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Abstract

Ca?*/calmodulin-dependent protein kinase I (CaMKII) is the most abundant kinase within
excitatory synapses in the mammalian brain. It interacts with and phosphorylates a large number
of synaptic proteins, including major ionotropic glutamate receptors (iGIuRs) and group |
metabotropic glutamate receptors (mGIuRs), to constitutively and/or activity-dependently regulate
trafficking, subsynaptic localization, and function of the receptors. Among iGIuRs, the N-methyl-
D-aspartate receptor (NMDAR) is a direct target of CaMKII. By directly binding to an
intracellular C-terminal (CT) region of NMDAR GIuN2B subunits, CaMKII phosphorylates a
serine residue (S1303) in the GIuN2B CT. CaMKI|I also phosphorylates a serine site (S831) in the
CT of a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptors. This phosphorylation
enhances channel conductance and is critical for synaptic plasticity. In addition to iGIuRs,
CaMKII binds to the proximal CT region of mGluR1a, which enables the kinase to phosphorylate
threonine 871. Agonist stimulation of mGluR1a triggers a CaMKII-mediated negative feedback to
facilitate endocytosis and desensitization of the receptor. CaMKII also binds to the mGIuR5 CT.
This binding seems to anchor and accumulate inactive CaMKII at synaptic sites. Active CaMKI|I
dissociates from mGIuR5 and may then bind to adjacent GIUN2B to mediate the mGIuR5-
NMDAR coupling. Together, glutamate receptors serve as direct substrates of CaMKII. By
phosphorylating these receptors, CaMKII plays a central role in controlling the number and
activity of the modified receptors and determining the strength of excitatory synaptic transmission.
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1 Introduction

L-glutamate is a major neurotransmitter in the mammalian brain. This transmitter interacts
with two classes of receptors to regulate synaptic transmission: ionotropic glutamate
receptors (iGIuRs) and metabotropic glutamate receptors (mGIuRs). iGIuRs are ligand-gated
ion channels and are further classified into a-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid receptors (AMPAR), N-methyl-D-aspartate receptors (NMDAR), and kainate
receptors [21. All iGIuRs form heteromers or homomers assembled from multiple subunits in
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order to gain full function. mGIuRs, on the other hand, are a family of G protein-coupled
receptors (GPCRs). Eight subtypes of mGIuRs so far cloned are grouped into three
functional groups (group I, 11, and I11). Among these groups, group I mGluRs (mGIluR1 and
mGIuRS5 subtypes) draw the most attention and have been extensively investigated in
regulating various cellular and synaptic activities [2]. Stimulation of Gag-coupled group |
mGIuRs activates phospholipase Cp1 (PLCp1) to hydrolyze phosphoinositide (PI) into
inositol-1,4,5-triphosphate (IP3) and diacylglycerol. The former (IP3) releases Ca2* from
internal stores and the latter (diacylglycerol) activates protein kinase C (PKC). Released
Ca?* and activated PKC in turn modulate multiple downstream signaling targets.

iGIuRs and group I mGIluRs are mostly postsynaptic and are enriched in the postsynaptic
density (PSD) microdomain. As surface membrane-bound receptors, their intracellular
domains interact with a number of submembranous proteins, including various scaffolding
proteins, signaling proteins, and protein kinases and phosphatases [1:2]. A notable protein
kinase is Ca2*/calmodulin-dependent protein kinase 11 (CaMKI1), which is a serine/
threonine kinase abundant in the PSD [3]. CaMKII has many different isoforms, mainly
including a and B isoforms in the central nervous system [4-61. All isoforms structurally have
three domains: an N-terminal catalytic domain, a central regulatory domain and a C-terminal
association domain. The regulatory domain (residues 281-310) contains an autoinhibitory
sequence, a calmodulin (CaM)-binding site and several autophosphorylation sites, i.e.
threonine 286 (T286) and threonine 305/306. The catalytic domain transfers phosphate from
ATP to serine or threonine residues in substrates. The regulatory domain governs activation
of the kinase. At the inactive state, this domain binds to the catalytic domain and blocks the
accessibility of the catalytic domain to substrates. When activated by Ca2* and CaM, the
regulatory domain dissociates from the catalytic domain and opens the catalytic domain to
substrates. At the same time, active kinase undergoes autophosphorylation in the regulatory
domain at an autophosphorylation site, i.e., threonine 286 (T286 in o isoform), which
transforms the kinase to a Ca%*-independent (autonomous) state, a state with prolonged
kinase activity even after the initial Ca%* signals subside [4-¢1. As a synapse-enriched kinase,
CaMKII directly binds to NMDARs and mGIuR1/5 (see below). Through closely interacting
with glutamate receptors, CaMKII phosphorylates the receptors at specific serine or
threonine sites [7:8]. The site-specific phosphorylation is either constitutively active or
activity-dependently regulated by changing synaptic or intracellular inputs. Through the
phosphorylation mechanism, CaMKII regulates expression of iGIuRs and mGIuRs at
postsynaptic sites and controls glutamatergic synaptic transmission and synaptic plasticity.
This review outlines the interaction between CaMKII and glutamate receptors and
summarizes the role of CaMKII in phosphorylating and regulating iGIuRs and group |
mGIuRs with a focus on recent progress.

