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Abstract
Since the discovery of long-term potentiation (LTP) about a
half-century ago, Ca2+/CaM-dependent protein kinase II
(CaMKII) has been one of the most extensively studied
components of the molecular machinery that regulate plastic-
ity. This unique dodecameric kinase complex plays pivotal
roles in LTP by phosphorylating substrates through elaborate
regulatory mechanisms, and is known to be both necessary

and sufficient for LTP. In addition to acting as a kinase,
CaMKII has been postulated to have structural roles because
of its extraordinary abundance and diverse interacting part-
ners. It now is becoming clear that these two functions of
CaMKII cooperate closely for the induction of both functional
and structural synaptic plasticity of dendritic spines.
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CaMKII is a serine (S)/threonine (T)-specific protein kinase
activated by the Ca2+/calmodulin (CaM) complex, consisting
of catalytic, regulatory (autoinhibitory/CaM binding) and
association domains. Under basal conditions, CaMKII is
subject to autoinhibition via an interaction between its kinase
and regulatory domains in the absence of Ca2+/CaM. In this
‘closed’ conformation, a pseudosubstrate segment and T286
in the regulatory domain bind to the S (substrate binding) site
and T (T286 binding) site in the catalytic domain, respec-
tively, thus preventing the access of substrates. A recent
structural study demonstrated that the compact arrangement
of inactive CaMKII holoenzyme renders the CaM-binding
domain inaccessible, and the strength of the autoinhibitory
interaction (degree of ‘compactness’) depends on the length
of linker between the kinase and association domain (Chao
et al. 2011).
The elevation of Ca2+ levels during the induction of

synaptic plasticity activates CaMKII. Binding of Ca2+/CaM
to the regulatory domain disrupts autoinhibition and places
CaMKII in an ‘open’ conformation, thereby making T286
available for phosphorylation. Importantly, because of its
dodecameric structure, the CaMKII holoenzyme can have
multiple activation states depending on the intensity and

duration of the Ca2+ stimulus (Lisman et al. 2002). With a
weak and short Ca2+ stimulus, bound Ca2+/CaM detaches
from CaMKII immediately after Ca2+ levels subside, and
CaMKII becomes inactive before T286 is phosphorylated.
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With a stronger and longer Ca2+ stimulus, two adjacent
CaMKII monomers are simultaneously occupied by Ca2+/
CaM. Under this condition, one subunit acts as a substrate for
the other, resulting in T286 phosphorylation. Once one
subunit is phosphorylated, the subsequent phosphorylation
within the holoenzyme is more likely to occur than the initial
phosphorylation, as the Ca2+ level required for the second
phosphorylation is lower than that required for the initial
phosphorylation. So, CaMKII remains active even when
Ca2+ levels return to basal levels until it is dephosphorylated.
If the number of phosphorylated subunits is above a
threshold and the rate of phosphorylation exceeds that of
dephosphorylation, then CaMKII activity is sustained. This
bistability of the CaMKII molecule has been predicted from
modeling studies and a recent experimental study using
purified CaMKII and phosphatase confirmed this view
(Michalski 2013; Urakubo et al. 2014).
There are excellent reviews which contain the most up to

date information regarding the regulation and roles of
CaMKII during synaptic plasticity (Coultrap and Bayer
2012; Lisman et al. 2012; Hell 2014; Shonesy et al. 2014;
Herring and Nicoll 2016). In this review, we will specifically
focus on how enzymatic and structural functions of CaMKII
cooperate with each other to facilitate synaptic plasticity of
dendritic spines.

Early views of the roles of CaMKII in LTP

Because of the above unique regulatory mechanisms,
CaMKII has been hypothesized to act as ‘a frequency
detector’ which integrates multiple Ca2+ pulses, and ‘a
memory molecule’ which remembers the past history of
synaptic activation (De Koninck and Schulman 1998).
Multiple proteins have been proposed as substrates of
CaMKII crucial for the expression of long-term potentiation
(LTP). Different views have emerged during the last few
decades, some require revision while others were supported
by later research. In the subsequent sections, we will
highlight the different views of CaMKII-mediated regulation
of postsynaptic proteins.

Significance of AMPA-type glutamate receptor

phosphorylation

LTP is characterized by an increase in both number and
function of a-amino-3-hydroxy-5-methyl-4-isoxazolepropio-
nic acid (AMPA)-type glutamate receptor (AMPA receptor).
Therefore, it is natural to hypothesize that the AMPA
receptor is a target of CaMKII itself. In the CA1 region of
the hippocampus where LTP has been most extensively
studied, AMPA-type glutamate receptor subunits 1 and 2
(GluA1/2) heteromeric AMPA receptor accounts for ~ 80%
of synaptic, and 95% of extrasynaptic, AMPA receptor (Lu
et al. 2009). GluA1 has multiple phosphorylation sites, and
the phosphorylation of S831 on the intracellular carboxyl

tail is known to be increased during LTP (Barria et al.
1997; Lee et al. 2000). CaMKII enhances AMPA receptor
function by phosphorylating S831 of GluA1, resulting in an
increase in receptor conductance (Derkach et al. 1999).
Accordingly, GluA1 knock-in mice harboring a S831 to
aspartate (D) mutation showed an increased channel
conductance (Kristensen et al. 2011). However, preventing
the phosphorylation of S831 with an alanine (A) mutation
alone did not affect LTP and an additional S845A mutation
was required to see an impairment in LTP (Lee et al.
2010), suggesting a potential interaction between these two
sites.
Hosokawa et al. (2015) provided evidence that cast

doubt on this model. Using Phos-tag sodium dodecyl
sulfate–polyacrylamide gel electrophoresis, a unique
method that allows detection of the stoichiometry of site-
specific phosphorylation, they could detect only an
extremely low proportion of GluA1 phosphorylated at
S831 and S845 (< 1%) in both control and stimulated
hippocampi experiencing chemical LTP or learning, a
measure which is much lower than predicted from previous
models. Additionally, the authors discovered that phospho-
rylation was much higher in postnatal day 1 neurons than
in mature adult tissue. This suggests that phosphorylation
of AMPA receptors may play a role during development.
However, considering that multiple studies suggest the role
of GluA1 phosphorylation in synaptic plasticity and
learning/memory including the study of knock-in of
S831A and S845A mutation (Lee et al. 2003), more
elaborate investigation in terms of the time course of
AMPA receptor phosphorylation in animals of different age
will be required.
In addition to directly phosphorylating AMPA receptor,

CaMKII increases the number of synaptic AMPA receptors
by phosphorylating the carboxyl tail of stargazin, an AMPA
receptor auxiliary subunit protein. Under unphosphorylated
conditions, the carboxyl tail of stargazin is tethered to the
inner leaflet of the plasma membrane via electrostatic
interaction from the positively charged arginine (R) residues.
Phosphorylation of stargazin by CaMKII at the overlapping
serine and threonine neutralizes the charge and interferes
with this interaction, allowing PSD-95 to bind to the PDZ-
binding motif of stargazin, which in turn immobilizes the
AMPA receptor at synaptic sites (Opazo et al. 2010;
Sumioka et al. 2010). This phosphorylation leads to the
synaptic insertion of AMPA receptor from extrasynaptic
sites.

Duration of CaMKII activation in LTP

In the traditional view, once CaMKII is activated, it remains
in an active conformation throughout the LTP maintenance
phase, which forms the basis of the hypothesis that CaMKII
is a memory molecule. Indeed, Barria et al. (1997),
Fukunaga et al. (1993) and Ouyang et al. (1997)
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demonstrated long-lasting CaMKII activity and autophos-
phorylation after LTP induction. However, recent results
using Camui, a F€orster resonance energy transfer (FRET)-
based CaMKII sensor, challenged the view that persistent
CaMKII activation continues after LTP induction (Takao
et al. 2005; Lee et al. 2009). Contrary to previous reports
showing a long-lasting CaMKII autophosphorylation after
LTP induction, the authors showed that CaMKII activity
only lasts ~ 1 min within the stimulated spine during LTP
induction by two-photon laser-mediated photolysis of caged
glutamate. Optical monitoring of CaMKII activity has the
advantage of greater spatiotemporal resolution over more
traditional histological approaches, for example, immuno-
blot of tissue homogenate, but it still has technical
limitations in detecting small amounts of activated CaMKII
within dendritic spines. For example, when CaMKII binds
to the carboxyl tail of GluN2B, it becomes locked in an
active conformation, which is believed to be important for
LTP (Bayer et al. 2001; Barria and Malinow 2005) (see
below for details). Such fractions may not be detected by
Camui as the amount is estimated at 0.2% of the total
amount of CaMKII in the spine (Feng et al. 2011). Also, as
Hell (2014) indicated, Camui may not represent actual
catalytic activity of CaMKII, because the Camui signal is
more strongly influenced by T286 autophosphorylation than
Ca2+/CaM (Lee et al. 2009), while CaMKII shows maximal
activity with Ca2+/CaM and without T286 autophosphory-
lation (Braun and Schulman 1995; Coultrap et al. 2010).
However, a recent report demonstrated that the fast decay in
Camui signal is not because of the dephosphorylation of
T286, but rather it represents a detachment of Ca2+/CaM
complex (Otmakhov et al. 2015). Therefore, the relation-
ship between activity, conformation and T286 phosphory-
lation of CaMKII needs further investigation, and care
should be taken when interpreting results obtained with
Camui.

Structural roles of CaMKII in LTP

The importance of understanding the role of CaMKII,
however, remains unchanged given its requirement in LTP
(Silva et al. 1992; Pettit et al. 1994). There has been one
long-standing mystery of CaMKII, its high abundance at the
synapse. Estimates suggest that CaMKII accounts for 1–2%
of total brain protein (Lisman et al. 2002), and 2–6% to even
10–30%, depending on the report, in the PSD (Kennedy
et al. 1983; Peng et al. 2004; Chen et al. 2005), thus
overwhelming typical scaffolding proteins such as PSD-95
(Peng et al. 2004; Dosemeci et al. 2007; Sheng and
Hoogenraad 2007) and rivaled only by a few canonical
cytoskeleton proteins such as actin and tubulin (Peng et al.
2004). Therefore, there has been long-standing speculation
that CaMKII has structural functions by itself, in addition to
the enzymatic activity.

