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Displacement ofR-Actinin from the NMDA Receptor NR1 C0 Domain By
Ca2+/Calmodulin Promotes CaMKII Binding†
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ABSTRACT: Ca2+ influx through the N-methyl-D-aspartate (NMDA)-type glutamate receptor triggers
activation and postsynaptic accumulation of Ca2+/calmodulin-dependent kinase II (CaMKII). CaMKII,
calmodulin, andR-actinin directly bind to the short membrane proximal C0 domain of the C-terminal
region of the NMDA receptor NR1 subunit. In a negative feedback loop, calmodulin mediates Ca2+-
dependent inactivation of the NMDA receptor by displacingR-actinin from NR1 C0 upon Ca2+ influx.
We show that Ca2+-depleted calmodulin andR-actinin simultaneously bind to NR1 C0. Upon addition of
Ca2+, calmodulin dislodgesR-actinin. Either the N- or C-terminal half of calmodulin is sufficient for
Ca2+-induced displacement ofR-actinin. WhereasR-actinin directly antagonizes CaMKII binding to NR1
C0, the addition of Ca2+/calmodulin shifts binding of NR1 C0 toward CaMKII by displacingR-actinin.
Displacement ofR-actinin results in the simultaneous binding of calmodulin and CaMKII to NR1 C0.
Our results reveal an intricate mechanism whereby Ca2+ functions to govern the complex interactions
between the two most prevalent signaling molecules in synaptic plasticity, the NMDA receptor and CaMKII.

N-methyl-D-aspartate (NMDA1) receptors mediate Ca2+

influx at the postsynaptic site leading to the activation of
Ca2+/calmodulin-dependent kinase II (CaMKII) by Ca2+/
calmodulin (CaM) (1). CaMKII regulates various neuronal
functions including ion-channel activity, neuronal excitability,
and gene expression. Ca2+ influx through the NMDA

receptor and subsequent activation of CaMKII are the key
signaling steps in learning and memory and in long-term
potentiation (LTP), which is thought to underlie memory
formation (2-5). Activation of CaMKII by Ca2+/CaM and
the ensuing Thr286 autophosphorylation promotes CaMKII
binding to several postsynaptic proteins including the NR1
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(6, 7), NR2A (8, 9), and NR2B subunits (6, 10-14) of the
NMDA receptor (for review see refs15 and16). CaMKII
consists of 12 homologous subunits. Targeting stimulated
CaMKII to the NMDA receptor would allow for fast and
effective activation of additional subunits in the dodecameric
CaMKII complex by NMDA receptor-mediated Ca2+ influx.
It also promotes specific and efficient phosphorylation of
neighboring postsynaptic targets includingR-amino-3-hy-
droxy-5-methyl-4-isoxazole propionic acid (AMPA)-type
glutamate receptors (6, 17-19).

The NMDA receptor is likely a tetramer consisting of two
obligatory NR1 subunits and two NR2 (A-D) subunits (20-
23). The cytosolic C-terminus of NR1 binds several postsyn-
aptic proteins including CaM (24), R-actinin (25), and
CaMKII (6, 7). High affinity binding of CaMKII to NR1
requires the autophosphorylation of Thr286 (7). Using peptide
libraries of the C-terminal portion of NR1, we determined
the amino acid sequence responsible for CaMKII, CaM, and
R-actinin binding to NR1 (7). All three proteins bind to
residues 845-863 of the membrane-proximal C0 region (7),
which likely adopts anR-helical conformation (26). Whereas
the binding sequences for CaM andR-actinin overlap
precisely, the CaMKII binding sequence is shifted by roughly
oneR-helical turn toward the N-terminus (7). These binding
studies provide a molecular explanation for the competition
of R-actinin with Ca2+/CaM (7, 25) and with CaMKII (7)
for binding to NR1 C0.

CaM is a highly conserved, 148 residue long ubiquitous
Ca2+ sensor. The molecule is dumbbell shaped with the N-
and C-domains separated by a flexible linker region. It
consists of four EF-hand Ca2+-binding motifs (I-IV). Sites
I and II form the N-domain and sites III and IV the
C-domain. CaM reduces NMDA receptor activity by displac-
ing R-actinin from NR1 C0, thereby promoting desensitiza-
tion (25, 27-29). We recently showed that the C- but not
N-domain binds to the NR1 C0 domain under Ca2+-depleted
(apo) conditions (26). This pre-association of apo-CaM with
the NMDA receptor permits a quick and specific response
upon NMDA receptor activation, as the ensuing Ca2+ influx
triggers binding of the N-domain and rearrangement of the
C-domain (26). The CaM-mediated negative feedback may
be important under pathological conditions associated with
an overabundance of Ca2+, such as epilepsy or stroke.

Given the importance of CaMKII, CaM, andR-actinin in
NMDA receptor signaling under physiological and patho-
logical conditions, it is essential to further our understanding
of the precise molecular mechanisms regulating the interac-
tions between these proteins. Here, we address the critical
questions of whether pre-associated apo-CaM andR-actinin
simultaneously bind to NR1 C0 and how CaM affects
CaMKII binding to NR1 C0 in the presence ofR-actinin.
We found that CaM does not compete withR-actinin for
NR1 C0 binding under Ca2+-depleted conditions. However,
under Ca2+-saturating conditions either the N- or C-terminal
domain of CaM is sufficient to displaceR-actinin, which in
turn promotes CaMKII binding.

EXPERIMENTAL PROCEDURES
Materials.Amylose resin and anti-MBP antibodies were

purchased from New England Biolabs, Inc. (Ispwich, MA),
anti-Cam antibody from Zymed Laboratories, Inc. (San
Francisco, CA), and ECL, ECL-Plus, and glutathione

Sepharose from Amersham Pharmacia Biotech (Piscataway,
NJ). The phosphospecific antibody recognizing CaMKII
phosphorylated on Thr286 was purchased from Promega
(Madison, WI). The CaMKII Thr305phosphospecific antibody
was kindly provided by Dr. Silva (University of California,
Los Angeles) (30). Antibodies against CaMKIIR, R-actinin,
and GST are as described in ref7. Other reagents were
obtained from established commercial suppliers and were
of standard biochemical quality. Fluorescein-labeled NR1 C0
peptide (NR1C0p) covering residues 838-865 (fluorescein-
SRHKDARRKQMQLAFAAVNVWRKNLQDR) was cus-
tom-made by the W. M. Keck Biotechnology Resource
Center at Yale University (New Haven, CT) and purified
by HPLC. A CaMKII peptide consisting of the CaM binding
domain (CaMKIIp with amino acid sequence LKKFNAR-
RKLKGAILTTMLA) was purchased from Calbiochem (La
Jolla, CA). Recombinant rat calmodulin (CaM1-148) and
N-terminal (CaM1-80) and C-terminal (CaM76-148) fragments
were overexpressed inEscherichia coliaccording to pub-
lished procedures (31). Ca2+ binding mutants of full-length
CaM (E31Q/E67Q CaM and E104Q/E148Q Ca) were also
expressed inE. coli as described (Evans and Shea, unpub-
lished work). These two mutants do not effectively bind Ca2+

in the N- and C-domains. Recombinant CaMKIIR was
purified fromSpodoptera frugiperdacells as detailed in refs
32 (Figure 4) and7 (Figure 6).