2 Phosphorylation of NMDARs by CaMKII

NMDARs are assembled into a tetrameric structure by composing two obligatory GIuN1
(formerly known as NR1) with two modulatory GIuN2 subunits, mainly GIuUN2A (NR2A) or
GIuN2B (NR2B) [11. All subunits share the similar membrane conformation: three
membrane-spanning domains (M1, M3, and M4), a hydrophaobic hairpin domain (M2), an
extracellular N-terminus, and an intracellular C-terminus (CT). GIuN2A and GIuN2B CT
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regions are noticeably large, which together with the relatively shorter GIUN1 CT constitute
key zones harboring defined protein-protein interactions and phosphorylation [7:],

Direct binding of CaMKII to GIUN2A/B is noteworthy. In hippocampal and cortical
neurons, CaMKII colocalized with NMDARs in confined subcellular compartments and
CaMKII-NMDAR complexes were readily coimmunoprecipitated, while CaMKII did not
coprecipitated with AMPARs [10-12] |n binding assays with purified recombinant proteins
and/or peptides, CaMKII was found to directly bind to the GIuN2A/B CT with high

affinity (11141 The CaMKII binding to GIuUN2B CT has been most extensively
characterized. It is now known that CaMKII binds to the membrane proximal residues 839-
1120 and residues 1290-1310 in the GIUN2B CT. Transient activity elicits Ca2*/CaM-
dependent binding of GIUN2B to a substrate-binding site (S-site) within the catalytic domain
of CaMKII, whereas prolonged activity leads to persistent GIUN2B binding to a T286-
binding site (T-site) adjacent to the S-site [13-13]. The GIuN2B binding to the T-site blocks
the binding of the T-site to the regulatory region of CaMKI|, thereby prolonging CaMKIlI
activity after Ca2* signals subside. Thus, activation of CaMKII by stimulating Ca%*-
permeable NMDARs in forebrain neurons increased the CaMKII association with
NMDARs [12.15], This suggests a dynamic mechanism for the activity-dependent
recruitment of CaMKI1 to the PSD to regulate a discrete set of local substrates.

Binding of CaMKII to GIuN2B suggests potential phosphorylation of the receptor by the
kinase. Indeed, the binding between the catalytic domain of CaMKII and GIuN2B 1290-
1309 represents an enzyme-substrate mode of interactions and results in phosphorylation of
$1303 within the binding region [161. The Km of $1303 phosphorylation was in a nanomolar
range, much lower than that of other known substrates of CaMKII, indicating that the
receptor is a high affinity substrate. As expected, phospho-S1303 (pS1303) is also subject to
the dephosphorylation modulation by phosphatases. Both protein phosphatase 1 (PP1) and
protein phosphatase 2A (PP2A) dephosphorylated pS1303 in the GIuN2B CT 171 In the
PSD, PP1 is a major phosphatase catalyzing $1303 dephosphorylation [18].

Protein phosphorylation is a key mechanism regulating localization and function of modified
proteins. Thus, CaMKII-mediated S1303 phosphorylation is assumed to have a significant
impact on receptor activity, although direct evidence seems lacking. CaMKII has been
shown to enhance desensitization of GIUN2B-but not GIuUN2A-containg NMDARS in
HEK?293 cells [191. However, the direct role of the CaMKII-mediated $1303 phosphorylation
in this event is unclear. Interestingly, S1303 is also a substrate site for other kinases. Both
PKC and death-associated protein kinase 1 (DAPK1) phosphorylated this site [20.21],
Through phosphorylating S1303, PKC potentiated GIuN1/GluN2B-mediated currents [20]
and DAPK1 enhanced GluN1/GluN2B channel conductance [211. Thus, $1303 may act as a
point of convergence for these kinases to modulate GluN2B-containing NMDARs. An
additional layer of crosstalk involving CaMKI| is that CaMKII coupled GIuUN2B and casein
kinase 2 (CK2) to form a tri-molecular complex, through which CaMKII increased CK2-
mediated phosphorylation of GIUN2B at $1480 [22],