Indeed, LTP induction simultaneously drives rapid and
persistent enlargement of dendritic spines along with
enhanced AMPA receptor transmission, which is termed
structural LTP (sLTP) (Matsuzaki et al. 2004; Okamoto
et al. 2004). At the same time, CaMKII and other proteins
translocate into the enlarged spine structure (Bosch et al.
2014). Inhibition of CaMKII does not abolish the early phase
but blocks the persistent phase of sLTP. Therefore, how
structural and enzymatic functions of CaMKII are involved
in both electrophysiologically measured functional LTP and
structural LTP needs to be fully elucidated. This raises a
question on a new level: Are these two functions of CaMKII,
structural and enzymatic, independent of each other or do
they interact in some way? Indeed, outcomes that follow
CaMKII activation are not independent, but closely linked
with each other to change the efficiency of synaptic
transmission and the structure of a synapse.

Characteristics of CaMKII as a structural component

Compared to other enzymes or adaptor/scaffold proteins,
CaMKII has several characteristics to undertake this unique
role in inducing synaptic plasticity. First, the dodecameric
structure of CaMKII allows it to interact with multiple
proteins simultaneously and work as a scaffold protein
(Walikonis et al. 2001; Robison et al. 2005). Thus, CaMKII
not only can provide physical links between proteins, but can
also act as a hub where multiple signaling pathways
crosstalk. Second, each monomer in the CaMKII holoen-
zyme is an enzyme that phosphorylates its own substrates
and initiates downstream signaling. Unlike other ‘enzyme-
only’ and ‘scaffold-only’ proteins, this unique ‘all-in-one’
property of CaMKII enables faster and more efficient local
signaling. CaMKII not only physically anchors proteins, but
acts upon them as well. Third, a recent structural study
revealed that two neighboring kinase domains are organized
in dimers in the holoenzyme, leading to the notion that
subunits in the same dimer pair are likely to have the same
activity states (Rosenberg et al. 2005). At the same time,
each dimer pair can be separately regulated so that each
holoenzyme can have multiple activation states. This enables
the CaMKII holoenzyme as well as each dimer pair in a
single holoenzyme to carry out different functions depending
on different conditions, hence greatly widening its role in a
diverse range of environments. Finally, on top of individual
regulation of each subunit, the subunit composition of each
holoenzyme is heterogenous. Although CaMKIIa homo-
meric complexes can be found, the majority of CaMKII in
the brain exists as heteromeric complexes comprising
CaMKIIa and b, the two predominant isoforms in the brain
(Bennett et al. 1983; Kanaseki et al. 1991; Brocke et al.
1999). Importantly, although these two isoforms show high
amino acid homology and similar domain structures, they
have their own characteristics. The Ca2+/CaM affinity of
CaMKIIb is ~ 10 times higher than that of CaMKIIa
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(Brocke et al. 1999), so CaMKIIb expression increases in
response to a reduction of neuronal activity, whereas
CaMKIIa dominates during elevated levels of neuronal
activity (Thiagarajan et al. 2002). Also, some proteins or part
of a protein show isoform-specific binding to CaMKII, for
example, actin and Arc bind specifically to CaMKIIb (Fink
et al. 2003; Okamoto et al. 2007; Lin and Redmond 2008;
Okuno et al. 2012). The C-terminus of densin180 interacts
only with CaMKIIa, while its central domain binds to both a
and b isoforms (Strack et al. 2000; Walikonis et al. 2001;
Jiao et al. 2011). Therefore, CaMKII has another method to
diversify its interaction profile by changing the ratio between
these isoforms depending on different conditions. Interest-
ingly, the a:b ratio in the adult forebrain is ~ 3 : 1, while this
ratio is reversed in the cerebellum (Erondu and Kennedy
1985). Additionally, the ratio changes during development
along with a change in domain composition because of
alternative splicing (Brocke et al. 1995). Indeed, it was
shown that the ratio between CaMKIIa and b is important for
the modulation of rebound potentiation, a form of plasticity
exhibited at inhibitory synapses of cerebellar Purkinje cells
(Nagasaki et al. 2014).
These unique features of CaMKII make it an ideal

candidate protein to underlie synaptic plasticity. We will
describe how this is accomplished through the cooperation of
enzymatic and structural functions of CaMKII in the
following sections (Fig. 1).

Actin

Actin is a major cytoskeletal protein in the spine serving not
only as a structural framework but also as a scaffold that
recruits proteins to link signaling between the synapse
surface and cytoplasm (Okamoto et al. 2009). The equilib-
rium between monomeric G-actin and polymeric F-actin
within the spine shifts during LTP and long-term depression
(LTD) (Okamoto et al. 2004), implying a potential role as a
synapse tag during synaptic plasticity (Okamoto et al. 2009).
The binding of CaMKII to actin is attributed to the actin-

binding domain of CaMKIIb located between the regulatory
and association domain. With this, the CaMKII holoenzyme
containing CaMKIIb binds to and crosslinks F-actin in vitro
and in neurons (Shen and Meyer 1999; Fink et al. 2003;
Okamoto et al. 2007; Lin and Redmond 2008). CaMKIIb
KO mice show impaired hippocampal LTP and hippocam-
pus-dependent learning (Borgesius et al. 2011). However, in
the same study, LTP and learning were normal in a CaMKIIb
alanine 303 to arginine mutant knock-in mouse, in which the
CaM binding is impaired thus catalytically inactive, while F-
actin binding and bundling activity is intact. This suggests
that the phenotype of the CaMKIIb KO mouse is not because
of the absence of catalytic activity but because of impaired
spine targeting of CaMKIIa as shown in dissociated
hippocampal neurons from KO mice. CaMKIIb also shows
isoform-specific morphological effects on dendritic

arborization, neurite motility and synapse formation that
CaMKIIa does not have, and these effects are dependent on
actin binding to CaMKIIb (Fink et al. 2003). Interestingly,
the amount of CaMKIIb available to bind to F-actin
gradually increases during development due to alternative
splicing of the actin-binding domain (Brocke et al. 1995),
suggesting that the CaMKII-actin interaction is dynamically
regulated and plays an important role in synaptic plasticity
and neuronal development.
The CaMKII-actin interaction not only contributes to the

localization of CaMKII within spines, but also maintains the
structure of mature spines with a clear head and neck, by
stabilizing the actin cytoskeleton (Okamoto et al. 2007; Lin
and Redmond 2008; Kim et al. 2015). Upon down-
regulation of CaMKIIb, but not CaMKIIa, the proportion
of mature spines is reduced. The phenotype is rescued by a
kinase activity-deficient CaMKIIb lysine 43 to arginine
mutant, indicating that the structural properties of CaMIIb
rather than the catalytic activity is responsible for stabiliza-
tion of mature spines (Okamoto et al. 2007). This CaMKII-
mediated actin stabilization effect is attributed to the
inhibition of interaction with actin regulating proteins most
likely by steric interference. We showed that binding to
unphosphorylated CaMKII inhibits access of actin-regulating
proteins such as gelsolin, cofilin and the Arp2/3 complex to
actin, thereby inhibiting their activity (Fig. 1, Circle 1) (Kim
et al. 2015).
The interaction of CaMKII with F-actin is negatively

regulated by neuronal activity (Shen and Meyer 1999; Lin
and Redmond 2008; Kim et al. 2015). This mechanism
appears to be important for inducing synaptic plasticity both
functionally and structurally. During LTP induction, acti-
vated CaMKII is released from F-actin, which is mediated by
autophosphorylation of the actin-binding domain of CaM-
KIIb (Fig. 1, Circle 2). Activation of purified CaMKIIb
in vitro with Ca2+/CaM results in extensive phosphorylation
of serines and threonines in the actin-binding domain, and
dissociated hippocampal neurons show similar levels of
phosphorylation following chemical LTP (Kim et al. 2015).
Interestingly, among the four subregions of the actin-binding
domain derived from alternative splicing, the first subregion
whose insertion is regulated during development (Brocke
et al. 1995) is the most important for actin binding,
emphasizing again the importance of this region in CaMKIIb
function.
Of note, CaMKII detachment from F-actin is indispensable

for the induction of LTP. When this detachment was blocked
by alanine mutations of all phosphorylatable serines and
threonines in the actin-binding domain, both functional and
structural LTP were impaired without impairing kinase
activity per se. But although necessary, the detachment itself
is not sufficient for LTP induction, such that signaling
pathway(s) downstream of glutamate receptors must accom-
pany the CaMKII detachment from F-actin for proper LTP
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Fig. 1 Contribution of CaMKII to long-term potentiation (LTP) by
cooperation of enzymatic and structural functions. In its basal state,

inactive CaMKII binds the actin cytoskeleton through an actin-binding
domain on the b subunit and stabilizes it by limiting access of actin
regulators (orange arrowand red line in small spine on the left). Activated

CaMKII during LTP induction by Ca2+ influx facilitates the remodeling of
the postsynaptic structure in several ways by the cooperation of its
enzymatic and structural functions. (1) Inactive CaMKII binds to the actin

cytoskeleton and protects it from actin regulators. (2) Autophosphory-
lation of the actin-binding domain of the b isoform detaches CaMKII from
F-actin, leading to the reorganization of the actin cytoskeleton by

allowing access of actin regulators to actin. (3) Active CaMKII regulates
the activity of Rho family small GTPases by phosphorylating GTPase-
activating protein (GAP) and guanine nucleotide exchange factor (GEF)

proteins, which results in modification of actin through downstream
effectors. (4) Active CaMKII bound to NMDA receptors increases both

number and function of a-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (AMPA) receptor by phosphorylating AMPA-type glutamate
receptor subunits 1 (GluA1), SAP97 and stargazin. (5) Active CaMKII

recruits proteasomes to stimulated spines by direct binding and
enhances their activity by phosphorylation, which facilitates degradation
of proteins unnecessary for LTP. (6) CaMKII contributes to LTP by

activity-dependent interaction with microtubules. Also, active CaMKII
phosphorylates KIF17, releasing necessary cargo protein for LTP such
as GluN2B into stimulated spines. (7) The CaMKII–NMDA receptor

complex providesmore slots for AMPA receptors and strengthens trans-
synaptic connections through a series of interactions with densin180/
LRRC7, d-catenin, AMPA-binding protein/GRIP and N-cadherin.
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induction. This can be regarded as a ‘double verification’
mechanism to avoid unnecessary changes in synaptic
transmission and spine structure. This also contributes to
the synapse specificity of LTP.
In addition to regulating actin through direct binding,

