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ABSTRACT

CaMKII (calcium/calmodulin-stimulated protein kinase 1lI) is a multifunctional
protein kinase that regulates normal neuronal function. CaMKII is regulated by
multi-site phosphorylation, which can alter enzyme activity, and targeting to cellular
microdomains through interactions with binding proteins. These proteins integrate
CaMKII into multiple signalling pathways, which lead to varied functional outcomes
following CaMKII phosphorylation, depending on the identity and location of the
binding partner. A new phosphorylation site on CaMKII (Thr253) has been identified
in vivo. Thr253 phosphorylation controls CaMKII purely by targeting, does not effect
enzyme activity, and occurs in response to physiological and pathological stimuli in
vivo, but only in CaMKII molecules present in specific cellular locations. This new
phosphorylation site offers a potentially novel regulatory mechanism for controlling
functional responses elicited by CaMKII that are restricted to specific subcellular
locations and/or certain cell types, by controlling interactions with proteins that are

expressed in the cell at that location.
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INTRODUCTION

Calcium/calmodulin-stimulated protein kinase 1l (CaMKIIl) is a family of
multifunctional serine (Ser)/threonine (Thr) protein kinases encoded by four genes (o,
B, v, 0) [1]. One or more members of this family are found in virtually every tissue,
and mediate diverse physiological responses triggered by increases in intracellular
calcium concentrations, activation by the binding of calcium/calmodulin and the
ability to undergo autophosphorylation. CaMKII is expressed most abundantly in
neurons, and is involved in regulating many aspects of neuronal function, including
neurotransmitter synthesis and release, modulation of ion channel activity, cellular
transport, cellular morphology and neurite extension, long-term plasticity, learning,
memory consolidation, and memory erasure following retrieval [2-7]. Non-neuronal
CaMKII has been implicated in the regulation of other biological processes, such as
fertilisation [8], osteogenic differentiation [9], and the maintenance of vascular tone
[10]. Aside from its abundance in the brain, intense interest in CaMKII arose from its

ability to act as autophosphorylatable molecular switch (reviewed in [11, 12]).

Due to its abundant expression in neurons and its importance in regulating various
neuronal functions, it is perhaps not surprising that CaMKII has been shown to play
important roles in neuronal pathology. Genetically modified animals with altered
CaMKII regulation, expression level, or subcellular distribution demonstrate impaired
learning and altered synaptic physiology [13]. Animal models of transient global or
focal ischemia exhibit changes in CaMKI|I that are early in onset and long lasting [14-
16]. Similarly, alterations in CaMKII phosphorylation have been observed in the
brains of patients with Alzheimer’s disease [17], and CaMKII is involved in the

phosphorylation of tau and amyloid precursor protein [18, 19], two proteins important



Skelding & Rostas - Regulation of CaMKII In Vivo 4

in the pathogenesis of Alzheimer’s disease. CaMKII has also been implicated in
epileptogenesis [20], and genetically modified mice with mutations that prevent
phosphorylation at Thr305/306 on CaMKIlla are more susceptible to seizures [13].
Phosphorylation of CaMKII has also been demonstrated to be a critical contributor to
the spontaneous/ongoing component of tissue-injury evoked persistent pain [21]. In
an animal model of Parkinson’s disease, changes in CaMKII phosphorylation in the
striatum have a causal role in the alterations of motor behaviour and striatal plasticity

that follow dopaminergic denervation [22].

The present review briefly summarises current knowledge on the structure and
regulation of CaMKII, but focuses on how the molecular environment and interaction
with binding partners can influence the function of CaMKIIl. Emerging evidence
arising from several laboratories has shown that the present understanding of CaMKI|I
regulation in vivo is inadequate, and that additional regulatory mechanisms must exist.
A new phosphorylation site in vivo at Thr253 has recently been discovered that,
interestingly, does not alter CaMKII activity. Thr253 phosphorylation does, however,
alter the interactions of CaMKII with binding protein partners, which appear to
determine the functional outcomes in a way that varies with the intracellular

microenvironment in which the kinase is found.