Phosphorylation status at GIUN2B S1303 also regulates its interactions with CaMKII. An
early study showed that phosphorylation of S1303 by CaMKII inhibited CaMKII-GIuN2B
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binding and promoted slow dissociation of preformed CaMKII/GIuN2B complexes [13]. A
further study found that phosphorylation of S1303 allowed the receptor to recognize and
accept the specific form of CaMKII: S1303 phosphorylation permits the binding of Ca2*/
CaM-activated CaMKIla but not Ca?*/CaM-independent T286-autophosphorylated
CaMKlla 171,

3 Phosphorylation of AMPARs by CaMKII

Like NMDARs, AMPARs become functional when four subunits (GluA1-4, previously
named GIluR1-4) form a homomeric or heteromeric dimer-of-dimers structure [1. Moreover,
membrane-bound GluA1-4 subunits have the similar membrane-spanning domains as
described above for NMDARS, although their CT regions are much shorter as compared to
GIuN2A/B. Despite the smaller size, CT regions of GluA1-4 are sufficient to harbor robust
phosphorylation by various kinases, including CaMKI1 [7:8]. CaMKi! is positioned close to
AMPARSs by interacting with adjacent GluN2B [12]. The specific site in GIuA1 sensitive to
CaMKII is S831, which is also phosphorylated by PKC [23-25],

Reversible phosphorylation of GluAl S831 by CaMKII generally potentiates the strength of
AMPAR channels. In an early study, an S831D mutation (phosphomimetic mutation)
increased single channel conductance of recombinant GluA1 AMPARs in HEK293

cells [261. A recent study showed that CaMKII phosphorylation of $831 enhanced the
coupling efficiency of glutamate binding to channel gating [27], suggesting a mechanism to
underlie the CaMKII potentiation of AMPAR conductance. Of note, the CaMKI|I
potentiation via S831 was restricted to homomeric GluAl and was lacking in a GIuA1/
GluA2 heteromeric complex [28], Thus, the role of the CaMKI11-S831 pathway in
augmenting channel conductance may be limited in brain regions where GIuA1/GIuA2
heteromers are predominant. The S831-directed increase in conductance was also observed
following activation of PKC, and an S831A mutation (phosphodeficient mutation) blocked
the PKC effect [2%]. Apparently, either CaMKII or PKC can phosphorylate S831 to
potentiate AMPARs. A complex interplay among CaMKII, PKC and their associated
scaffolding proteins may exist to determine the sensitivity of S831 to either kinase under
different conditions [29]. In addition, the S831 regulation of the channel property relies on
coexpression of GIuA1 with transmembrane AMPA receptor regulatory proteins

(TARPs) [27],

The role of S831 phosphorylation in common forms of synaptic plasticity, long-term
potentiation (LTP) and long-term depression (LTD), has been investigated in details [8:30].
Increased activity of CaMKII drove GluAl-containing AMPARS into synapses, which may
form a metaplastic basis for LTP [31.32] However, the CaMKII effect was not diminished by
mutating S831 to S831A. Thus, even though active CaMKII increased synaptic receptor
delivery, the importance of S831 phosphorylation to this particular process seems to be
limited. Nevertheless, S831 phosphorylation may contribute to LTP through a different
mechanism, e.g., augmenting channel conductance. While direct evidence is lacking, this
role of S831 is implied by the findings that 1) S831 phosphorylation was consistently
increased during LTP [25:33.34] 2) $831/845A mutant mice, i.e., double phosphomutants
lacking both S831 and S845 (PKA-sensitive) phosphorylation sites, showed a faster
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decaying LTP and a deficit in LTD [3%], and 3) $831/845D double phosphomimetic gene
knockin sufficiently lowered the threshold for LTP induction, increasing the probability of
synaptic plasticity [361. Surprisingly, mice with single S831 or $845 mutation (i.e., S831A or
S845A mutants) displayed normal LTP 371, This suggests that either S831 or S845 alone is
not necessary for LTP. In other words, either site alone can support LTP. The two sites may
substitute each other for supporting LTP when either site is lacking. Only when both sites
are mutated, is LTP blunted. As expected, the CaMKII binding to GIuN2B is critical for
anchoring the kinase to phosphorylate GIuA1 and contributes to LTP since mutant mice with
the impaired CaMKII binding to GIuN2B exhibited overall decreases in GIuAl
phosphorylation at the CaMKI| site, LTP, and learning behavior [38].