CaMKII regulates actin by phosphorylating regulators of the
Rho family of small GTPases, resulting in reorganization of
actin within the spine (Saneyoshi and Hayashi 2012) (Fig. 1,
Circle 3). Signaling pathways triggered by CaMKII activa-
tion during LTP are known to regulate the activity of Rac1,
Cdc42 and RhoA, the three most abundant members of the
Rho family, and ultimately induces changes in actin orga-
nization in a spine through effector molecules such as cofilin
and profilin (Saneyoshi and Hayashi 2012). These three
GTPases have distinct roles in neurons: while Rac1 and
Cdc42 are positive regulators of spine formation and
maintenance, RhoA exerts the opposite effect (Nakayama
et al. 2000; Tashiro et al. 2000; Scott et al. 2003; Ahnert-
Hilger et al. 2004). The activity of Rho GTPase family
proteins are regulated by three classes of proteins: guanine
nucleotide exchange factor (GEFs), GTPase-activating pro-
teins (GAPs) and guanine nucleotide dissociation inhibitors.
Among them, CaMKII directly or indirectly affects the
activity of GEFs and GAPs by phosphorylation, and thus
modulates the activity of Rho family small GTPases.
CaMKII activates Rac1 by phosphorylating Kalirin-7 and

T-cell lymphoma invasion and metastasis 1, both of which
are Rac-GEFs (Fleming et al. 1999; Buchanan et al. 2000;
Xie et al. 2007). Although Kalirin-7-specific knockout and
Kalirin total null mice show a modest reduction in
hippocampal LTP (Ma et al. 2008; Xie et al. 2011), over-
expression of Kalirin-7 increases AMPA receptor current via
a process that is dependent on synaptic activity and CaMKII.
Moreover, CaMKII-mediated synaptic potentiation is abol-
ished by expression of a non-phosphorylatable Kalirin-7
containing a T95A mutation, which is the CaMKII phos-
phorylation site (Xie et al. 2007; Herring and Nicoll 2016),
suggesting that Kalirin-7 acts as a downstream substrate for
CaMKII during LTP. On the other hand, CaMKII recruits
RhoA-specific GEF Lfc into spines by phosphorylating
spinophilin (Grossman et al. 2004; Ryan et al. 2005). All
these signaling pathways initiated by CaMKII-mediated
phosphorylation converge to modify the actin cytoskeleton
in a spine by triggering actin regulators (such as cofilin and
profilin) through their upstream regulator proteins such as
p21-activated kinase, LIM domain kinase and Rho-asso-
ciated protein kinase.
FRET-based sensors have made it possible to monitor the

detailed spatiotemporal activity profiles of Rho family small
GTPases in a single spine undergoing structural plasticity
(Murakoshi et al. 2011). The authors showed that both RhoA
and Cdc42 are rapidly activated during structural LTP in a
spine stimulated by two-photon glutamate uncaging pulses.
This initial peak in activity decays in about 5 min followed

by a persistent activation (~ 30 min), similar to the spine
volume change during sLTP. Interestingly, these two small
GTPases showed different behaviors based on activity
patterns. Activated RhoA diffused out of the stimulated
spine and spread along the dendrite, whereas Cdc42
remained confined to the stimulated spine. In subsequent
experiments using small hairpin ribonucleic acid and
inhibitors of GTPase signaling, the authors demonstrated
that the RhoA-Rho-associated protein kinase pathway is
required for both the initial (transient) and sustained phases
of the spine enlargement, while the Cdc42-p21-activated
kinase pathway is required only for the sustained phase. This
observation highlights the importance of these two pathways
in sLTP. Importantly, both RhoA and Cdc42 activation was
blocked by a CaMKII inhibitor (Murakoshi et al. 2011).
Thus, CaMKII connects transient Ca2+ signaling to long-

term changes in spine structure during synaptic plasticity by
two mechanisms, one by modulating the activity of Rho
family small GTPases, another by modulating its F-actin
binding and stabilizing capability in an activity-dependent
manner.

NMDA receptors

CaMKII translocates from the dendritic shaft to spines and
the PSD in an activity-dependent manner (Shen and Meyer
1999; Dosemeci et al. 2001; Feng et al. 2011; Bosch et al.
2014). This spine enrichment and translocation are mediated
by interaction with proteins in spines, and NMDA receptor
subunits are one of the most important recruiters of CaMKII
(Fig. 1, Circle 4). CaMKII binds to GluN1, 2A and 2B, but
the interaction with GluN2A is much weaker than that of the
other two subunits (Strack and Colbran 1998; Leonard et al.
1999). CaMKII binds to the region between residue 845 and
861 of GluN1 (the C0 domain), at the C-terminal cytoplas-
mic region close to the membrane. This binding domain was
initially known to be involved in CaM-mediated negative
feedback of NMDA receptor function to prevent excess Ca2+

influx (Ehlers et al. 1996), and is also shared by a-actinin.
Under control conditions, Ca2+-free CaM and a-actinin are
bound to the C0 domain of GluN1 and CaMKII competes
with a-actinin for binding to GluN1. Upon NMDA receptor
activation, conformational change in Ca2+-loaded CaM
displaces a-actinin, resulting in simultaneous binding of
CaMKII and Ca2+-CaM to the C0 domain (Merrill et al.
2007), thereby providing a mechanism of Ca2+-dependent
NMDA receptor inactivation (Zhang et al. 1998; Krupp
et al. 1999). It is unknown exactly how CaMKII desensitizes
the receptor, whether it is purely through binding or if any
phosphorylation reaction is involved.
GluN2B binding of CaMKII is also activity-dependent,

through either autophosphorylation at T286 or Ca2+/CaM
binding which induces a high-affinity interaction of CaMKII
with GluN2B (Strack and Colbran 1998; Bayer et al. 2001;
Leonard et al. 2002). T286-phosphorylated CaMKII binds to
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the GluN2B cytoplasmic domain more than 10 times tighter
than to GluN1 and GluN2A (Strack and Colbran 1998).
CaMKII binds to two sites on GluN2B: one around amino
acid residue 1290–1309 which does not require T286
phosphorylation, and another around amino acid residue
839–1120 which does require T286 phosphorylation. Impor-
tantly, interaction with the GluN2B region around 1290–
1309 ‘locks’ the enzyme in an active state, rendering it
persistently active regardless of the phosphorylation states
even after the dissociation of Ca2+/CaM (Bayer et al. 2001).
This is because GluN2B binds to the ‘T site’ in the catalytic
domain of CaMKII that is normally occupied by the
regulatory domain, and unphosphorylated T286 renders the
kinase inactive through autoinhibition. Thus, GluN2B bind-
ing has a similar effect to T286 phosphorylation, maintaining
the open conformation of CaMKII. Interaction with GluN2B
also increases CaMKII’s affinity for CaM and induces CaM
trapping, allowing CaMKII to stay active longer in the
synapse by inhibiting the phosphorylation of T305, which
induces dissociation of CaMKII from the synapse (Shen
et al. 2000; Elgersma et al. 2002; Weeber et al. 2003). This
CaMKII-GluN2B interaction plays essential roles in LTP and
learning, such that inhibition of the formation of this
complex leads to impairments in LTP and learning (Barria
and Malinow 2005; Zhou et al. 2007; Foster et al. 2010;
Halt et al. 2012).
Once formed, the CaMKII-NMDA receptor complex is

stable and persistent (Bayer et al. 2006). Indeed, PSD-
associated CaMKII remains even 60 min after LTP induction
(Otmakhov et al. 2004). It is believed that NMDA receptor-
bound, persistently active CaMKII which translocates into
the PSD during LTP induction is important for LTP
maintenance and information storage. Using a knock-in
animal of GluN2B L1298A/R1300Q that prevents interaction
of GluN2B with the T-site of CaMKII, Halt et al. (2012)
demonstrated that the S831 phosphorylation of AMPA
receptor GluA1 subunit is reduced, indicating that specific
anchoring of CaMKII at the vicinity of Ca2+ source is
required for maintaining normal phosphorylation level of
GluA1. Hamilton et al. (2012) found that the activity-
induced spine growth is also impaired in this animal. These
results both support the importance of interaction between
CaMKII and GluN2B in exhibiting normal synaptic plastic-
ity. The requirement of a dual activation mechanism (T286
phosphorylation and GluN2B binding) for CaMKII can be an
initial test to identify synapses which will ultimately be
potentiated. As structural and functional changes to a
synapse are time- and energy-consuming processes, these
verification mechanisms can prevent the unnecessary waste
of cellular resources.
A recent review by Lisman and Raghavachari (2015)

details the potential underlying molecular mechanism of this
stable LTP maintenance. The key feature which maintains
the ‘on’ state of CaMKII is the ability to have intersubunit

phosphorylation of a holoenzyme. By this mechanism, a
CaMKII holoenzyme can restore the loss of T286 phospho-
rylation by phosphatase activity or subunit exchange by
protein turnover. Modeling studies showed that the phos-
phorylation status of CaMKII is maintained by intersubunit
autophosphorylation in the PSD (Lisman 1985; Miller et al.
2005). Importantly, in in vitro reconstituted system using
purified proteins, Urakubo et al. (2014) showed that this
persistent CaMKII activity (measured by T286 phosphory-
lation) was achieved only when GluN2B-derived peptide is
present. Moreover, GluN2B-bound CaMKII has an increased
affinity to ATP and is protected from dephosphorylation of
T286 from protein phosphatase-1 (Pradeep et al. 2009;
Cheriyan et al. 2011).
The CaMKII-GluN2B interaction results in multiple events

each of which cooperatively contributes to LTP. First, by
binding to NMDA receptors, CaMKII is recruited to the PSD
where it can phosphorylate other synaptic substrates more
easily. GluN2B-bound CaMKII may have better access to its
substrate proteins such as GluA1, stargazin and SAP97 than
free cytosolic CaMKII, leading, for example, to an increase
in channel conductance (GluA1), binding to PSD-95 and
thus immobilization at synaptic sites (stargazin) and synaptic
accumulation of SAP97 (and AMPA receptor). Therefore,
the physical interaction with GluN2B followed by the
catalytic action of CaMKII upon LTP induction results in
an increase in synaptic transmission.
Second, the CaMKII–GluN2B complex acts as a structural