Production of Fusion Proteins.The GST-tagged recom-
binant C-terminus of NR1 containing the C0 and C2′ segment
(GST-NR1 C0-C2′), GST, and poly-His6-taggedR-actinin-2
(encoding residues 344-894 of humanR-actinin-2, contains
also a T7 tag) was expressed inE. coli as described in refs
6 and7. HumanR-actinin-1 and -2 were subcloned into the
pMAL-c2E vector (New England Biolabs, Ispwich, MA),
placing theR-actinin ORFs in frame downstream of themalE
coding sequence (encoding maltose binding protein, MBP).
The templates used for the corresponding PCR reactions were
pEGFP/R-actinin-1 (graciously provided by Dr. C. Otey,
University of North Carolina, Chapel Hill, NC) (33, 34) and
pcDNA3/R-actinin-2 (kindly provided by Dr. M. Sheng,
Massachusetts Institute of Technology, Boston, MA). Primers
were designed such that an EcoRI site was integrated into
the 5′ primer and a SalI site into the 3′ primer for both
R-actinins. The sequences were 5′-GCT TGC CAT ATG
GAA TTC ATG GAC CAT TAT GAT TCT CAG CAA
ACC-3′ and 5′-CCT TGC GTC GAC TTA GAG GTC ACT
CTC GCC GTA CAG C-3′ for R-actinin-1, and 5′-GCT TGC
CAT ATG GAA TTC ATG AAC CAG ATA GAG CCC
GGC-3′ and 5′-CCT TGC GTC GAC CAT ATG CAG ATC
GCT CTC CCC GTA GAG-3′ for R-actinin-2. After PCR,
the R-actinin products were cut with EcoRI and SalI and
ligated into EcoRI-SalI-digested pMAL-c2E. Positive clones
were confirmed via sequencing before being expressed in
E. coli.

R-Actinin and CaM Binding and Competition Assays
(Figures 1-3). To examineR-actinin and CaM binding under
Ca2+-depleted conditions, glutathione Sepharose was incu-
bated with 8 or 20 ng of GST-NR1 C0-C2′ and washed. C0-
C2′ is one of four different NR1 C-termini created by
alternative splicing. It avoids the C1 exon, which encodes a
second CaM binding site that is not relevant for the binding
of R-actinin or CaMKII to NR1, nor for CaM binding to the
C0 region (7). CaM (1, 2.5, or 4µM) and R-actinin (4 or
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6 µM) were added to HEPES buffer (50 mM HEPES, 100
mM KCl, 5 mM NTA, 1 mM MgCl, and 50µM EGTA; pH
7.4). NTA and EGTA are relatively weak and strong Ca2+

buffers, respectively. This Ca2+ buffer is typically used in
our experiments when comparing Ca2+-depleted with Ca2+-
saturated conditions (see next paragraph). In this experiment,
they eliminate traces of Ca2+ introduced as unavoidable
minor contaminants of other reagents such as HEPES. We
typically found the total calcium concentration in our buffers
due to such contamination to be in the range of 1-5 µM as
determined by atomic absorption spectrometry. The final
incubation volume was 50µL. The nominal final concentra-
tion of GST-NR1 C0-C2′ was either about 5 or 12.5 nM
assuming that most of the fusion protein bound and remained
on the resin during washing. Accordingly, CaM andR-actinin
were in huge excess over GST-NR1 C0-C2′ so that their
free concentration can be considered constant corresponding
to the input. Samples were tilted at 4°C for 2 h before two
rapid washes (within less than 2.5 min because apo-CaM
quickly dissociates from GST-NR1 C0-C2′) with HEPES
buffer containing 0.1% Triton X-100. Proteins were extracted
using standard SDS sample buffer (7). EGTA (50 mM) was
included in the sample buffer to chelate Ca2+. Otherwise
CaM migrates faster during SDS-PAGE when free Ca2+ is
present in the sample buffer as compared to conditions under
which Ca2+ is chelated for reasons that are unclear (35, 36).
After SDS-PAGE, proteins were transferred onto polyvi-
nylidene difluoride (PVDF) membranes. Membranes were
probed with anti-CaM antibodies, stripped with SDS and
dithiothreitol and reprobed with anti-GST to confirm that
comparable amounts of fusion protein were present in each
sample.

To analyze the effect of Ca2+ on the competition of wild-
type and mutant CaM onR-actinin binding to GST-NR1 C0-
C2′ (Figure 3), we used the above HEPES buffer containing
0.1% Triton X-100, which helps to reduce the nonspecific
binding of R-actinin. When indicated, 10 mM CaCl2 was
present in the sample so that Ca2+ is in excess of NTA and
EGTA. The free Ca2+ concentration in this solution is
5.1 mM as calculated using published acid and ligand
association constants for EGTA (37) and NTA (38). In these
experiments,R-actinin and CaM were added at final con-
centrations of 200 nM and 10µM, respectively, to glutathione
Sepharose preincubated as described above with 20 ng of
GST-NR1 C0-C2′ fusion protein or an equal amount of GST.
Samples were tilted at 4°C for 2 h before being washed
with HEPES buffer containing 0.1% Triton X-100. Proteins
were extracted, subjected to SDS-PAGE, and transferred
as above before being probed with anti-MBP.

CaMKII and CaM Co-Binding Assays (Figure 4). Recom-
binant CaMKIIR (0.55µg; 200 nM final nominal concentra-
tion if CaMKIIR is in monomeric form) was incubated in
50 µL of 50 mM PIPES (pH 7.4), 1% BSA, 2 mM MgCl2,
100 µM ATP, 1.5 mM CaCl2, and 1µM CaM to induce
autophosphorylation. Incubations were performed for 1 min
on ice to ensure nearly exclusive autophosphorylation of
Thr286 and to suppress phosphorylation of other sites (see
refs39and40, and Figure 4A). For control experiments with
unphosphorylated CaMKII, ATP was omitted. After the brief
phosphorylation reaction, kinase activity was inhibited by
chelating Mg2+ with 10 mM EDTA, which was added
together with 500 mM NaCl and 0.1% Tween (final

concentrations; NaCl and Tween help reduce nonspecific
interactions). In parallel, 20 ng of GST-NR1 C0-C2′ fusion
protein or GST (nominal concentration in 50µL would be
11 nM) was incubated with glutathione Sepharose and
washed three times. These resins were then incubated with
the pretreated CaMKII at 4°C for 2 h before washing three
times with TBS (10 mM Tris-HCl at pH 7.4 and 150 mM
NaCl) containing 0.1% Triton X-100, with 10 min in between
washing steps to allow unbinding of nonspecifically bound
CaMKII from the resin. The CaMKII/NR1 C0-C2′ fusion
protein complex was incubated with increasing amounts of
CaM in 25 mM PIPES, 150 mM NaCl, 10 mM CaCl2, and
0.1% Triton X-100 at 4°C for 4 h and washed as before
except without extended time periods between washing steps
to prevent extensive unbinding of CaM during washing.
Proteins were extracted, subjected to SDS-PAGE, and
transferred to PVDF as described above. Membranes were
stained with Ponceau S to verify that equal amounts of the
GST fusion proteins were present before being cut to probe
the upper portion with an anti-CaMKII antibody and the
lower portion with a mouse monoclonal anti-CaM antibody
(Zymed Laboratories, Inc., San Francisco, CA).

R-Actinin, CaM and CaMKII Co-Binding Assays
(Figure 6). GST-NR1 C0-C2′ (160 ng; nominal concentration
is about 90 nM in the 50µL incubation volume assuming
that most of the fusion protein was retained by the resin) or
GST alone (160 ng) was immobilized on glutathione
Sepharose, washed, and incubated with 1µM His6-tagged
R-actinin-2 (residues 344-894, also containing a T7 tag) in
50 µL of 150 mM NaCl and 50 mM HEPES-NaOH at pH
7.4, for 2 h under tilting at 4°C. In parallel, recombinant
CaMKIIR (1.1 µg) was preincubated for 1 min on ice (to
promote Thr286 autophosphorylation) in 50µL of 50 mM
HEPES-NaOH at pH 7.4, 10 mM MgCl2, 500 µM CaCl2,
0.2 µM CaM, and 500µM ATP before being added to the
glutathione Sepharose-GST-NR1 C0-C2′/R-actinin-2 mix-
ture. (The final concentration of CaMKII and CaM was 0.1
µM in a final volume of 100µL.) Additional CaM was added
to samples for a final concentration of 1.0 and 10µM in
parallel samples. Samples were tilted at 4°C for another 2
h, washed with TBS containing 0.1% Triton X-100, and
analyzed by immunoblotting with anti-CaMKII and, after
stripping, anti-T7 (Invitrogen Corporation, Carlsbad, CA).

