to understanding
learning and memory at a molecular level.

Note added in proof. The study of Barria and Malinow is now
published (Barria and Malinow, 2005). A crystal structure of a
CaMKII kinase domain is now available (Rosenberg et al., 2005);
there is no conflict between this structure and the binding model
proposed here.
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