seed for generating bigger protein complexes that accommo-
date more AMPA receptors and enhance the trans-synaptic
connection. Recently, Sanhueza and Lisman (2013) proposed
that the CaMKII–NMDA receptor complex can be a ‘molec-
ular tag’ in the synapse tag and capture hypothesis that Frey
and Morris (1997) suggested. The CaMKII–NMDA receptor
complex formed by LTP induction (or learning) at stimulated
spines triggers a series of protein capturing reactions consist-
ing of Densin180/a-actinin/d-catenin/AMPA-binding pro-
tein/AMPA receptor. This eventually results in an increase
in synapse size and strength mediated by trans-synaptic
linkage between pre- and postsynaptic N-cadherin, thereby
accounting for late LTP (Fig. 1, Circle 7) (Sanhueza and
Lisman 2013). Although experimental evidence is still
missing, this hypothesis emphasizes the importance of the
structural role of CaMKII in LTP maintenance.
Also, NMDA receptor binding enables CaMKII to react

more sensitively to local Ca2+ level changes at the opening of
the Ca2+ channel. This, in combination with the ring-shaped
structure of the CaMKII holoenzyme, allows efficient
recovery of the activity of GluN2B-bound CaMKII. Even
when a few subunits are dephosphorylated at T286 sites, they
can be quickly rephosphorylated by neighboring subunits
even at suboptimal Ca2+ concentrations, because of the ring
structure and proximity to Ca2+ entry and the resulting
elevated Ca2+ nanodomains.
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Another line of evidence supporting the structural role of
the CaMKII–GluN2B complex in LTP comes from an
inhibitor experiment. TatCN21 peptide, derived from
CaMKII inhibitory protein CaMKIIN, can inhibit both
enzymatic activity and the GluN2B interaction by binding
to the T site of CaMKII. Interestingly, the concentration
needed to affect the two mechanisms is different. In
hippocampal slices, 5 lM is sufficient for inhibition of
enzymatic activity (Buard et al. 2010), whereas 20 lM is
required for disruption of the CaMKII–GluN2B interaction
(Sanhueza et al. 2011). Taking advantage of this difference,
it was reported that low concentrations of tatCN21 which is
sufficient to inhibit catalytic activity, inhibited LTP only
when administered before LTP induction but not after,
consistent with a study using a CaMKII FRET sensor, Camui
(Lee et al. 2009). This indicates that the kinase activity is not
required at later time points following LTP induction.
However, a high concentration of tatCN21 can still reverse
LTP (Sanhueza et al. 2011). This indicates that it is the
CaMKII–GluN2B complex formation, rather than CaMKII’s
catalytic activity, that is necessary for the maintenance of
LTP.

Proteasomes

Considering that LTP and LTD are changes in both the
efficiency of synaptic transmission and physical size of a
synapse, it is not surprising that proteasome activity is
required to remove unnecessary proteins and help reorganize
synaptic composition and structure in both cases (Colledge
et al. 2003; Fonseca et al. 2006). Accordingly, consolidation
and retrieval of memory also rely on proteasome activity
(Lopez-Salon et al. 2001; Lee et al. 2008). Proteasomes
show rapid translocation to spines upon synaptic activation
(Bingol and Schuman 2006), and it was demonstrated that
CaMKIIa recruits proteasomes to activated spines (Bingol
et al. 2010) (Fig. 1, Circle 5). For proteasome interaction
and redistribution, CaMKIIa must undergo T286 autophos-
phorylation. Importantly, degradation of endogenous protea-
some substrates within the spine was impaired when
CaMKIIa translocation was inhibited by a CaM-binding-
deficient threonine 305 and 306 to aspartate mutant or a T-
site blocking isoleucine 205 to lysine mutation, and again,
kinase activity was not required for degradation. Thus,
CaMKIIa acts as a scaffolding protein to specifically target
proteasomes to activated spines, and promotes local protein
degradation to support synaptic plasticity.
Upon binding, CaMKIIa phosphorylates S120 of protea-

some subunit Rpt6, enhancing its activity (Djakovic et al.
2009). Phosphorylation of the same site was shown to be
important for activity-induced outgrowth of new spines
(Hamilton et al. 2012). Similarly to LTP, spine outgrowth
also requires activation of NMDA receptors, CaMKII and the
interaction between CaMKII and GluN2B. Also, a recent
finding shows that CaMKII-dependent proteasome activation

in the amygdala is important for memory reconsolidation
(Jarome et al. 2016). Therefore, it is possible that CaMKII
structurally recruits proteasomes to activated spines in
parallel with enhancing its activity for LTP as well as new
spine formation, and affects learning and memory.

Arc

Arc/Arg3.1 is one of the immediate-early-gene family
members, and promotes AMPA receptor endocytosis through
interaction with endophilin and dynamin (Chowdhury et al.
2006). Accordingly, Arc is involved in several forms of LTD
(Plath et al. 2006; Park et al. 2008; Waung et al. 2008;
Smith-Hicks et al. 2010). However, the fact that Arc is
strongly induced by LTP stimulation and accumulates in
dendrites that are receiving high-frequency inputs is incon-
sistent with its synapse-weakening function (Link et al.
1995; Steward et al. 1998; Moga et al. 2004; Messaoudi
et al. 2007). Okuno et al. (2012) provided an explanation of
this contradiction by demonstrating that Arc modulates
synapse specificity of LTP by weakening inactive synapses.
Similarly to proteasomes, Arc is synaptically translocated
when neurons are activated. But unlike proteasomes, which
are recruited to activated spines by CaMKIIa, Arc is targeted
to inactive synapses and removes surface GluA1 AMPA
receptor subunits as evidenced by an inverse correlation
between the amount of Arc and surface GluA1. Interestingly,
the CaMKIIb T287 to alanine mutant shows comparable
amounts of binding to wild type, while the T287 to aspartate
mutation greatly reduces Arc binding. In addition,
CaMKIIb–Arc interaction (both wild type and T287A) is
disrupted by Ca2+/CaM, indicating that the closed confor-
mation of CaMKIIb is important for the interaction with Arc.
This ‘inverse tagging’ of an inactive synapse seems to play a
key role in differentiating a ‘strongly activated’ synapse from
a ‘weakly activated’ synapse, thus preventing over-excitation
of local circuits by removing weakly activated synapses, and
contrasting the synaptic strength of two synapses over time,
thereby functioning as a homeostatic synaptic plasticity
mechanism.

Casein kinase 2

Casein kinase 2 (CK2) is a serine/threonine kinase whose
neuronal function is still under investigation, but is poten-
tially important for a range of brain functions including
learning and memory (Blanquet 2000). It is known that
CaMKII recruits CK2 to NMDA receptors by forming a
tripartite complex with GluN2B (Sanz-Clemente et al. 2010,
2013). In this complex, CK2 phosphorylates S1480 of
GluN2B within the carboxyl terminal of the PDZ domain
binding motif. Thus, this phosphorylation disrupts the
interaction between GluN2B and PSD-95, leading to a
reduction in the surface expression of GluN2B. Considering
CK2 itself is constitutively active, this complex formation
serves as a mechanism of activity regulation by increasing

© 2016 International Society for Neurochemistry, J. Neurochem. (2016) 139, 959--972

966 K. Kim et al.



the proximity between enzyme and substrate molecules.
When the CaMKII–GluN2B interaction is disrupted, S1480
phosphorylation decreases and GluN2B surface level
increases, indicating that the regulation of the physical
distance between CK2 and GluN2B by CaMKII is a
dominant factor in regulating the S1480 phosphorylation
level of GluN2B. Similar to proteasome translocation,
recruitment of CK2 also requires CaMKII activation (by
Ca2+/CaM and T286 phosphorylation) and GluN2B binding.
CK2-mediated GluN2B phosphorylation seems to play an
important role as an activity-dependent switch from GluN2B
to GluN2A during development and LTP induction (Paoletti
et al. 2013).

Calmodulin

CaMKII also functions in transcription. It has been well
accepted that neuronal activity-dependent phosphorylation
and activation of cAMP-response element-binding protein
(CREB) are critical for LTP (Bourtchuladze et al. 1994).
One of the CREB kinases is CaMKIV, which localizes
mainly in the nucleus (Bito et al. 1996; Wayman et al.
2008). However, it is not clear where nuclear CaM comes
from in neurons. Tsien and colleagues reported that the c
isoform of CaMKII plays a role in CREB-dependent
transcription (Ma et al. 2014). CaMKIIc-mediated CaM
shuttling into the nucleus depends on transphosphorylation
of T287 by CaMKIIb, but not on the catalytic activity of
CaMKIIc itself. Thus, CaM trapping of CaMKII contributes
to LTP not only at the synapse, but also in the nucleus,
though by different mechanisms.

SynGAP

Synaptic GTPase-activating protein (SynGAP), a GAP of
Ras and Rap (which in turn inactivates them), makes a
complex with CaMKII through multiple PDZ domain protein
1 in dormant neurons where intracellular Ca2+ levels are low
(Krapivinsky et al. 2004). In this state, SynGAP activity is
inhibited by CaMKII-mediated phosphorylation, thus disin-
hibiting Rap and downstream p38 MAP kinase. This
maintains low levels of synaptic transmission because of
the removal of AMPA receptor from the synapse by Rap-p38
MAP kinase signaling (Zhu et al. 2002). CaMKII activation
by NMDA receptor activation dissociates CaMKII from the
multiple PDZ domain protein 1–SynGAP complex, leading
to dephosphorylation and activation of SynGAP. Accord-
ingly, inhibition of Rap-p38 MAP kinase signaling inhibits
removal of AMPA receptor, which results in AMPA receptor
accumulation at the synapse during LTP (Krapivinsky et al.
2004). The exact mechanism by which CaMKII mediates the
phosphorylation of SynGAP under basal conditions is
unclear. NMDA receptor-bound CaMKII may persistently
exist in the hippocampus under basal conditions (Leonard
et al. 1999; Bayer et al. 2006). Alternatively, unidentified
kinases downstream of CaMKII may also participate.