Quantification of Immunoblot Signals. For quantification
of immunoblot signals, multiple exposures with increasing
time were performed to ensure that chemiluminescent film
signals were in the linear range. Basically, doubling of the
exposure time has to lead to a doubling of the signal, as
published earlier (41, 42). Signals were scanned using an
Epson Perfection 4180 Photo flatbed scanner and EPSON-
scan software (42). To ensure that signals were comparable
between different films and not distorted by using nonlinear
contrast functions, neither autocontrast nor any other ma-
nipulations of contrast such as nonlinear transformation were
applied throughout the whole procedure. Adobe Photoshop
sets the whitest pixel equal to 255 and the darkest signal to
0. To measure increases in original film signals, which are
dark, as increases in pixel values, images were inverted.
Individual bands were quantified for mean intensity by
drawing equal sized boxes around each band and using the
histogram function of Adobe Photoshop to calculate mean
intensity. A box of the same size was used to subtract the
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background from a nearby area on the film. The background
generally consisted of no more than 5-10% of the total
signal. Signals were compared using at-test, and significance
was established ifp > 0.05.

Fluorescence Emission Spectral Scans (Figure 5A-D).
Competition between CaMKIIp and NR1C0p for binding to
Ca2+-saturated CaM was studied by equilibrating full-length
CaM (CaM1-148) or its individual domain fragments (CaM1-80

and CaM76-148) with NR1C0p at a 1:1 ratio and adding
successive aliquots of CaMKIIp reaching a final CaMKIIp/
NR1C0p ratio of 2.29 for full-length CaM and 4.58 for

individual domain fragments under Ca2+-saturated conditions.
Fluorescence emission spectra were collected before and after
equilibration with NR1C0p and after each addition of
CaMKIIp using an SLM-4800 spectrofluorimeter (SLM
Urbana, IL). Emission spectra of NR1C0p (2.54µM) were
monitored using fluorescence of the tryptophan in NR1C0p
(λex of 297 nm) with 4 nm slits for full-length CaM (2.54
µM) and 8 nm slits for CaM domain fragments (2.37µM).
Emission spectra of Ca2+-saturated CaM under identical
conditions were subtracted from the spectra of peptide/CaM
mixtures to account for the small contribution from Tyr 99

FIGURE 1: R-Actinin-1 binds NR1 C0-C2′ with higher affinity thanR-actinin-2. Glutathione Sepharose was loaded with GST-NR1 C0-C2′
or GST alone. (The nominal concentration for GST-NR1 C0-C2′ was about 12.5 nM for the 50µL incubation volumes.) (A) Incubation
with 4 µM MBP-R-actinin-1 or -2 in the presence of either EGTA (lanes 1, 2, 5, and 6) or Ca2+(lanes 3 and 4). The upper portion of each
blot was probed with anti-MBP to detect MBP-taggedR-actinin (top panel) and the lower portion with anti-GST to demonstrate that
comparable amounts of NR1 C0-C2′ and GST were present in each sample (lower panel; in this experiment GST was in excess over
GST-NR1 C0-C2′, increasing the stringency for testing nonspecific binding). Five percent of the amount of MBP-R-actinin-1 and -2 used
for each pull-down was applied directly to SDS-PAGE to confirm that similar amounts of the two isoforms were added to the immobilized
fusion proteins (A, lanes 7 and 8). WhereasR-actinin-1 and -2 both specifically bind to GST-NR1 C0-C2′, R-actinin-1 shows more robust
binding under both EGTA and Ca2+ conditions (A, compare lanes 1 and 3 with 2 and 4). Similar results were obtained in several other
experiments. (B) Increasing amounts of MBP-R-actinin-1 were incubated with NR1 C0-C2′ GST (top two panels) and GST (bottom two
panels; the nominal concentration of both GST proteins was about 12.5 nM). Blots were probed with anti-MBP to detect MBP-tagged
R-actinin (first and third panels) and anti-GST to demonstrate that comparable amounts of GST-NR1 C0-C2′ and GST were used (second
and fourth panels). Immunosignals forR-actinin-1 were quantified with Adobe Photoshop. Signals from nonspecificR-actinin-1 binding to
GST alone were subtracted before the data were graphed in GraphPad Prism (4.0a). (C) Graphed data from B show thatR-actinin-1 binding
was saturable with aKd of ∼87 nM. (D and E) fluorescence anisotropy of the fluorescein-labeled peptide NR1C0p was monitored (λex of
496 nm;λem of 520 nm) as a function of increasing amounts of His-taggedR-actinin-2 and MBP-taggedR-actinin-1 under Ca2+-depleted
and -saturated conditions. Nonlinear analysis of the titration curve of NR1C0p indicated an apparentKd value of 2.75µM for R-actinin-2
under both conditions, 239 vs 237 nM forR-actinin-1 under Ca2+-depleted and -saturated conditions. Each titration curve in C, D, and E
was from three to six independent experiments.

8488 Biochemistry, Vol. 46, No. 29, 2007 Merrill et al.



and Tyr 138 in CaM (CaM does not contain a tryptophan).
All spectra within one titration were normalized relative to
the maximum intensity of NR1C0p at 350 nm. The buffer
conditions were 50 mM HEPES, 100 mM KCl, 0.5 mM
EGTA, 0.5 mM NTA, and 5 mM CaCl2 at pH 7.4 and
22 °C.

Fluorescence Anisotropy (Figures 1D and E, and 5E).
Fluorescence anisotropy was measured using a Fluorolog-3

(Horiba Jobin Yvon, NJ) spectrofluorimeter using the same
experimental conditions as those used for the spectra
described above. The wavelengths wereλex ) 496 nm and
λem ) 520 nm with 200 nM NR1C0p when utilizing the
fluorescein tag on NR1C0p, andλex ) 297 nm andλem )
350 nm when utilizing tryptophan in NR1C0p (CaM does
not contain tryptophan). For the titration of NR1C0p with
R-actinin-1 and -2 fluorescein, fluorescence anisotropy was
determined for NR1C0p (10 nM) alone and with increasing
R-actinin concentrations. For the displacement of CaM from
NR1C0p by CaMKIIp as monitored by tryptophan fluores-
cence anisotropy, 4.17µM NR1C0p and 3.9µM CaM1-148

(i.e., a slight excess of NR1C0p) were titrated with increasing
concentrations of CaMKIIp. Fluorescence anisotropy was
calculated using the standard equation:R ) (IVV - GIVH)/
(IVV + 2GIVH) (43).

Fluorescence Polarization (Figure 5F).Fluorescence
polarization studies were performed under the same buffer
conditions described for emission spectra and anisotropy
using a Victor plate reader (Perkin-Elmer, MA) to monitor
the change in the fluorescein moiety (λex of 495 nm andλem

of 518 nm) attached to NR1C0p. The concentration of
NR1C0p was 0.91µM and of CaM1-148 0.638µM.

Protein Concentrations. Protein concentrations were de-
termined with standard Bradford (BioRad) and bicinchoninic
acid (Pierce) microtiter plate assays following the instructions
of the manufacturers, using bovine serum albumin as a
standard.