4 CaMKIl and group I mGIuRs

Group | mGIuRs are distributed in broad brain regions 39491 and are mostly

postsynaptic [41:42], As such, these receptors are actively involved in the regulation of
various normal cellular and synaptic activities and are linked to the pathogenesis of different
neurological and neuropsychiatric disorders [2]. Like typical GPCRs, group | mGluRs are
anchored in plasma membranes by seven transmembrane helices, which give rise to three
intracellular loops and an intracellular CT. The CT regions of the long-form splice variants
(mGluR1a, mGIluR5a, and mGIuR5b) are particularly large. This renders these variants
accessibility by various submembranous binding partners. A number of mGIuR1/5-
interacting proteins have been identified, which actively modulate subcellular and
subsynaptic distribution and function of the receptors 43441,

Among interacting partners are a group of protein kinases, including CaMKII. Multiple
CaMKI!I binding and phosphorylation consensus motifs, RXXS/T [43] exist in the
mGIuR1/5 CT [46] suggesting potential of CaMKII-mGIuR1/5 interactions. In fact, a recent
study demonstrated a direct interaction between CaMKII and mGluR1a [47]. It was found
that the purified catalytic domain of CaMKIlla bound to a membrane-proximal region of
recombinant mGluR1a CT. The interaction also occurred between native CaMKIlla and
mGIluR1a in the striatum. Ca2* signals profoundly enhanced the interaction in striatal
neurons. Since activation of mGIuR1/5 with an agonist (DHPG) induced a transient
interaction between the two proteins, CaMKI|I is believed to be activity-dependently
activated and recruited to the receptor to form a feedback loop. The direct interaction
resulted in phosphorylation of mGluR1a at a specific threonine site (T871). This site is
consistent with the consensus phosphorylation motif and lies within the center of the
CaMKlIla binding motif in mGluR1a-CT.

Like most GPCRs, mGluR1a undergoes feedback endocytosis and desensitization after
prolonged and repeated agonist stimulation [48-511. This process involves either second
messenger-dependent protein kinases or GPCR kinases (GRKs) [52]. Through a
phosphorylation-sensitive mechanism, these kinases trigger an agonist-induced
internalization of receptors, leading to desensitization. The CaMKII inhibitor KN93 blocked
the internalization and homologous desensitization of mGluR1a induced by glutamate in
HEK?293 cells 331, KN93 also reduced the internalization and heterologous desensitization
of mGluR1a following muscarinic M1 receptor stimulation 3541, Thus, CaMKI! in addition
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to PKC [32] contributes to mGluR1a desensitization, although underlying mechanisms are
poorly understood. In a recent attempt to unravel the mechanism, KN93 was found to block
the binding of CaMKIlla to mGluR1a CT in striatal neurons, which presumably reduced the
CaMKIla-mediated phosphorylation of mGluR1a, and thereby resensitized the responsivity
of the receptor to subsequent agonist stimulation [47]. Disrupting the CaMKlla-mGluR1a
association with an interaction-dead peptide produced the same effect [471. Thus, CaMKII
serves as an important element in a feedback loop promoting mGIuR1 desensitization. The
observation that DHPG readily activated CaMKI| in striatal and hippocampal neurons 55561
supports the CaMKIlI-regulated feedback model. The fact that the CaMKII binding and
phosphorylation site is immediately adjacent to the mGluR1a region harboring G proteins is
noteworthy 521,

CaMKI| also binds to the mGluR5a CT [571. The CT region which CaMKlla binds to is also
open to CaM [58], This forms a basis for CaM and CaMKIla, to compete with each other for
binding to mGIuR5. However, CaMKII binds to a different site in mGIuR5 as compared to
the site in mGluR1a [571 and CaM did not bind to mGluR1a [58]. More notably, the CaMKI|
binding to mGIuR5a was differentially regulated by Ca2*. While Ca?* enhanced the binding
of active CaMKII to mGluR1a, Ca2* reduced the association of active CaMKII with
mGIuR5. A further study in striatal neurons [57] seems to suggest an interesting model which
may process an mGIuR5 subtype-specific role in potentiating NMDARs 291, A stepwise
scenario is that inactive CaMKII binds to mGIuRS5 at a high level. As such, the kinase is
anchored and accumulated at the perisynaptic site. When neuronal activity is enhanced
together with a cytoplasmic Ca2* rise, CaMKII becomes activated and thereby loses its
affinity for mGIuRS5, leading to dissociations of the kinase from the receptor. After
CaMKlla dissociations, Ca%*-activated CaM occupies the same binding site and prevents
the further accessibility of CaMKIla to the site. Meanwhile, the dissociated CaMKlla
provides a source of the kinase to interact with adjacent substrates, such as GIUN2B, to
phosphorylate and regulate NMDARSs.