However, it should be noted that the effect of SynGAP on
synaptic strength and its regulation in relation to CaMKII are
not simple and sometimes appear contradictory. There are
other reports indicating that activity-dependent CaMKII
activation phosphorylates SynGAP and this increases GAP
activity (Oh et al. 2004; Carlisle et al. 2008), which suggest
a negative effect of CaMKII-mediated phosphorylation of
SynGAP in LTP. In contrast, Araki et al. (2015) recently
showed that SynGAP phosphorylation by CaMKII con-
tributes to LTP by removing SynGAP from stimulated
spines, thus promoting AMPA receptor accumulation
through Ras activation. Also, although previous studies
suggest inhibitory roles of SynGAP on synaptic strength and
AMPA receptor incorporation (Vazquez et al. 2004; Rum-
baugh et al. 2006), a subsequent report demonstrates
isoform-specific roles of SynGAP on synaptic strength
(McMahon et al. 2012). SynGAP is a complex protein
family containing variations in both amino and carboxyl
termini. The difference in amino terminal sequences derives
from alternative promoter usage which is regulated by
synaptic activity and developmental stage, while variation in
the carboxyl terminus is because of alternative splicing and is
not regulated by synaptic activity. Over-expression of
different isoforms resulting from various combinations of
amino and carboxyl termini has different effects on synaptic
strength judged by the amplitude and frequency of mEPSCs
(McMahon et al. 2012). Moreover, not only CaMKII but
also Cdk5 whose translocation to the PSD is mediated by
CaMKII regulates the activity of SynGAP toward Ras and
Rap differentially (Walkup et al. 2015). Thus, CaMKII-
mediated regulation of SynGAP activity is more complex
than initially thought and needs further investigation.

Microtubules

The role of microtubules in regulating synaptic plasticity has
attracted less attention than actin given that microtubules
mostly localize to the dendritic shaft rather than within
spines. However, accumulating evidence implies that micro-
tubules may also have a direct contribution to synaptic
plasticity (Gu et al. 2008; Hu et al. 2008; Jaworski et al.
2009; Kapitein et al. 2011; Merriam et al. 2011, 2013), and
one such role seems to be related with the transport of cargo
proteins into activated spines (Fig. 1, Circle 6). Recently,
CaMKII was shown to interact with microtubules in an
activity-dependent manner near stimulated spines (Lemieux
et al. 2012), suggesting a potential role of CaMKII in
modulating both actin and microtubule components of the
cytoskeleton during synaptic plasticity. Besides micro-
tubules, CaMKII also binds to and phosphorylates KIF17,
a kinesin-2 family microtubule-based motor protein (Guil-
laud et al. 2008). KIF17 is a neuron-specific molecular
motor which transports GluN2B-containing vesicles by
direct interaction with Mint1 (Setou et al. 2000), and
transgenic mice over-expressing KIF17 show enhanced

© 2016 International Society for Neurochemistry, J. Neurochem. (2016) 139, 959--972

Enzymatic and structural functions of CaMKII 967



learning and memory (Wong et al. 2002). The interaction
between KIF17 and Mint1 is disrupted by CaMKII-mediated
phosphorylation, leading to the release of cargo (Guillaud
et al. 2008). Interestingly, recent reports demonstrate that
microtubules transiently invade stimulated spines in an
activity-dependent manner (Hu et al. 2008; Jaworski et al.
2009; Merriam et al. 2011, 2013). Thus, it is likely that the
KIF17–cargo complex is directly transported to active spines,
where the cargo is subsequently released by KIF17 phos-
phorylation by activated CaMKII. Also, it is known that
microtubules preferentially invade spines whose F-actin
content has increased recently (Merriam et al. 2013).
Therefore, the structural and enzymatic functions of CaMKII
act cooperatively on microtubules during synaptic plasticity.

Conclusion

Since CaMKII was identified as the 50 kD major PSD
protein, its abundance was a mystery. Earlier studies mostly
focused on the regulatory mechanism of kinase activity and
identification of substrate proteins, which still did not explain
why the abundance exceeded most of its substrate. However,
it is now clear that two functions of CaMKII, the intrinsic
structural role and kinase activity, intersect with each other to
exert regulatory mechanisms in LTP. There is still much
remaining to be solved before we can fully understand the
role of CaMKII in synaptic plasticity and other important
functions of the brain. What is the role of the CaMKIIa
subunit, which is more abundant than b subunit? What is the
relative contribution of Ca2+/calmodulin binding and
autophosphorylation in activation of CaMKII in LTP? What
is the basal activity of CaMKII in situ? What anchors
CaMKII at the synapse and how does it translocate to
synapse by synaptic activity? Also, what is the mechanism
that converts transient activation of CaMKII enzymatic
activity and resulting detachment from F-actin into persistent
activation of small G protein, accumulation of various
synaptic protein, and spine growth? We still lack important
knowledge on the regulation and functions of this protein,
and a deeper understanding of these unsolved questions will
shed new light on learning and memory mechanisms in the
brain.

Acknowledgments and conflict of interest
disclosure

We thank Drs Lily Yu and Thomas Chater for comments on the
manuscript. The authors’ work introduced in this review was
supported by a Grant-in-Aid for Scientific Research for Young
Researchers (K.K.), RIKEN, NIH grant R01DA17310, Grant-in-Aid
for Scientific Research (A), Grant-in-Aid for Scientific Research on
Innovative Area ‘Foundation of Synapse and Neurocircuit Pathol-
ogy’ from the Ministry of Education, Culture, Sports, Science and
Technology of Japan, Human Frontier Science Program,

Guangdong Key International Visiting Program (Y.H.) and CIHR
grant MOP 111220, Canada Research Chairs Program, Canada
Foundation for Innovation (K.O.). Y.H. receives research fund from
Takeda Pharmaceuticals Co. Ltd. and Fujitsu Laboratories.

All experiments were conducted in compliance with the ARRIVE
guidelines. The authors have no conflict of interest to declare.

References

Ahnert-Hilger G., Holtje M., Grosse G., Pickert G., Mucke C., Nixdorf-
Bergweiler B., Boquet P., Hofmann F. and Just I. (2004)
Differential effects of Rho GTPases on axonal and dendritic
development in hippocampal neurones. J. Neurochem. 90, 9–18.

Araki Y., Zeng M., Zhang M. and Huganir R. L. (2015) Rapid dispersion
of SynGAP from synaptic spines triggers AMPA receptor insertion
and spine enlargement during LTP. Neuron 85, 173–189.

Barria A. and Malinow R. (2005) NMDA receptor subunit composition
controls synaptic plasticity by regulating binding to CaMKII.
Neuron 48, 289–301.

Barria A., Muller D., Derkach V., Griffith L. C. and Soderling T. R.
(1997) Regulatory phosphorylation of AMPA-type glutamate
receptors by CaM-KII during long-term potentiation. Science
276, 2042–2045.

Bayer K. U., De Koninck P., Leonard A. S., Hell J. W. and Schulman H.
(2001) Interaction with the NMDA receptor locks CaMKII in an
active conformation. Nature 411, 801–805.

Bayer K. U., LeBel E., McDonald G. L., O’Leary H., Schulman H. and
De Koninck P. (2006) Transition from reversible to persistent
binding of CaMKII to postsynaptic sites and NR2B. J. Neurosci.
26, 1164–1174.

Bennett M. K., Erondu N. E. and Kennedy M. B. (1983) Purification and
characterization of a calmodulin-dependent protein kinase that is
highly concentrated in brain. J. Biol. Chem. 258, 12735–12744.

Bingol B. and Schuman E. M. (2006) Activity-dependent dynamics and
sequestration of proteasomes in dendritic spines. Nature 441,
1144–1148.

Bingol B., Wang C. F., Arnott D., Cheng D., Peng J. and Sheng M.
(2010) Autophosphorylated CaMKIIalpha acts as a scaffold to
recruit proteasomes to dendritic spines. Cell 140, 567–578.

Bito H., Deisseroth K. and Tsien R. W. (1996) CREB phosphorylation
and dephosphorylation: a Ca2+- and stimulus duration-dependent
switch for hippocampal gene expression. Cell 87, 1203–1214.

Blanquet P. R. (2000) Casein kinase 2 as a potentially important enzyme
in the nervous system. Prog. Neurobiol. 60, 211–246.

Borgesius N. Z., van Woerden G. M., Buitendijk G. H., Keijzer N.,
Jaarsma D., Hoogenraad C. C. and Elgersma Y. (2011)
betaCaMKII plays a nonenzymatic role in hippocampal synaptic
plasticity and learning by targeting alphaCaMKII to synapses. J.
Neurosci. 31, 10141–10148.

Bosch M., Castro J., Saneyoshi T., Matsuno H., Sur M. and Hayashi Y.
(2014) Structural and molecular remodeling of dendritic
spine substructures during long-term potentiation. Neuron 82,
444–459.

Bourtchuladze R., Frenguelli B., Blendy J., Cioffi D., Schutz G. and
Silva A. J. (1994) Deficient long-term memory in mice with a
targeted mutation of the cAMP-responsive element-binding
protein. Cell 79, 59–68.

Braun A. P. and Schulman H. (1995) The multifunctional calcium/
calmodulin-dependent protein kinase: from form to function. Annu.
Rev. Physiol. 57, 417–445.

Brocke L., Srinivasan M. and Schulman H. (1995) Developmental and
regional expression of multifunctional Ca2+/calmodulin-dependent
protein kinase isoforms in rat brain. J. Neurosci. 15, 6797–6808.

© 2016 International Society for Neurochemistry, J. Neurochem. (2016) 139, 959--972

968 K. Kim et al.



Brocke L., Chiang L. W., Wagner P. D. and Schulman H. (1999)
Functional implications of the subunit composition of neuronal
CaM kinase II. J. Biol. Chem. 274, 22713–22722.

Buard I., Coultrap S. J., Freund R. K., Lee Y. S., Dell’Acqua M. L.,
Silva A. J. and Bayer K. U. (2010) CaMKII “autonomy” is
required for initiating but not for maintaining neuronal long-term
information storage. J. Neurosci., 30, 8214–8220.

Buchanan F. G., Elliot C. M., Gibbs M. and Exton J. H. (2000)
Translocation of the Rac1 guanine nucleotide exchange factor
Tiam1 induced by platelet-derived growth factor and
lysophosphatidic acid. J. Biol. Chem. 275, 9742–9748.