RESULTS

We have previously shown thatR-actinin, CaM, and
CaMKII bind to an overlapping region within the NR1 C0
region (7). CaM andR-actinin compete with each other for
binding to NR1 C0 in the presence of Ca2+ (7, 25). However,
apo-CaM can pre-associate with NR1 C0 under Ca2+-
depleted conditions (26). This association is thought to be
crucial for the fast and specific regulation of NMDA receptor
activity by a negative feedback mechanism (26). Accord-
ingly, Ca2+ influx leads to the displacement of NR1-
associatedR-actinin by CaM, thereby triggering desensiti-

FIGURE 2: Apo-CaM andR-actinin simultaneously bind to NR1
C0-C2′ GST under Ca2+-depleted conditions. (A) GST-NR1 C0-
C2′ or GST (∼5 nM nominal concentration for the 50µL sample
volumes during CaM binding) was immobilized on glutathione
Sepharose, washed, incubated with 2.5µM CaM ( 6 µM R-actinin-
1, quickly washed twice, and analyzed by immunoblotting with
anti-CaM. Blots were stained with Ponceau S before probing to
confirm that similar amounts of GST and GST fusion protein were
present (not illustrated). Similar results were obtained when either
1 µM CaM ( 6 µM R-actinin-1 or 4µM CaM ( 4 µM R-actinin
was added to 5 and 12.5 nM NR1 C0-C2′, respectively (data not
illustrated). (B) Immunosignals for CaM from several experiments
were quantified with Adobe Photoshop (shown as mean( SD; n
) 4). Signals from CaM binding to GST (e.g., right two lanes in
A) were subtracted before the data were graphed in GraphPad Prism
(4.0a). There was a statistically significant increase in the amount
of CaM binding in the presence ofR-actinin (as determined by
t-test). (C)R-Actinin and CaM do not directly bind. MBP-tagged
R-actinin-1, -2, and MBP alone were immobilized on amylose resin,
incubated with 50µM CaM in HEPES buffer( 10 mM CaCl2,
washed as samples in A, and analyzed by immunoblotting with
anti-CaM. Approximately 1.5% of the CaM used in the binding
assay was loaded directly on the gel in the lane at the very right.
This signal provides a positive control for anti-CaM blotting and a
measure of how much maximal signal could be expected if all CaM
would have bound (multiply band intensity with 66.6). Blots were
stained with Ponceau S (lower panel) before probing to confirm
that similar amounts of fusion protein were present. Similar results
were obtained in several other experiments.

FIGURE 3: N- and the C-domain of CaM compete withR-actinin
for binding to NR1 C0-C2′ under Ca2+ conditions. Approximately
5 nM GST-NR1 C0-C2′ or an equal amount of GST was
immobilized on glutathione Sepharose and incubated in the absence
or presence of 10 mM Ca2+ with 200 nM MBP-taggedR-actinin-1
and 10µM of one of the following: full-length CaM (CaM1-148);
N-domain of CaM (CaM1-80); C-domain of CaM (CaM76-148); full-
length E31/67Q mutant CaM, which does not bind Ca2+ in its
N-domain; and full-length E104/148Q mutant CaM, which does
not bind Ca2+ in its C-domain. Blots were probed with anti-MBP.
In the absence of CaM, Ca2+ does not affectR-actinin binding to
NR1 C0-C2′ (panel on very left). GST was used to demonstrate
the absence of nonspecific binding of MBP-R-actinin-1 to GST
(panel on very right). Before probing, blots were stained with
Ponceau S to confirm that similar amounts of GST fusion protein
were present (not shown). Full-length CaM, N-domain, C-domain,
and both full-length CaM mutants antagonizedR-actinin binding
in a Ca2+-dependent manner. Comparable results were obtained in
other multiple experiments.
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zation of the NMDA receptor (28, 29). If this model is
correct, apo-CaM andR-actinin must be able to bind
simultaneously to NR1 C0. To test this model, we first
determined the binding affinity forR-actinin before analyzing
the hypothesized simultaneous binding of apo-CaM and
R-actinin with NR1 C0.

Affinity of GST-NR1 C0-C2′ Is Higher forR-Actinin-1 than
for R-Actinin-2.TheR-actinin family comprises four genes
that encode the homologousR-actinin-1, -2, -3, and -4
isoforms. The C-terminal regions contain two EF-hand
motifs, which seem to be functional with respect to Ca2+

binding for R-actinin-1 and -4 but not -2 and -3 (44, 45).
R-Actinin-2 was originally identified as the NR1 C0 binding
partner (25, 28). Physiological evaluations of this interaction,
therefore, focused onR-actinin-2 and did not specifically
test effects byR-actinin-1 (28, 29). However, two different
proteomic analyses of highly purified postsynaptic density
fractions suggest thatR-actinin-1 is more abundant than
R-actinin-2 (46, 47). We observed thatR-actinin-1 binding
to NR1 C0-C2′ is much stronger than the binding of
R-actinin-2. Using immobilized GST-NR1 C0-C2′ for pull-
down experiments with recombinant, purified MBP-tagged
R-actinin-1 and -2, we consistently found moreR-actinin-1
than -2 in the precipitates (Figure 1A, lanes 1 and 2), even
though equal amounts of bothR-actinins were present in each
sample during binding (Figure 1A, lanes 7 and 8). We also
tested whether Ca2+ itself would influenceR-actinin binding
to NR1 C0 becauseR-actinin-1 has a pair of functional EF-
hands at its C-terminus. However, the addition of Ca2+

affected neitherR-actinin-1 nor -2 binding in this assay
(Figure 1A, compare lanes 1 and 2 with 3 and 4; also see
below).

GST-NR1 C0-C2′ was incubated with increasing amounts
of MBP-R-actinin-1 and -2 to determine the apparentKd
values for these interactions in the pull-down experiments.
R-Actinin-1 resulted in a clear saturation curve indicating
an apparentKd value of ∼87 nM (Figure 1B and C).
R-Actinin-2 binding was too weak to come reasonably close
to saturation in these pull-down assays. Therefore, we
resorted to titratingR-actinin-2 against the synthetic NR1C0p
peptide that covers the whole C0 segment and carries a
fluorescein label at its N-terminus using fluorescence ani-
sotropy as a read out (26). This method does not require a
washing step, which would preserve the weakerR-actinin-2
binding. These experiments resulted in a saturation curve
with a Kd value of 2.75µM (Figure 1D). Ca2+ did not alter
the affinity in these experiments (Figure 1D).

We used the same fluorescence anisotropy assay to further
evaluate whether Ca2+ might regulateR-actinin-1 binding
to NR1 C0. TheKd in the presence and absence of Ca2+

was 237 and 239 nM, respectively (Figure 1E). These values
are higher thanKd values obtained in the pull-down
experiments (Figure 1 B and C) likely because the synthetic
peptide has a higher propensity to be unfolded compared to
that of the fusion protein, thereby shifting the binding
equilibrium toward the unbound peptide.

R-Actinin and Apo-CaM Interact Simultaneously with
GST-NR1 C0-C2′ under Ca2+-Depleted Conditions.Although
R-actinin competes with Ca2+-CaM for binding to NR1 C0
(25, 29), we tested whether apo-CaM can pre-associate with
the R-actinin-NR1 C0 complex. We used a small amount
of NR1 C0-C2′ (8-20 ng, corresponding to about 5-