STRUCTURE AND ISOFORMS

Each isoform of CaMKII can be divided into three domains: a C-terminal association
domain, a N-terminal catalytic domain, and a regulatory domain in between (Figure
1). The sequence of amino acids 282 — 300 (numbered according to the a isoform)

within the regulatory domain is known as the autoinhibitory domain because it
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interacts with the catalytic domain to block the ATP binding site, and inhibits the
kinase activity of the enzyme [23, 24]. The amino acid sequence 293 — 310 binds
calcium/calmodulin and partially overlaps with the autoinhibitory domain [25].
Consequently, binding of calcium/calmodulin to the calmodulin binding site disrupts
the interactions between the autoinhibitory and catalytic domains [24]. There are four
main variable regions (V1 — 4) through which alternative splicing produces more than
30 isoforms from the four genes by alternative splicing. The V1 region, located
between the regulatory and association domains, is the primary site for divergence

among the four genes of CaMKII [26].

CaMKII isoforms are not uniformly expressed in all tissues. o and P are primarily
localised to nervous tissue [1], whereas y and 0 are found at low levels in virtually all
tissues [27]. Individual cells vary in their pattern of CaMKII isoform expression and
can contain more than one isoform. Different isoforms can co-assemble into
heteromeric holoenzymes [28], so it is likely that both homomultimers and
heteromultimers of CaMKII exist in vivo [29-32]. Homomeric CaMKII composed of
different isoforms exhibit distinct calmodulin concentration dependences for
autophosphorylation, which results from differences in their affinity for calmodulin
[30], and also show significant variations in autophosphorylation rate and substrate
phosphorylation [33]. These results suggest that heteromeric CaMKII should display
varied functional properties depending on its subunit composition, but this prediction

remains to be tested.

Figure 1 here
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The three-dimensional structure of CaMKII has been examined by computer-assisted
analysis of electron microscopy images. Early studies using CaMKII purified from
various animal tissues or baculovirus overexpression systems demonstrated that the
association domains formed an annular structure with a hole in the centre, and that the
catalytic and regulatory domains were arranged around the association domain core
[31, 33-35]. Gaertner et al [33] and Kanaseki et al [31] proposed that the CaMKII
holoenzyme consisted of two ‘wheels’ of six catalytic and regulatory domains which
are tethered to a central tube formed by the twelve association domains (‘hub-and-
spoke’ model), whereas Morris and Torok [35] suggested that there is actually an
outer ring of 12 catalytic and regulatory domains, rather than two ‘wheels’ of six.
The controversy was resolved by Rosenberg et al [36], who utilised the higher
resolution SAXS (small angle x-ray scattering), which showed that the structure is in
fact highly unusual. The CaMKIlla crystal is an asymmetric unit that consists of two
autoinhibited catalytic domains in a symmetric dimer held together by interactions
between anti-parallel coiled-coil structures formed by the regulatory domains. The
regulatory domains are joined by a hinge to the C terminus of the catalytic domain.
The regulatory domain functions like a gate (with Thr286 as its hinge), so that it is
positioned to block the protein substrate and ATP binding sites when CaMKII is
autoinhibited, and is ‘open’ when CaMKII is autophosphorylated at Thr286.
Therefore, CaMKII is comprised of six mutually inhibited dimers. Homomers of a, 3,
Y, and O all exhibit the same basic structure. Whilst heteromultimers are known to

exist [28], their structures are unknown.

These findings highlight the unique structure of CaMKII, and predict properties that

are known to be important for the function of the kinase. For instance, if the dimer is



Skelding & Rostas - Regulation of CaMKII In Vivo 7

the basic unit of the holoenzyme, the binding of the first calmodulin to one kinase
domain would remove its interaction with the regulatory domain of the second kinase
domain, making the second calmodulin-binding site more accessible. This would
account for the observed co-operative nature of calcium/calmodulin binding to the

holoenzyme [36].