Carlisle H. J., Manzerra P., Marcora E. and Kennedy M. B. (2008)
SynGAP regulates steady-state and activity-dependent
phosphorylation of cofilin. J. Neurosci. 28, 13673–13683.

Chao L. H., Stratton M. M., Lee I. H. et al. (2011) A mechanism for
tunable autoinhibition in the structure of a human Ca2+/calmodulin-
dependent kinase II holoenzyme. Cell 146, 732–745.

Chen X., Vinade L., Leapman R. D., Petersen J. D., Nakagawa T.,
Phillips T. M., Sheng M. and Reese T. S. (2005) Mass of the
postsynaptic density and enumeration of three key molecules.
Proc. Natl Acad. Sci. USA 102, 11551–11556.

Cheriyan J., Kumar P., Mayadevi M., Surolia A. and Omkumar R. V.
(2011) Calcium/calmodulin dependent protein kinase II bound
to NMDA receptor 2B subunit exhibits increased ATP
affinity and attenuated dephosphorylation. PLoS ONE 6,
e16495.

Chowdhury S., Shepherd J. D., Okuno H., Lyford G., Petralia R. S.,
Plath N., Kuhl D., Huganir R. L. and Worley P. F. (2006) Arc/
Arg3.1 interacts with the endocytic machinery to regulate AMPA
receptor trafficking. Neuron 52, 445–459.

Colledge M., Snyder E. M., Crozier R. A., Soderling J. A., Jin Y.,
Langeberg L. K., Lu H., Bear M. F. and Scott J. D. (2003)
Ubiquitination regulates PSD-95 degradation and AMPA receptor
surface expression. Neuron 40, 595–607.

Coultrap S. J. and Bayer K. U. (2012) CaMKII regulation in information
processing and storage. Trends Neurosci. 35, 607–618.

Coultrap S. J., Buard I., Kulbe J. R., Dell’Acqua M. L. and Bayer K.
U. (2010) CaMKII autonomy is substrate-dependent and further
stimulated by Ca2+/calmodulin. J. Biol. Chem. 285, 17930–
17937.

De Koninck P. and Schulman H. (1998) Sensitivity of CaM kinase II to
the frequency of Ca2+ oscillations. Science 279, 227–230.

Derkach V., Barria A. and Soderling T. R. (1999) Ca2+/calmodulin-
kinase II enhances channel conductance of alpha-amino-3-
hydroxy-5-methyl-4-isoxazolepropionate type glutamate
receptors. Proc. Natl Acad. Sci. USA 96, 3269–3274.

Djakovic S. N., Schwarz L. A., Barylko B., DeMartino G. N. and Patrick
G. N. (2009) Regulation of the proteasome by neuronal activity
and calcium/calmodulin-dependent protein kinase II. J. Biol.
Chem. 284, 26655–26665.

Dosemeci A., Tao-Cheng J. H., Vinade L., Winters C. A., Pozzo-Miller
L. and Reese T. S. (2001) Glutamate-induced transient
modification of the postsynaptic density. Proc. Natl Acad. Sci.
USA 98, 10428–10432.

Dosemeci A., Makusky A. J., Jankowska-Stephens E., Yang X., Slotta
D. J. and Markey S. P. (2007) Composition of the synaptic PSD-95
complex. Mol. Cell Proteomics 6, 1749–1760.

Ehlers M. D., Zhang S., Bernhadt J. P. and Huganir R. L. (1996)
Inactivation of NMDA receptors by direct interaction of
calmodulin with the NR1 subunit. Cell 84, 745–755.

Elgersma Y., Fedorov N. B., Ikonen S., Choi E. S., Elgersma M.,
Carvalho O. M., Giese K. P. and Silva A. J. (2002) Inhibitory
autophosphorylation of CaMKII controls PSD association,
plasticity, and learning. Neuron 36, 493–505.

Erondu N. E. and Kennedy M. B. (1985) Regional distribution of type
II Ca2+/calmodulin-dependent protein kinase in rat brain. J.
Neurosci. 5, 3270–3277.

Feng B., Raghavachari S. and Lisman J. (2011) Quantitative estimates of
the cytoplasmic, PSD, and NMDAR-bound pools of CaMKII in
dendritic spines. Brain Res. 1419, 46–52.

Fink C. C., Bayer K. U., Myers J. W., Ferrell J. E. Jr, Schulman H. and
Meyer T. (2003) Selective regulation of neurite extension and
synapse formation by the beta but not the alpha isoform of
CaMKII. Neuron 39, 283–297.

Fleming I. N., Elliott C. M., Buchanan F. G., Downes C. P. and Exton J.
H. (1999) Ca2+/calmodulin-dependent protein kinase II regulates
Tiam1 by reversible protein phosphorylation. J. Biol. Chem. 274,
12753–12758.

Fonseca R., Vabulas R. M., Hartl F. U., Bonhoeffer T. and Nagerl U. V.
(2006) A balance of protein synthesis and proteasome-dependent
degradation determines the maintenance of LTP. Neuron 52, 239–
245.

Foster K. A., McLaughlin N., Edbauer D., Phillips M., Bolton A.,
Constantine-Paton M. and Sheng M. (2010) Distinct roles of
NR2A and NR2B cytoplasmic tails in long-term potentiation. J.
Neurosci. 30, 2676–2685.

Frey U. and Morris R. G. (1997) Synaptic tagging and long-term
potentiation. Nature 385, 533–536.

Fukunaga K., Stoppini L., Miyamoto E. and Muller D. (1993) Long-term
potentiation is associated with an increased activity of Ca2+/
calmodulin-dependent protein kinase II. J. Biol. Chem., 268, 7863–
7867.

Grossman S. D., Futter M., Snyder G. L., Allen P. B., Nairn A. C.,
Greengard P. and Hsieh-Wilson L. C. (2004) Spinophilin is
phosphorylated by Ca2+/calmodulin-dependent protein kinase II
resulting in regulation of its binding to F-actin. J. Neurochem. 90,
317–324.

Gu J., Firestein B. L. and Zheng J. Q. (2008) Microtubules in dendritic
spine development. J. Neurosci. 28, 12120–12124.

Guillaud L., Wong R. and Hirokawa N. (2008) Disruption of KIF17-
Mint1 interaction by CaMKII-dependent phosphorylation: a
molecular model of kinesin-cargo release. Nat. Cell Biol. 10, 19–
29.

Halt A. R., Dallapiazza R. F., Zhou Y. et al. (2012) CaMKII binding to
GluN2B is critical during memory consolidation. EMBO J. 31,
1203–1216.

Hamilton A. M., Oh W. C., Vega-Ramirez H., Stein I. S., Hell J. W.,
Patrick G. N. and Zito K. (2012) Activity-dependent growth of new
dendritic spines is regulated by the proteasome. Neuron 74, 1023–
1030.

Hell J. W. (2014) CaMKII: claiming center stage in postsynaptic
function and organization. Neuron 81, 249–265.

Herring B. E. and Nicoll R. A. (2016) Kalirin and Trio proteins serve
critical roles in excitatory synaptic transmission and LTP. Proc.
Natl Acad. Sci. USA 113, 2264–2269.

Hosokawa T., Mitsushima D., Kaneko R. and Hayashi Y. (2015)
Stoichiometry and phosphoisotypes of hippocampal AMPA-type
glutamate receptor phosphorylation. Neuron 85, 60–67.

Hu X., Viesselmann C., Nam S., Merriam E. and Dent E. W. (2008)
Activity-dependent dynamic microtubule invasion of dendritic
spines. J. Neurosci. 28, 13094–13105.

Jarome T. J., Ferrara N. C., Kwapis J. L. and Helmstetter F. J. (2016)
CaMKII regulates proteasome phosphorylation and activity and
promotes memory destabilization following retrieval. Neurobiol.
Learn. Mem. 128, 103–109.

Jaworski J., Kapitein L. C., Gouveia S. M. et al. (2009) Dynamic
microtubules regulate dendritic spine morphology and synaptic
plasticity. Neuron 61, 85–100.

© 2016 International Society for Neurochemistry, J. Neurochem. (2016) 139, 959--972

Enzymatic and structural functions of CaMKII 969



Jiao Y., Jalan-Sakrikar N., Robison A. J., Baucum A. J. 2nd, Bass M. A.
and Colbran R. J. (2011) Characterization of a central Ca2+/
calmodulin-dependent protein kinase IIalpha/beta binding domain
in densin that selectively modulates glutamate receptor subunit
phosphorylation. J. Biol. Chem. 286, 24806–24818.

Kanaseki T., Ikeuchi Y., Sugiura H. and Yamauchi T. (1991) Structural
features of Ca2+/calmodulin-dependent protein kinase II revealed
by electron microscopy. J. Cell Biol. 115, 1049–1060.

Kapitein L. C., Yau K. W., Gouveia S. M. et al. (2011) NMDA receptor
activation suppresses microtubule growth and spine entry. J.
Neurosci. 31, 8194–8209.

Kennedy M. B., Bennett M. K. and Erondu N. E. (1983) Biochemical
and immunochemical evidence that the “major postsynaptic
density protein” is a subunit of a calmodulin-dependent protein
kinase. Proc. Natl Acad. Sci. USA 80, 7357–7361.

Kim K., Lakhanpal G., Lu H. E. et al. (2015) A temporary gating of
actin remodeling during synaptic plasticity consists of the interplay
between the kinase and structural functions of CaMKII. Neuron 87,
813–826.

Krapivinsky G., Medina I., Krapivinsky L., Gapon S. and Clapham D. E.
(2004) SynGAP-MUPP1-CaMKII synaptic complexes regulate
p38 MAP kinase activity and NMDA receptor-dependent synaptic
AMPA receptor potentiation. Neuron 43, 563–574.

Kristensen A. S., Jenkins M. A., Banke T. G., Schousboe A., Makino Y.,
Johnson R. C., Huganir R. and Traynelis S. F. (2011) Mechanism
of Ca2+/calmodulin-dependent kinase II regulation of AMPA
receptor gating. Nat. Neurosci. 14, 727–735.

Krupp J. J., Vissel B., Thomas C. G., Heinemann S. F. and Westbrook
G. L. (1999) Interactions of calmodulin and alpha-actinin with the
NR1 subunit modulate Ca2+-dependent inactivation of NMDA
receptors. J. Neurosci. 19, 1165–1178.