FIGURE 4: CaMKII and CaM simultaneously bind to NR1 C0-
C2′. (A) CaMKII is differentially phosphorylated under various
conditions in vitro. CaMKII was incubated either with Ca2+-CaM
only (no autophosphorylation; left lane), Ca2+-CaM plus Mg-ATP
on ice for 30 s (selective Thr286 autophosphorylation; middle lane),
or Ca2+-CaM plus Mg-ATP on ice for 30 s, followed by an
additional incubation at 30°C for 10 min with EGTA (Thr286 plus
Thr305 autophosphorylation; right lane). Samples were analyzed by
immunoblotting with the general antibody against CaMKIIR
(bottom), the phosphospecific antibody against Thr286 (top), and
the phosphospecific antibody against Thr305 (middle). (B) GST or
GST-NR1 C0-C2′ GST (11.4 nM) was immobilized on glutathione
Sepharose and incubated with excess CaMKII (0.55µg; pre-
autophosphorylated on Thr286 with Mg-ATP and CaM as required
for NR1 C0 binding; the nominal concentration of the CaM-
CaMKII complex assuming monomeric CaMKII from the phos-
phorylation reaction in the 50µL binding volume was 200 nM).
Excess of CaM-CaMKII that was not bound to the resin was
washed away before extensive incubations with increasing amounts
of CaM and a final washing step. Blots were probed with anti-
CaMKII (top panel) and anti-CaM antibodies (lower panel). Before
probing, blots were stained with Ponceau S to confirm that similar
amounts of GST fusion protein were present (not shown). As
expected, unphosphorylated CaMKII (ATP was omitted from the
phosphorylation mixture) did not bind (lane 1). Lanes 2 and 3 are
duplicate samples when no CaM, except that required to activate
CaMKII during the phosphorylation reaction, was added during the
final incubation. Lanes 4-9 show samples with increasing amounts
of CaM added to the CaMKII/NR1 C0-C2′ fusion protein complex
as indicated. (C) There was no statistically significant difference
in the binding of CaMKII to GST-NR1 C0-C2′ GST with and
without 50µM CaM (as examined byt-test). Immunosignals for
CaMKII and CaM were quantified with Adobe Photoshop. Shown
are the means of four independent experiments (see B; error bars
( SEM). (D) Data for increasing amounts of CaM (see B) were
graphed and a monoexponential saturation curve fitted in GraphPad
Prism (4.0a). CaM binding was saturable with an apparentKd of
∼8 µM in this assay.
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12.5 nM nominal concentration in the 50µL incubation
volume) to ensure saturation withR-actinin-1, which was
added at a final concentration of 6µM, in great excess of
its apparentKd value for binding to GST-NR1 C0-C2′ (87
nM; see Figure 1). Apo-CaM was added at a final concentra-
tion of 2.5 µM. We determined earlier that theKd of apo-
CaM for NR1 C0 is 2.25µM (26). For that reason, a
concentration of apo-CaM in this range is optimal for the
detection of a potential competition byR-actinin. Addition
of R-actinin-1 never reduced apo-CaM binding to GST-NR1
C0-C2′ in multiple independent experiments (Figure 2A and
B). To the contrary, CaM binding to GST-NR1 C0-C2′ was
increased in the presence ofR-actinin. To exclude the
possibility thatR-actinin and CaM bind directly, we pre-
formed in vitro binding assays, immobilizing MBP-tagged
R-actinin-1 or -2, or MBP alone and added 50µM CaM in
the presence and absence of Ca2+. No interaction of
apo-CaM or Ca2+-CaM with R-actinin was detectable
(Figure 2C). Accordingly, under the conditions of these
experiments CaM does not directly bind toR-actinin. Hence,
apo-CaM binding to the GST-NR1 C0-C2′-R-actinin-1
complex (Figure 2A) is through binding to NR1 C0 and not
to R-actinin-1. Because the pull down of apo-CaM by GST-
NR1 C0-C2′ is not reduced in the presence of a saturating
amount ofR-actinin-1, that is, whenR-actinin-1 occupies

nearly all NR1-C0 sites, we conclude that apo-CaM and
R-actinin can simultaneously bind to NR1 C0. The most
likely explanation for the increase in CaM binding to NR1
C0 in the presence ofR-actinin is that the binding of either
CaM orR-actinin produces a change in the structure of NR1
C0 that promotes association with the other binding partner.
Our earlier studies monitoring circular dichroism have shown
that a synthetic NR1 C0 peptide is unstructured in solution
when none of its interaction partners is present (26).
Combining this peptide with either apo-CaM or Ca2+-CaM,
which itself has severalR-helices, increases theR-helical
content in the solution likely because CaM binding to the
NR1 C0 peptide induces anR-helical conformation of the
peptide (26). Similarly,R-actinin might promote anR-helical
structure in the C0 domain of the GST-NR1 C0-C2′ fusion
protein, thereby promoting association of apo-CaM. The
alternative explanation that binding ofR-actinin-1 to GST-
NR1 C0-C2′ creates a CaM binding site onR-actinin-1 that
is not detectable in the absence of NR1 C0 binding is unlikely
because Ca2+-CaM actually displaceR-actinin-1 from the
GST-NR1 C0-C2′ complex (see Figure 3).

Isolated N- and C-Domain of CaM DisplacesR-Actinin
from GST-NR1 C0-C2′ with Ca2+ Present.Our earlier data
indicate that under apo conditions, CaM binds with its C-
but not N-domain to NR1 C0. Upon addition of Ca2+, the

FIGURE 5: Competition between NR1C0p and CaMKIIp for CaM. Changes in the emission properties of NR1C0p in complex with (A)
CaM1-80, (B) CaM76-148, and (C) CaM1-148 upon the addition of increasing CaMKIIp in the presence of Ca2+. NR1C0p alone is represented
by the solid black line with closed circles. The addition of CaM1-80, CaM76-148, and CaM1-148 causes a left-shift of the emission spectrum
(solid red lines represent the initial NR1C0p/CaM complexes). Spectra of the mixture after increasing additions of CaMKIIp peptide are
shown as colored lines as indicated in the right portion of each panel. For full-length CaM, the spectrum representing the last addition of
CaMKIIp (at a ratio of 2.29 CaMKIIp/NR1C0p) approaches the original spectrum and is indicated by closed red circles. The decrease in
the fluorescence intensity of the full NR1C0p-CaM1-148complex at 331 nm (see C) is plotted vs the CaMKIIp/NR1C0p ratio in D. Fluorescence
anisotropy measured for the intrinsic Trp21 fluorescence of NR1C0p (E) and fluorescent polarization of the fluorescein of the fluorescein-
labeled NR1C0p (F) is plotted against the CaMKIIp/NR1C0p ratio. All measurements indicate that the binding of full-length CaM to
CaMKIIp releases NR1C0p as the curves shift back toward the original characteristics of NR1C0p in the absence of CaM. Isolated N- or
C-domain only binds NR1C0p but not CaMKIIp, i.e., there is no back shifting of the NR1C0P-CaM curves as expected (A and B).
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NR1C0p-C-domain complex undergoes a conformational
change and the otherwise extended N-domain collapses onto
C0 in the complex between NR1C0p and full-length CaM
(26). To investigate whether the N- or the C-domain of CaM
dislodgesR-actinin from GST-NR1 C0-C2′ upon addition
of Ca2+, we used recombinant purified full-length CaM1-148,
CaM1-80 (the N-terminal domain followed by the linker
region), and CaM76-180 (linker region followed by the
C-terminal domain) for in vitro binding assays under Ca2+-
depleted and Ca2+-saturated conditions. As expected, full-

length wild-type CaM1-148 competed withR-actinin in the
presence but not absence of Ca2+ (Figure 3). In addition,
either the N-terminal (CaM1-80) or C-terminal region
(CaM76-180) was sufficient to displaceR-actinin from NR1
C0 upon addition of Ca2+. To further test the ability of both
the N- and C-domain to displaceR-actinin, we used two full-
length CaM mutants that do not bind Ca2+ in either the N-
or C-domain (E31Q/E67Q CaM and E104Q/E148Q CaM,
respectively). In agreement with the findings with isolated
N- and C-domain, both E31Q/E67Q CaM and E104Q/E148Q
CaM were able to displaceR-actinin from NR1 C0
(Figure 3). Accordingly, CaM does not need to be tethered
via its C-domain in order for the N-domain to displace
R-actinin upon the binding of Ca2+. However, this observa-
tion does not exclude the fact that pre-association of apo-
CaM with NR1 C0 via its C-domain leads to more effective
displacement ofR-actinin from NR1 C0 as compared to
nonassociated CaM. The addition of Ca2+ induces a confor-
mational change in a complex consisting of NR1 C0 and
the C-domain of CaM. (26). Our findings that the addition
of Ca2+ with the C-domain alone or with E31Q/E67Q CaM
leads to the displacement ofR-actinin from GST-NR1 C0-
C2′ thus indicate that those conformational changes are
sufficient for the displacement ofR-actinin. Taken together,
these data strongly support the idea that either of the N- or
C-terminal domains of CaM is sufficient to displaceR-actinin
in the presence of Ca2+. The addition of Ca2+ in the absence
of CaM in these binding conditions did not changeR-actinin
binding to NR1 C0-C2′ (see also Figure 1), excluding side
effects of Ca2+. Accordingly, the Ca2+-induced effects
observed in the presence of the CaM polypeptides are
specifically mediated by CaM.