REGULATION OF CaMKI|I

The biological properties of CaMKII are regulated by multi-site phosphorylation and
targeting to specific subcellular locations through interactions with proteins. These
two control mechanisms can also influence one another, as the interaction between
CaMKII and some binding partners can be modified by the phosphorylation state of
the kinase, and vice versa. The effects of autophosphorylation on kinase activity have
been studied extensively with purified CaMKII in vitro but the mechanisms of, and
functions mediated by, targeting are less well understood. Emerging evidence
indicates that the behaviour of CaMKII in vitro does not always correctly predict
behaviour in vivo, and that there are extra control mechanisms operating in vivo that

are only just beginning to be appreciated.

Autophosphorylation

Purified CaMKII requires the presence of both calcium and calmodulin for initial
enzyme activity. Autophosphorylation of Thr286 in CaMKlla (Thr287 in CaMKIIp,
Y, and 0) occurs quickly and produces changes in the affinity for calcium/calmodulin,
enzyme activity, and targeting to specific subcellular sites (Table 1). The major

effects of Thr286 phosphorylation are:
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1. CaMKII phosphorylated at Thr286 has a 1000-fold increase in the affinity for
calcium/calmodulin, which prolongs the calcium/calmodulin stimulated activity of
CaMKII because calmodulin is slower to dissociate from the enzyme once the
intracellular concentration of free calcium returns to the basal state (calmodulin
‘trapping’) [37]. The interaction between CaMKII and calmodulin is considerably
different than that between calmodulin and other calmodulin-binding proteins [38,
39], with CaMKII possessing one of the lowest affinities for calmodulin when
compared to other calmodulin-binding proteins (reviewed in [40]). Therefore, despite
its abundance, under basal conditions CaMKII will be one of the last calcium-
sensitive enzymes to be activated by a rise in intracellular calcium. However, after
autophosphorylation at Thr286, CaMKII exhibits one of the highest affinities for

calmodulin.

2. CaMKII phosphorylation at Thr286 allows the enzyme to remain active even after
calmodulin has dissociated from it (autonomous activity). Calcium/calmodulin
binding activates CaMKII by disrupting the interaction between the autoinhibitory
domain and the ATP and protein substrate binding sites (reviewed in [12, 26, 40]),
allowing the kinase to phosphorylate both itself and its substrates.
Autophosphorylation of Thr286 requires calcium/calmodulin binding to adjacent
subunits in a single holoenzyme and results in transautophosphorylation of Thr286
between the adjacent subunits, both of which have calmodulin bound [37]. As a
result of the combined effects of calmodulin “trapping’, autonomous activity and the
requirement for activation of adjacent subunits, CaMKII is able to decode the
frequency, amplitude and duration of calcium spikes into graded responses of kinase

activity [41].
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3. Autophosphorylation of CaMKII at Thr286 can also regulate the function of the
enzyme by increasing the binding of CaMKI| to specific subcellular sites, such as the
post-synaptic density (PSD) [37, 42, 43] (Table 1). This allows the targeting of
CaMKII to specific sites, thereby selectively regulating downstream functions

following CaMKII activation.

Table 1 here

Once the kinase activity of CaMKII is calcium-independent (autonomous), secondary
sites that are within the calmodulin-binding site can be phosphorylated (Thr305/306
in CaMKlla, and Thr306/307 in CaMKIIp, y, and 0). Thr305/306 are adjacent amino
acids, either one or both of which can be phosphorylated in different isoforms under
different conditions [44, 45]. These sites are inaccessible when calmodulin is bound
and so can only be autophosphorylated by autonomously active CaMKII subunits.
Once these sites are phosphorylated, calmodulin can no longer bind so CaMKII
cannot be activated by calcium/calmodulin and the activity of the enzyme becomes
insensitive to changes in calcium/calmodulin [46]. Although Thr305/306 have been
called ‘“inhibitory’ sites, this name is somewhat misleading as rapid phosphorylation
of these sites only occurs in kinase that is autonomously active as a result of Thr286
phosphorylation, and the Thr305/306 phosphorylation has no effect on the
autonomous activity. Thr305/306 can also be phosphorylated at a very slow basal
rate in vitro by non-phosphorylated CaMKII in the absence of calcium/calmodulin

[47]. If this also occurs in the intracellular environment, which is not known,
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CaMKII may become phosphorylated in vivo to some basal level in the absence of

calcium spikes.