Lee H. K., Barbarosie M., Kameyama K., Bear M. F. and Huganir R. L.
(2000) Regulation of distinct AMPA receptor phosphorylation sites
during bidirectional synaptic plasticity. Nature 405, 955–959.

Lee H. K., Takamiya K., Han J. S. et al. (2003) Phosphorylation of the
AMPA receptor GluR1 subunit is required for synaptic plasticity
and retention of spatial memory. Cell 112, 631–643.

Lee S. H., Choi J. H., Lee N., Lee H. R., Kim J. I., Yu N. K., Choi S. L.,
Kim H. and Kaang B. K. (2008) Synaptic protein degradation
underlies destabilization of retrieved fear memory. Science 319,
1253–1256.

Lee S. J., Escobedo-Lozoya Y., Szatmari E. M. and Yasuda R. (2009)
Activation of CaMKII in single dendritic spines during long-term
potentiation. Nature 458, 299–304.

Lee H. K., Takamiya K., He K., Song L. and Huganir R. L. (2010)
Specific roles of AMPA receptor subunit GluR1 (GluA1)
phosphorylation sites in regulating synaptic plasticity in the CA1
region of hippocampus. J. Neurophysiol. 103, 479–489.

Lemieux M., Labrecque S., Tardif C., Labrie-Dion E., Lebel E. and De
Koninck P. (2012) Translocation of CaMKII to dendritic
microtubules supports the plasticity of local synapses. J. Cell
Biol. 198, 1055–1073.

Leonard A. S., Lim I. A., Hemsworth D. E., Horne M. C. and Hell J. W.
(1999) Calcium/calmodulin-dependent protein kinase II is
associated with the N-methyl-D-aspartate receptor. Proc. Natl
Acad. Sci. USA 96, 3239–3244.

Leonard A. S., Bayer K. U., Merrill M. A., Lim I. A., Shea M. A.,
Schulman H. and Hell J. W. (2002) Regulation of calcium/
calmodulin-dependent protein kinase II docking to N-methyl-D-
aspartate receptors by calcium/calmodulin and alpha-actinin. J.
Biol. Chem. 277, 48441–48448.

Lin Y. C. and Redmond L. (2008) CaMKIIb binding to stable F-actin
in vivo regulates F-actin filament stability. Proc. Natl Acad. Sci.
USA 105, 15791–15796.

Link W., Konietzko U., Kauselmann G., Krug M., Schwanke B., Frey U.
and Kuhl D. (1995) Somatodendritic expression of an immediate
early gene is regulated by synaptic activity. Proc. Natl Acad. Sci.
USA 92, 5734–5738.

Lisman J. E. (1985) A mechanism for memory storage insensitive to
molecular turnover: a bistable autophosphorylating kinase. Proc.
Natl Acad. Sci. USA 82, 3055–3057.

Lisman J. and Raghavachari S. (2015) Biochemical principles
underlying the stable maintenance of LTP by the CaMKII/
NMDAR complex. Brain Res. 1621, 51–61.

Lisman J., Schulman H. and Cline H. (2002) The molecular basis of
CaMKII function in synaptic and behavioural memory. Nat. Rev.
Neurosci. 3, 175–190.

Lisman J., Yasuda R. and Raghavachari S. (2012) Mechanisms of
CaMKII action in long-term potentiation. Nat. Rev. Neurosci. 13,
169–182.

Lopez-Salon M., Alonso M., Vianna M. R., Viola H., Mello e Souza T.,
Izquierdo I., Pasquini J. M. and Medina J. H. (2001) The ubiquitin-
proteasome cascade is required for mammalian long-term memory
formation. Eur. J. Neurosci., 14, 1820–1826.

Lu W., Shi Y., Jackson A. C., Bjorgan K., During M. J., Sprengel R.,
Seeburg P. H. and Nicoll R. A. (2009) Subunit composition of
synaptic AMPA receptors revealed by a single-cell genetic
approach. Neuron 62, 254–268.

Ma X. M., Kiraly D. D., Gaier E. D., Wang Y., Kim E. J., Levine E. S.,
Eipper B. A. and Mains R. E. (2008) Kalirin-7 is required for
synaptic structure and function. J. Neurosci. 28, 12368–12382.

Ma H., Groth R. D., Cohen S. M., Emery J. F., Li B., Hoedt E., Zhang
G., Neubert T. A. and Tsien R. W. (2014) gammaCaMKII shuttles
Ca2+/CaM to the nucleus to trigger CREB phosphorylation and
gene expression. Cell 159, 281–294.

Matsuzaki M., Honkura N., Ellis-Davies G. C. and Kasai H. (2004)
Structural basis of long-term potentiation in single dendritic spines.
Nature 429, 761–766.

McMahon A. C., Barnett M. W., O’Leary T. S. et al. (2012) SynGAP
isoforms exert opposing effects on synaptic strength. Nat.
Commun. 3, 900.

Merriam E. B., Lumbard D. C., Viesselmann C., Ballweg J., Stevenson
M., Pietila L., Hu X. and Dent E. W. (2011) Dynamic microtubules
promote synaptic NMDA receptor-dependent spine enlargement.
PLoS ONE 6, e27688.

Merriam E. B., Millette M., Lumbard D. C., Saengsawang W., Fothergill
T., Hu X., Ferhat L. and Dent E. W. (2013) Synaptic regulation of
microtubule dynamics in dendritic spines by calcium, F-actin, and
drebrin. J. Neurosci. 33, 16471–16482.

Merrill M. A., Malik Z., Akyol Z., Bartos J. A., Leonard A. S., Hudmon
A., Shea M. A. and Hell J. W. (2007) Displacement of alpha-
actinin from the NMDA receptor NR1 C0 domain By Ca2+/
calmodulin promotes CaMKII binding. Biochemistry 46, 8485–
8497.

Messaoudi E., Kanhema T., Soule J., Tiron A., Dagyte G., da Silva B.
and Bramham C. R. (2007) Sustained Arc/Arg3.1 synthesis
controls long-term potentiation consolidation through regulation
of local actin polymerization in the dentate gyrus in vivo. J.
Neurosci. 27, 10445–10455.

Michalski P. J. (2013) The delicate bistability of CaMKII. Biophys. J .
105, 794–806.

Miller P., Zhabotinsky A. M., Lisman J. E. and Wang X. J. (2005) The
stability of a stochastic CaMKII switch: dependence on the number
of enzyme molecules and protein turnover. PLoS Biol. 3, e107.

Moga D. E., Calhoun M. E., Chowdhury A., Worley P., Morrison J. H.
and Shapiro M. L. (2004) Activity-regulated cytoskeletal-
associated protein is localized to recently activated excitatory
synapses. Neuroscience 125, 7–11.

© 2016 International Society for Neurochemistry, J. Neurochem. (2016) 139, 959--972

970 K. Kim et al.



Murakoshi H., Wang H. and Yasuda R. (2011) Local, persistent
activation of Rho GTPases during plasticity of single dendritic
spines. Nature 472, 100–104.

Nagasaki N., Hirano T. and Kawaguchi S. Y. (2014) Opposite regulation
of inhibitory synaptic plasticity by alpha and beta subunits of Ca2+/
calmodulin-dependent protein kinase II. J. Physiol. 592, 4891–
4909.

Nakayama A. Y., Harms M. B. and Luo L. (2000) Small GTPases Rac
and Rho in the maintenance of dendritic spines and branches in
hippocampal pyramidal neurons. J. Neurosci. 20, 5329–5338.

Oh J. S., Manzerra P. and Kennedy M. B. (2004) Regulation of the
neuron-specific Ras GTPase-activating protein, synGAP, by Ca2+/
calmodulin-dependent protein kinase II. J. Biol. Chem. 279,
17980–17988.

Okamoto K., Nagai T., Miyawaki A. and Hayashi Y. (2004) Rapid and
persistent modulation of actin dynamics regulates postsynaptic
reorganization underlying bidirectional plasticity. Nat. Neurosci. 7,
1104–1112.

Okamoto K., Narayanan R., Lee S. H., Murata K. and Hayashi Y. (2007)
The role of CaMKII as an F-actin-bundling protein crucial for
maintenance of dendritic spine structure. Proc. Natl Acad. Sci. USA
104, 6418–6423.

Okamoto K., Bosch M. and Hayashi Y. (2009) The roles of CaMKII and
F-actin in the structural plasticity of dendritic spines: a potential
molecular identity of a synaptic tag? Physiology (Bethesda) 24,
357–366.

Okuno H., Akashi K., Ishii Y. et al. (2012) Inverse synaptic tagging of
inactive synapses via dynamic interaction of Arc/Arg3.1 with
CaMKIIbeta. Cell 149, 886–898.

Opazo P., Labrecque S., Tigaret C. M., Frouin A., Wiseman P. W., De
Koninck P. and Choquet D. (2010) CaMKII triggers the diffusional
trapping of surface AMPARs through phosphorylation of
stargazin. Neuron 67, 239–252.

Otmakhov N., Tao-Cheng J. H., Carpenter S., Asrican B., Dosemeci A.,
Reese T. S. and Lisman J. (2004) Persistent accumulation of
calcium/calmodulin-dependent protein kinase II in dendritic spines
after induction of NMDA receptor-dependent chemical long-term
potentiation. J. Neurosci. 24, 9324–9331.

Otmakhov N., Regmi S. and Lisman J. E. (2015) Fast decay of CaMKII
FRET sensor signal in spines after LTP induction Is not due to its
dephosphorylation. PLoS ONE 10, e0130457.

Ouyang Y., Kantor D., Harris K. M., Schuman E. M. and Kennedy M.
B. (1997) Visualization of the distribution of autophosphorylated
calcium/calmodulin-dependent protein kinase II after tetanic
stimulation in the CA1 area of the hippocampus. J. Neurosci. 17,
5416–5427.

Paoletti P., Bellone C. and Zhou Q. (2013) NMDA receptor subunit
diversity: impact on receptor properties, synaptic plasticity and
disease. Nat. Rev. Neurosci. 14, 383–400.

Park S., Park J. M., Kim S. et al. (2008) Elongation factor 2 and fragile
X mental retardation protein control the dynamic translation of
Arc/Arg3.1 essential for mGluR-LTD. Neuron 59, 70–83.