CaMKII and Ca2+-CaM Simultaneously Bind to the NR1
C0 Region. Ca2+ influx through the NMDA receptor
stimulates CaMKII binding to the receptor with NR1 C0
being one of the three high affinity attachment sites for
CaMKII (6, 7). However, Ca2+-CaM effectively competes
with R-actinin for binding to this very site (Figure 3 (7, 25)).
If the same competition were to occur between Ca2+-CaM
and CaMKII, Ca2+ influx would diminish rather than promote
CaMKII binding to NR1 C0 in intact neurons. Therefore,
we determined whether Ca2+-CaM displaces CaMKII from
NR1 C0 or permits concurrent binding of CaMKII. Upon
binding Ca2+-CaM, CaMKII can phosphorylate itself on
Thr286, affording it prolonged kinase activity following the
removal of Ca2+-CaM. Upon more prolonged incubation,
CaMKII autophosphorylates itself on Thr305/306, which pre-
vents the future binding of CaM until dephosphorylation.
Because this phosphorylation reduces CaMKII binding to
NR1C0 (7) to some degree, we incubated CaMKII for only
30 s with Ca2+-CaM and Mg-ATP on ice to specifically
induce the autophosphorylation of Thr286 and not Thr305/306;
the autophosphorylation reaction was terminated with EDTA
to chelate Mg2+. Figure 4 illustrates that this brief incubation
in the presence of Ca2+-CaM and Mg-ATP led to the
phosphorylation of Thr286 but not Thr305/306 (middle lane).
As the negative control, incubating CaMKII with Ca2+-CaM
but not ATP produced no autophosphorylation (left lane).
Accordingly, the phosphospecific antibodies used in the
immunoblots only recognized the respective sites when
autophosphorylated, as expected. As positive control for the
Thr305/306-directed phosphospecific antibody, CaMKII was

FIGURE 6: Ca2+-CaM promotes CaMKII binding to NR1 C0-C2′
by displacing R-actinin. (A) Schematic representation of the
proposed interactions between CaMKII,R-actinin, and CaM with
the NR1 subunit of the NMDA receptor under apo and Ca2+-
conditions. Under Ca2+-free (apo) conditions,R-actinin and the
C-domain of CaM are bound to the C0 region of the NR1 subunit.
R-Actinin competes with CaMKII for binding to NR1 C0. Upon
activation of the NMDA receptor and the subsequent Ca2+ influx,
the C-domain of Ca2+-CaM rearranges relative to NR1 C0, and
the N-domain now directly binds NR1 C0. Through these changes,
CaM antagonizesR-actinin binding to the C0 region via both its
N- and C-domains. The removal ofR-actinin by Ca2+-CaM
promotes the binding of activated CaMKII to NR1 C0, resulting
in the simultaneous binding of Ca2+-CaM and CaMKII to NR1 C0
via different sites of the putative C0R-helix. (B) To test the
proposed model, GST and GST-NR1 C0-C2′ (90 nM) were
immobilized on glutathione Sepharose and incubated with 1µM
T7-taggedR-actinin fusion protein for 2 h to reach equilibrium.
Then, 0.1µM of autophosphorylated CaMKII and 0.1, 1.0, or
10 µM CaM were added to the incubation mixture in the presence
of 500 µM CaCl2 for an additional 2 h. Blots were probed with
anti-CaMKII, stripped, and reprobed with anti-T7 to detect the
R-actinin fusion protein. The addition of increasing amounts of
Ca2+-CaM decreased the amount ofR-actinin binding while
increasing the amount of CaMKII binding to GST-NR1 C0-C2′.
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incubated with CaM on ice for 30 s, EGTA was added to
the mixture, and the kinase was incubated at 30°C for an
additional 10 min. This procedure causes hyperphosphory-
lation of CaMKII, which is characterized by a slight upward
shift of the corresponding band during SDS-PAGE, which
in turn is correlated to the phosphorylation of Thr305 and
Thr306 on top of Thr286 phosphorylation (right lane).

To examine the effect of increasing CaM concentration
on CaMKII binding, an aliquot of Thr286 phosphorylated
CaMKII was added to GST-NR1 C0-C2′ or GST, which had
been immobilized on glutathione Sepharose; samples were
washed prior to the addition of CaM. This approach using
the pre-binding of CaMKII to immobilized GST-NR1 C0-
C2′ allows the removal of unbound Ca2+-CaM along with
ATP and free CaMKII. As previously shown (7, 12), CaMKII
must be autophosphorylated on Thr286 for binding to NR1
C0 (Figure 4A, compare lane 1 with lanes 2 and 3). Extensive
incubation of the resin-adsorbed GST-NR1 C0-C2′-CaMKII
complexes with increasing concentrations of Ca2+-CaM (up
to 50µM) did not change the amount of CaMKII binding to
GST-NR1 C0-C2′ GST fusion protein (Figure 4B). Immu-
nosignals for CaMKII and CaM were quantified for samples
without CaM versus 50µM CaM in these experiments after
digitalization by determining the mean density with Adobe
Photoshop. There was no statistical difference in the immu-
nosignal of CaMKII in the absence or presence of 50µM
CaM, as tested by a Student’st-test (Figure 4C).

Ca2+-CaM binding to the GST-NR1 C0-C2′/CaMKII
complex was close to or at saturation at 50µM (Figure 4D).
The relatively high apparentKd (low µM) for Ca2+-CaM
binding in these experiments is due to the washing of the
samples, resulting in an inevitable loss of some CaM (24,
26). Nevertheless, our data show that 50µM Ca2+-CaM
saturates NR1 C0 in these experiments, that is, it occupies
nearly all CaM binding sites (NR1 C0 and CaMKII). We
would expect a reduction in the final CaMKII pull down if
Ca2+-CaM displaced CaMKII, as it does withR-actinin
(Figure 3). The lack of such a reduction in CaMKII binding
indicates that CaMKII and Ca2+-CaM can simultaneously
bind to NR1 C0.

Competition between NR1C0p and CaMKIIp for CaM
binding.CaMKII itself strongly binds Ca2+-CaM, especially
when Thr286 is autophosphorylated. Previous studies indicate
that the binding of Ca2+-CaM to CaMKII requires both, the
N- and C-domains of CaM (48). Furthermore, Ca2+-CaM
binding to NR1 C0 involves both CaM domains (26).
Nevertheless, we evaluated the possibility that a single CaM
molecule might simultaneously bind NR1 C0 and CaMKII,
acting as a bridge between CaMKII and NR1 C0. The NR1
C0-derived peptide NR1C0p has a single tryptophan residue
(Trp21) with an emissionλmax of 350 nm in the absence of
CaM. Under Ca2+-saturating conditions, the emissionλmax

shifted to a lower wavelength (331 nm) upon binding either
full-length CaM or its individual N- or C-domain fragments
(Figure 5 A-C; compare the black lines in the absence of
CaM with the red lines in the presence of CaM) (26). This
shift indicates that a complex is formed between CaM and
the NR1C0p peptide with Trp21 of the peptide buried in a
more hydrophobic environment upon CaM binding. The
effect of the peptide CaMKIIp, which is derived from the
CaM binding site on CaMKII, was evaluated in these
spectroscopic assays. The addition of up to 4.58 eq of the