5 Conclusions

The phosphorylation-dependent posttranslational modification of glutamate receptors has
been a central topic for more than a decade. Among multiple protein kinases that readily
phosphorylate iGIuRs and mGluRs, CaMKI| plays a significant role. This synapse-enriched
serine and threonine kinase directly binds to the NMDAR subunit GIuN2B and group |
mGIuR CT regions. As a Ca2*-sensitive kinase, CaMKII binds to these receptors in a Ca%*-
dependent fashion. Interestingly, while the CaMKII binding to GIuN2B and mGluR1a is
upregulated by Ca2*, the binding to mGuR5 is down-regulated. Accordingly, CaMKIl Ca2*-
and activity-dependently phosphorylates GIUN2B (S1303), mGluR1a (T871) and GIuAl1
(S831), and mGIuR5 mainly serves to anchor and accumulate the kinase at synaptic sites
(Fig. 1). CaMKII phosphorylation at a specific site (either constitutive or activity-dependent)
distinctively regulates the biochemical, biophysical and functional properties of modified
receptors. For instance, CaMKII-mediated GIuA1 S831 phosphorylation enhances GIuA1/
AMPAR channel conductance and contributes to LTP. T871 phosphorylation of mGluR1a
by CaMKII forms a negative feedback loop controlling agonist-induced endocytosis and
desensitization. The CaMKII-mGIuR5 interaction may enable the kinase to play a bridge
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role in coupling mGIuR5 to GIuN2B/NMDARs. In sum, CaMKI|, as the most abundant
kinase within excitatory synapses, is intimately involved in the phosphorylation and
regulation of both iGIuRs and mGIuRs.

While early studies establish the solid relationship between CaMKII and glutamate
receptors, further studies are needed to answer some more insightful questions. First,
biochemical mechanisms underlying the phosphorylation-mediated regulation are unclear.
Further studies on protein chemistry are needed to elucidate stepwise protein reactions to a
site-specific phosphorylation. Second, structural interplay between CaMKII and a given
glutamate receptor may take place either constitutively or in an activity-dependent manner.
Structure biology studies are thus useful to define a structural basis required for
accommodating interactions between CaMKII and glutamate receptors and to reveal the role
of phosphorylation at a specific site in the configuration of protein structures. Third,
tremendous crosstalk among synaptic proteins including CaMKII and glutamate receptors
occurs given the facts that 1) CaMKII phosphorylates not only NMDARs, AMPARs and
group | mGIuRs, bus also kainate receptors [6%] and a large number of other synaptic
targets [61.62] and 2) a same receptor is phosphorylated by different kinases and is also
subject to dephosphorylation by various PPs. Additionally, glutamate receptors are also
subject to other posttranslational modifications, such as palmitoylation, ubiquitination and
sumoylation [71. Thus, crosstalk in the local synaptic network at different levels will be an
interesting topic in the future. Finally, phosphorylation of glutamate receptors is linked to a
variety of neurological disorders [7]. Phospho- and site-specific antibodies and loss-of-
function mutation mice (by replacing serine and threonine by alanine) are direct and useful
tools to evaluate the importance of a specific phosphorylation site or a set of defined
phosphorylation sites in the pathogenesis or progression of neurological illnesses.
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Fig. 1.
A schematic diagram illustrating CaMKII interactions with glutamate receptors at a

postsynaptic site. Active CaMKII binds to the proximal region of the mGluR1a CT and
phosphorylates T871. This subsequently promotes the agonist-induced endocytosis and
desensitization of the receptor. Active CaMKI| also binds to the GIuUN2B CT and
phosphorylates S1303. Binding to the GIuUN2B CT places the kinase nearby GIuAl and
enables the kinase to phosphorylate GluAl at S831. Inactive CaMKII binds to the mGIuR5
CT under basal conditions. mGIuR5 activation activates the downstream PLC-1P3 pathway
to release Ca2*. Released Ca2* in turn activates CaMKII and dissociates the preformed
kinase from mGIuR5. Released CaMKII may then relocate to the adjacent GIuUN2B CT to
phosphorylate and regulate NMDARSs. See text for abbreviations.
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