Peng J., Kim M. J., Cheng D., Duong D. M., Gygi S. P. and Sheng M.
(2004) Semiquantitative proteomic analysis of rat forebrain
postsynaptic density fractions by mass spectrometry. J. Biol.
Chem. 279, 21003–21011.

Pettit D. L., Perlman S. and Malinow R. (1994) Potentiated transmission
and prevention of further LTP by increased CaMKII activity in
postsynaptic hippocampal slice neurons. Science 266, 1881–1885.

Plath N., Ohana O., Dammermann B. et al. (2006) Arc/Arg3.1 is
essential for the consolidation of synaptic plasticity and memories.
Neuron 52, 437–444.

Pradeep K. K., Cheriyan J., Suma Priya S. D., Rajeevkumar R.,
Mayadevi M., Praseeda M. and Omkumar R. V. (2009) Regulation

of Ca2+/calmodulin-dependent protein kinase II catalysis by
N-methyl-D-aspartate receptor subunit 2B. Biochem. J. 419,
123–132, 124 p following 132.

Robison A. J., Bass M. A., Jiao Y., MacMillan L. B., Carmody L. C.,
Bartlett R. K. and Colbran R. J. (2005) Multivalent interactions of
calcium/calmodulin-dependent protein kinase II with the
postsynaptic density proteins NR2B, densin-180, and a-actinin-2.
J. Biol. Chem. 280, 35329–35336.

Rosenberg O. S., Deindl S., Sung R. J., Nairn A. C. and Kuriyan J.
(2005) Structure of the autoinhibited kinase domain of CaMKII
and SAXS analysis of the holoenzyme. Cell 123, 849–860.

Rumbaugh G., Adams J. P., Kim J. H. and Huganir R. L. (2006)
SynGAP regulates synaptic strength and mitogen-activated protein
kinases in cultured neurons. Proc. Natl Acad. Sci. USA 103, 4344–
4351.

Ryan X. P., Alldritt J., Svenningsson P., Allen P. B., Wu G. Y., Nairn A.
C. and Greengard P. (2005) The Rho-specific GEF Lfc interacts
with neurabin and spinophilin to regulate dendritic spine
morphology. Neuron 47, 85–100.

Saneyoshi T. and Hayashi Y. (2012) The Ca2+ and Rho GTPase
signaling pathways underlying activity-dependent actin remodeling
at dendritic spines. Cytoskeleton (Hoboken) 69, 545–554.

Sanhueza M. and Lisman J. (2013) The CaMKII/NMDAR complex as a
molecular memory. Mol. Brain 6, 10.

Sanhueza M., Fernandez-Villalobos G., Stein I. S., Kasumova G., Zhang
P., Bayer K. U., Otmakhov N., Hell J. W. and Lisman J. (2011)
Role of the CaMKII/NMDA receptor complex in the maintenance
of synaptic strength. J. Neurosci. 31, 9170–9178.

Sanz-Clemente A., Matta J. A., Isaac J. T. and Roche K. W. (2010)
Casein kinase 2 regulates the NR2 subunit composition of synaptic
NMDA receptors. Neuron 67, 984–996.

Sanz-Clemente A., Gray J. A., Ogilvie K. A., Nicoll R. A. and Roche
K. W. (2013) Activated CaMKII couples GluN2B and casein
kinase 2 to control synaptic NMDA receptors. Cell Rep. 3, 607–
614.

Scott E. K., Reuter J. E. and Luo L. (2003) Small GTPase Cdc42 is
required for multiple aspects of dendritic morphogenesis. J.
Neurosci. 23, 3118–3123.

Setou M., Nakagawa T., Seog D. H. and Hirokawa N. (2000) Kinesin
superfamily motor protein KIF17 and mLin-10 in NMDA receptor-
containing vesicle transport. Science 288, 1796–1802.

Shen K. and Meyer T. (1999) Dynamic control of CaMKII translocation
and localization in hippocampal neurons by NMDA receptor
stimulation. Science 284, 162–166.

Shen K., Teruel M. N., Connor J. H., Shenolikar S. and Meyer T. (2000)
Molecular memory by reversible translocation of calcium/
calmodulin-dependent protein kinase II. Nat. Neurosci. 3, 881–
886.

Sheng M. and Hoogenraad C. C. (2007) The postsynaptic architecture of
excitatory synapses: a more quantitative view. Annu. Rev.
Biochem. 76, 823–847.

Shonesy B. C., Jalan-Sakrikar N., Cavener V. S. and Colbran R. J.
(2014) CaMKII: a molecular substrate for synaptic plasticity and
memory. Prog. Mol. Biol. Transl. Sci. 122, 61–87.

Silva A. J., Stevens C. F., Tonegawa S. and Wang Y. (1992) Deficient
hippocampal long-term potentiation in alpha-calcium-calmodulin
kinase II mutant mice. Science 257, 201–206.

Smith-Hicks C., Xiao B., Deng R. et al. (2010) SRF binding to SRE 6.9
in the Arc promoter is essential for LTD in cultured Purkinje cells.
Nat. Neurosci. 13, 1082–1089.

Steward O., Wallace C. S., Lyford G. L. and Worley P. F. (1998)
Synaptic activation causes the mRNA for the IEG Arc to localize
selectively near activated postsynaptic sites on dendrites. Neuron
21, 741–751.

© 2016 International Society for Neurochemistry, J. Neurochem. (2016) 139, 959--972

Enzymatic and structural functions of CaMKII 971



Strack S. and Colbran R. J. (1998) Autophosphorylation-dependent
targeting of calcium/calmodulin-dependent protein kinase II by the
NR2B subunit of the N-methyl- D-aspartate receptor. J. Biol.
Chem. 273, 20689–20692.

Strack S., Robison A. J., Bass M. A. and Colbran R. J. (2000)
Association of calcium/calmodulin-dependent kinase II with
developmentally regulated splice variants of the postsynaptic
density protein densin-180. J. Biol. Chem. 275, 25061–25064.

Sumioka A., Yan D. and Tomita S. (2010) TARP phosphorylation
regulates synaptic AMPA receptors through lipid bilayers. Neuron
66, 755–767.

Takao K., Okamoto K., Nakagawa T., Neve R. L., Nagai T., Miyawaki
A., Hashikawa T., Kobayashi S. and Hayashi Y. (2005)
Visualization of synaptic Ca2+/calmodulin-dependent protein
kinase II activity in living neurons. J. Neurosci. 25, 3107–3112.

Tashiro A., Minden A. and Yuste R. (2000) Regulation of dendritic
spine morphology by the rho family of small GTPases: antagonistic
roles of Rac and Rho. Cereb. Cortex 10, 927–938.

Thiagarajan T. C., Piedras-Renteria E. S. and Tsien R. W. (2002) alpha-
and betaCaMKII. Inverse regulation by neuronal activity and
opposing effects on synaptic strength. Neuron 36, 1103–1114.

Urakubo H., Sato M., Ishii S. and Kuroda S. (2014) In vitro
reconstitution of a CaMKII memory switch by an NMDA
receptor-derived peptide. Biophys. J . 106, 1414–1420.

Vazquez L. E., Chen H. J., Sokolova I., Knuesel I. and Kennedy M. B.
(2004) SynGAP regulates spine formation. J. Neurosci. 24, 8862–
8872.

Walikonis R. S., Oguni A., Khorosheva E. M., Jeng C. J., Asuncion F. J.
and Kennedy M. B. (2001) Densin-180 forms a ternary complex
with the a-subunit of Ca2+/calmodulin-dependent protein kinase II
and a-actinin. J. Neurosci. 21, 423–433.

Walkup W. G. T., Washburn L., Sweredoski M. J., Carlisle H. J.,
Graham R. L., Hess S. and Kennedy M. B. (2015) Phosphorylation
of synaptic GTPase-activating protein (synGAP) by Ca2+/

calmodulin-dependent protein kinase II (CaMKII) and cyclin-
dependent kinase 5 (CDK5) alters the ratio of its GAP activity
toward Ras and Rap GTPases. J. Biol. Chem., 290, 4908–4927.

Waung M. W., Pfeiffer B. E., Nosyreva E. D., Ronesi J. A. and Huber K.
M. (2008) Rapid translation of Arc/Arg3.1 selectively mediates
mGluR-dependent LTD through persistent increases in AMPAR
endocytosis rate. Neuron 59, 84–97.

Wayman G. A., Lee Y. S., Tokumitsu H., Silva A. J. and Soderling T. R.
(2008) Calmodulin-kinases: modulators of neuronal development
and plasticity. Neuron 59, 914–931.

Weeber E. J., Jiang Y. H., Elgersma Y. et al. (2003) Derangements of
hippocampal calcium/calmodulin-dependent protein kinase II in a
mouse model for Angelman mental retardation syndrome. J.
Neurosci. 23, 2634–2644.

Wong R. W., Setou M., Teng J., Takei Y. and Hirokawa N. (2002)
Overexpression of motor protein KIF17 enhances spatial and
working memory in transgenic mice. Proc. Natl Acad. Sci. USA 99,
14500–14505.

Xie Z., Srivastava D. P., Photowala H., Kai L., Cahill M. E., Woolfrey
K. M., Shum C. Y., Surmeier D. J. and Penzes P. (2007) Kalirin-7
controls activity-dependent structural and functional plasticity of
dendritic spines. Neuron 56, 640–656.

Xie Z., Cahill M. E., Radulovic J., Wang J., Campbell S. L., Miller C.
A., Sweatt J. D. and Penzes P. (2011) Hippocampal phenotypes in
kalirin-deficient mice. Mol. Cell Neurosci. 46, 45–54.

Zhang S., Ehlers M. D., Bernhardt J. P., Su C. T. and Huganir R. L.
(1998) Calmodulin mediates calcium-dependent inactivation of N-
methyl-D-aspartate receptors. Neuron 21, 443–453.

Zhou Y., Takahashi E., Li W. et al. (2007) Interactions between the
NR2B receptor and CaMKII modulate synaptic plasticity and
spatial learning. J. Neurosci. 27, 13843–13853.

Zhu J. J., Qin Y., Zhao M., Van Aelst L. and Malinow R. (2002) Ras and
Rap control AMPA receptor trafficking during synaptic plasticity.
Cell 110, 443–455.

© 2016 International Society for Neurochemistry, J. Neurochem. (2016) 139, 959--972

972 K. Kim et al.