CaMKIIp to either NR1C0p-CaM1-80 (Figure 5A) or NR1C0p-
CaM76-148 complexes (Figure 5B) produced only minimal
changes inλmax. In contrast, the addition of 2.29 eq CaMKIIp
to NR1C0p-CaM1-148 (Figure 5C) caused theλmax to shift
from 331 nm (i.e., buried) back to 350 nm (i.e., free peptide,
with the Trp exposed to buffer; red dotted line). Accordingly,
the equilibrium of NR1C0p-CaM1-148 complex formation
was shifted back so that virtually all NR1C0p was released
from its complex with CaM1-148 as virtually all CaM1-148

present in the solution associated with the CaMKIIp. In other
words, by effectively competing with NR1C0p for binding
to CaM1-148, CaMKIIp displaced NR1C0p from CaM1-148.
We conclude that NR1C0p and CaMKIIp cannot simulta-
neously associate with CaM1-148. Otherwise, the addition of
CaMKIIp would lead to no or perhaps a partial rather than
full reversal of the left-shift in the Trp21 fluorescence induced
by the initial addition of CaM1-148. The addition of CaMKIIp
caused a decrease in intensity and a shift in peak intensity
at a CaMKIIp/NR1C0p ratio of 0.92 (Figure 5C), suggesting
that both peptides have similar affinities for Ca2+-saturated
CaM1-148. Figure 5D shows the decrease in fluorescence
intensity at 331 nm due to the disruption of the NR1C0p-
CaM1-148 complex. The position and intensity of the final
emission spectrum demonstrated that virtually all of the
NR1C0p was displaced from CaM1-148 by the addition of
excess CaMKIIp. Accordingly, as the concentration of
CaMKIIp increases, an increasing amount of CaM is
redistributed from NR1C0p to CaMKIIp.

Competition between NR1C0p and CaMKIIP for CaM
binding was also examined using fluorescence anisotropy
to monitor the tryptophan signal of NR1C0p (Figure 5E) and
using fluorescence polarization to monitor the change in the
fluorescein moiety attached to the N-terminus of NR1C0p
(Figure 5F). Both measures are a reflection of the tumbling
rate of a fluorescent molecule. The larger a molecular
complex, the slower its tumbling motion and the higher the
degree to which polarization of the exciting light is preserved
when emitted. An increase in fluorescence anisotropy or
polarization for NR1C0p upon the addition of CaM indicates
the binding of CaM and a decrease upon subsequent addition
of the CaMKIIp displacement of CaM from NR1C0p.
NR1C0p under Ca2+-saturated conditions had an intrinsic
anisotropy of 0.055, and the NR1C0p-CaM1-148 complex had
an anisotropy value of 0.0878. CaMKIIp began displacing
NR1C0p at a CaMKIIp/NR1C0p ratio of 1.03, consistent
with the emission studies. A quasi complete displacement
was achieved by a ratio of 2.05, which freed the NR1C0p
causing it to tumble with an anisotropy of∼0.056
(Figure 5E). Control experiments showed that CaMKIIp
cannot displace NR1C0p under apo conditions and that there
is no interaction between CaMKIIp and NR1C0p (data not
shown). Analogous results were obtained when measuring
fluorescence polarization of the fluorescein tag (Figure 5F).
These results indicate that CaM and NR1C0p cannot readily
form a trimeric complex with CaMKIIp. They argue against
a model in which Ca2+-CaM would simultaneously bind to
NR1 C0 and CaMKII, thereby acting as an adaptor between
them. Rather, our results suggest that the binding of CaMKII
to NR1 C0 is direct, likely involving a region on CaMKII
other than its own CaM binding site.

Ca2+-CaM Promotes CaMKII Binding to NR1 C0 by
Displacing R-Actinin. Earlier studies have shown that

Binding of CaMKII, CaM, andR-Actinin to NR1 C0 Biochemistry, Vol. 46, No. 29, 20078493



CaMKII competes withR-actinin-2 for NR1 C0 binding with
a half-maximal inhibition occurring at∼1 µM R-actinin (7).
Given that Ca2+-CaM directly antagonizes the binding of
R-actinin (7, 25) but not of CaMKII (Figure 4) to NR1 C0,
we hypothesized that in the absence of Ca2+, apo-CaM and
R-actinin simultaneously associate with NR1 C0 allowing
R-actinin to effectively compete with CaMKII for C0
binding. Upon addition of Ca2+, according to our hypothesis,
Ca2+-CaM dislodgesR-actinin, thereby promoting CaMKII
binding to NR1 C0 (Figure 6A). To test this hypothesis, we
immobilized GST-NR1 C0-C2′ on glutathione Sepharose
(100 nM nominal concentration in the 50µL incubation
volume), washed, and pre-bound 1µM R-actinin. Without
washing, we then added 0.1µM CaMKII, pretreated to
induce autophosphorylation of Thr286. Similar to previous
studies (7), R-actinin out competes CaMKII for binding to
GST-NR1 C0-C2′ in the presence of a low concentration of
Ca2+-CaM (0.1 µM; presumably just enough to bind and
activate the 0.1µM CaMKII; Figure 6B). However, raising
the Ca2+-CaM concentration to 1 and 10µM (the latter
should saturate GST-NR1 C0-C2′ with Ca2+-CaM) increas-
ingly attenuatedR-actinin binding and concomitantly elevated
CaMKII binding to GST-NR1 C0-C2′. Accordingly, in the
presence of Ca2+, CaM shifts the binding toward CaMKII
by competing withR-actinin.

DISCUSSION

NMDA receptor-mediated Ca2+ influx and the ensuing
activation of CaMKII are central events in LTP and memory
formation (2-5). LTP is largely restricted to those synapses
that experience an activity pattern suitable for the induction
of LTP. For these reasons, recruitment of CaMKII upon Ca2+

influx through the NMDA receptor to postsynaptic sites has
received widespread attention (e.g., refs6, 13, 14, and49-
54)). CaMKII binding to several postsynaptic interaction
partners is activity driven, that is, the binding requires
activation of CaMKII by Ca2+/CaM. The two most prominent
strictly activity driven CaMKII attachment sites at the
postsynaptic site are the C-termini of NR1 and NR2B (15,
16). CaMKII binding to NR1-C0 depends on Ca2+/CaM-
induced autophosphorylation of CaMKII (6, 7). NR2B
binding requires either Ca2+/CaM binding to CaMKII or
CaMKII autophosphorylation (6, 7, 10-12). Some of the
other postsynaptic interaction partners also show activity
driven CaMKII binding, but in these cases, this requirement
is not absolute (e.g., densin-180 (55, 56)), or the affinity of
the interaction appears to be substantially less than that for
NR1 or NR2B binding (e.g., NR2A (6, 8, 10, 11)). (See refs
15 and16) for more detailed discussions.) Here, we focus
on the interplay of NR1 with CaM, CaMKII, andR-actinin.

We showed earlier thatR-actinin competes with CaMKII
for binding to NR1 C0 (7). Given that Ca2+/CaM dislodges
R-actinin (7, 25), we hypothesized that the displacement of
R-actinin by Ca2+/CaM would promote CaMKII binding
upon Ca2+ influx. Otherwise, Ca2+ influx and CaM associa-
tion with NR1 C0 would occlude CaMKII binding rather
than promote postsynaptic recruitment of CaMKII. Indeed,
we show that CaMKII binding is not affected by saturated
binding of CaM to NR1 C0, indicating that Ca2+/CaM and
CaMKII simultaneously bind to NR1 C0.

Given that CaM binds both NR1 C0 and CaMKII, it was
conceivable that CaM acts as a bridge between these two

proteins with its N-domain interacting with one and the
C-domain with the other binding partner. Using a peptide
spanning most of the NR1 C0 domain (NR1 C0p) and a
peptide covering the CaM binding domain of CaMKII
(CaMKIIp), we investigated whether CaM could simulta-
neously bind to both peptides. The binding of full-length
CaM to the peptides was competitive and exclusive, indicat-
ing that CaM cannot bind concomitantly to both NR1 C0
and CaMKII. These data are not surprising given that X-ray
crystallography has shown that both domains of CaM are
involved in CaMKII binding (48). Furthermore, our results
show that CaMKIIp could not displace the NR1C0p from
either the N- or the C-domain of CaM. The simplest
explanation is that in contrast to the NR1 C0p, the CaMKIIp
requires full-length CaM for high affinity binding.

How do CaM and CaMKII simultaneously bind to NR1
C0? In the absence of crystallographic or NMR structural
data, we cannot answer this question. However, our previous
peptide studies indicate that optimal binding regions in NR1
C0 for CaMKII and CaM are shifted by about four residues
so that they only partially overlap (7). Similar more recent
peptide studies in which certain residues in NR1 C0 were
replaced by glutamate indicate that different sides of the
predicted NR1 C0R-helix are critical for CaM versus
CaMKII binding (Leonard, Shea, and Hell, unpublished
work). We thus propose that CaM and CaMKII basically
bind in a staggered formation to different sides of the putative
NR1 C0R-helix. This arrangement might allow the simul-
taneous binding of CaM and CaMKII, whereas the presence
of R-actinin, which is larger than CaM, would hinder the
access of CaMKII to its precise binding site on NR1 C0.

To test our model, we examined the effect of increasing
amounts of Ca2+/CaM on the binding of CaMKII and
R-actinin to GST-NR1 C0-C2′, with the latter three being
present in constant amounts. As we showed previously (7),
with low amounts of total CaM present, which is largely
bound to the equimolar CaMKII under our conditions,
R-actinin effectively competed with CaMKII for association
with GST-NR1 C0-C2′. However, increasing the CaM
concentration attenuatedR-actinin binding and concomitantly
elevated CaMKII binding to GST-NR1 C0-C2′, demonstrat-
ing that CaMKII can simultaneously bind with CaM to NR1
C0. We propose that at the postsynaptic membrane under
resting conditions, apo-CaM is preassociated via its C-domain
with the NR1 C0 region. ApoCaM permits simultaneous
R-actinin binding to NR1 C0, which prevents CaMKII from
associating with NR1 C0. Upon Ca2+ influx, CaM displaces
R-actinin allowing for CaMKII binding to NR1 C0.

CaMKII can also directly bind toR-actinin-2 (Leonard
and Hell, unpublished data) (14, 56, 57). However, this
interaction is blocked in the presence of Ca2+/CaM (13) or
by autophosphorylation of threonine 305 and 306 in the CaM
binding region of CaMKII (13). Thus, it appears that CaMKII
binding to R-actinin-2 depends on the availability and
conformation of the CaM binding region of CaMKII. In our
R-actinin, CaM, and CaMKII co-binding assays (Figure 6B),
the lowest concentration of Ca2+/CaM present was equimolar
to the concentration of CaMKII. At this concentration, Ca2+/
CaM binding to our Thr286-phosphorylated CaMKII will be
saturated (Kd is around 0.1 nM (58)) and binding ofR-actinin
to CaMKII inhibited (Figure 6B). Indeed, we have previously
shown that increasingR-actinin concentrations increasingly
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and eventually completely blocked CaMKII pull down by
GST-NR1 C0-C2′. Obviously, under those conditions with
Ca2+/CaM present at concentrations equimolar to CaMKII
andR-actinin bound to GST-NR1 C0-C2′, CaMKII cannot
bind to theR-actinin-NR1 C0 complex (cf. Figure 7 in ref
7). Hence, using the above strategy, we were able to observe
an increase in CaMKII binding to GST-NR1 C0-C2′ upon
the addition of extra CaM and the consequent displacement
of R-actinin from GST-NR1 C0-C2′. The increase in CaMKII
binding is, therefore, due to the displacement ofR-actinin
by Ca2+/CaM, given thatR-actinin can otherwise occlude
CaMKII binding to GST-NR1 C0-C2′.

The biochemical studies presented here define interactions
for different polypeptides and peptides in vitro. Details of
these complex interactions could be altered in the native
system with a fully assembled NMDA receptor complex,
which provides additional interaction sites for CaMKII and
R-actinin on its NR2 subunits. The observation that GST-
NR1 C0-C2′ cannot simultaneously bindR-actinin and
CaMKII is quite different from the binding properties of
densin-180. This postsynaptic protein also binds both CaMKII
andR-actinin. In this case, however, densin-180 can simul-
taneously interact with CaMKII andR-actinin, allowing the
formation of ternary complexes (14, 56).

The displacement ofR-actinin from NR1 C0 by Ca2+/CaM
is thought to underlie Ca2+-dependent desensitization of the
NMDA receptor (28, 29). This model raises the question
whether CaMKII binding to NR1 C0 per se affects desen-
sitization. In fact, ectopic coexpression of NR1 and NR2A
with CaMKII in the non-neuronal HEK293 cell line leads
to decreased desensitization as compared to NR1/NR2A only
expression (59). These results would be consistent with the
possibility that CaMKII binding to NR1 C0 reduces the
desensitization that occurs whenR-actinin is displaced by
Ca2+/CaM from NR1 C0 (28, 29). Perhaps it is advantageous
only in the presence of NMDA receptor-associated CaMKII
to prevent desensitization of the NMDA receptor, thereby
allowing for the activation of an increased number of
CaMKII subunits in the NR1-associated dodecameric CaMKII
complexes. However, the interpretation of these data (59) is
complicated by the observation that NR2A itself can to some
degree bind CaMKII, albeit with lesser affinity (6, 8, 10,
11). Furthermore, from these studies it is unclear whether
the effect of CaMKII overexpression on NR1/NR2A channel
activity is due to binding per se or due to a phosphorylation
event by CaMKII.

Another unsolved question is whether binding to NR1 C0
is important for anchoring activated CaMKII at postsynaptic
sites of activated synapses for more effective phosphorylation
of neighboring postsynaptic substrates. It appears likely that
NR1-associated CaMKII will require substantially less Ca2+

influx through the NMDA receptor for remaining activated
because the Ca2+ concentration will be highest at the mouth
of the NMDA receptor channel pore. Localization of CaMKII
to the channel mouth would thereby promote re-autophos-
phorylation and counteract the phosphatase activity that
dephosphorylatesCaMKII.Finally,givenitsuniquedodecamer-
ic structure and its ability to reversibly self-associate (60,
61), CaMKII may form a scaffold within the postsynaptic
density involved in recruiting other synaptic proteins to
postsynaptic sites (62, 63). Support for such a model comes
from a recent study that implicates both CaMKII and F-actin

in activity induced enlargement of postsynaptic spine heads
(64). However, this study does not indicate whether CaMKII
is involved as a structural component or whether it phos-
phorylates other proteins.

Displacement ofR-actinin from NR1 C0 removes this link
between the actin cytoskeleton and the NMDA receptor,
thereby contributing to Ca2+-dependent desensitization (28,
29). The idea that theR-actinin-F-actin connection may play
a role in this desensitization is supported by earlier findings
that the disruption of F-actin also reduces NMDA receptor
activity (27). A second potential role of this link is to localize
NMDA receptors to postsynaptic sites becauseR-actinin and
F-actin are enriched in dendritic spines. If so, Ca2+-induced
dissociation ofR-actinin from NR1 C0 could foster the
removal of the NMDA receptor from postsynaptic sites.
Although there is evidence that a decrease in NMDA receptor
activity results in increased postsynaptic accumulation of
NMDA receptors, the role of Ca2+ influx and potentially
CaMKII in this process is unclear.

In conclusion, our work unravels critical details of the
complex interplay between Ca2+, CaM, CaMKII, andR-ac-
tinin for binding to the NMDA receptor NR1 C0 region.
These details advance our understanding of molecular details
that are important for postsynaptic signaling involved in
synaptic plasticity and, likely, learning. These findings will
be critical for guiding future functional studies.
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