Recently, the consequences of phosphorylation at Thr253 have begun to be
characterised. This phosphorylation site, which is present in every subunit and
conserved across species, has been shown to be phosphorylated in vivo [48]. As
shown in Table 1, phosphorylation at Thr253 has no direct effect on the kinase
activity of CaMKI|I in vitro although it has marked effects on CaMKI|I targeting [48].
This is unusual as most well characterised autophosphorylation events in protein
kinases alter the activity of the Kkinase. A second unusual feature of the
phosphorylation of Thr253 is that it occurs only in a small pool of cellular CaMKII.
When the stoichiometry of Thr253 phosphorylation is measured in the whole brain it
appears to be low and therefore of questionable functional significance. However, the
phosphorylation stoichiometry is high in a specific pool of CaMKII that is associated
with the PSD [48] and therefore the functional consequences of Thr253

phosphorylation may be concentrated at this and other specialised cellular locations.

Other sites, such as Ser279 and Ser314, have been found to be phosphorylated both in
vitro [47, 49, 50] and in vivo [51-53], but the stoichiometry of phosphorylation is
relatively low and in vitro phosphorylation does not affect CaMKII activity.
Although these sites have not been investigated for their effects on targeting, it is
possible that, along with Thr253, they may belong to a new class of phosphorylation
site that has its major functional role in regulating targeting rather than directly

modifying enzyme activity.
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Emerging evidence from several laboratories shows that behaviour of CaMKII in vivo
cannot always be predicted from our understanding of its behaviour in vitro,
indicating that additional regulatory interactions occur in intact cells. One example is
the understanding of the role of CaMKII in long-term potentiation (LTP). The
induction of LTP in the hippocampal CAL region requires autophosphorylation of
CaMKII at Thr286 [2], and the maintenance of LTP is associated with a sustained
increase in Thr286 phosphorylation [54]. Based on these findings, it was predicted
that a sustained autonomous CaMKII activity produced by the sustained increase in
Thr286 phosphorylation is responsible for LTP maintenance. However, CaMKIlI
inhibitors administered after LTP induction demonstrated no consistent inhibition of
LTP maintenance [55]. In addition, whilst Thr286 phosphorylation and autonomous
CaMKII were both raised immediately following the induction of LTP as predicted,
autonomous activity returned to basal levels within two minutes of repolarisation,
whereas Thr286 phosphorylation remained elevated for at least sixty minutes [56].
Recent evidence using an independent technique (FRET imaging) has confirmed that
LTP induction only increases the autonomous activity of CaMKII for two minutes
[57]. In purified CaMKII in vitro, sustained Thr286 necessarily produced sustained
autonomous CaMKII kinase activity. This suggests that additional interactions occur
in vivo, probably involving proteins or other components of the intracellular
microenvironment, to enable autonomous activity and Thr286 phosphorylation to be
dissociated. One possible candidate is the endogenous CaMKII inhibitor protein,
CaMKIINa, which binds CaMKII, and the expression has been shown to be

upregulated during memory formation [58].
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As Thr286 phosphorylation appears to be essential for induction and maintenance of
LTP, the ability of various hippocampal brain regions to induce and maintain LTP
was examined in a transgenic mouse model of CaMKII in which the CaMKlla is
unable to be phosphorylated at Thr286 (a Thr286Ala point mutation). As expected,
LTP was completely blocked in the CAl region [2], however, LTP in the dentate
gyrus remained unaffected [59]. This difference was hypothesised to be due to a
mechanism involving CaMKIIB, which was unaltered in the mutant mice [60].
Consistent with this idea, when LTP was measured in a transgenic mouse incapable of
activating CaMKIIB (BCaMKII-F90G), LTP was found to be blocked in the dentate
gyrus, but normal in the CAL region of the hippocampus [61]. As both a and
CaMKII are expressed in both the CA1 and dentate gyrus at similar levels, additional
regulatory mechanisms controlling CaMKII function which are different between the
two brain regions must exist. These may involve additional phosphorylation sites,

such as Thr253, or variation in targeting protein interactions.

Targeting

There are three lines of evidence that led to the recognition of the importance of
targeting in the regulation of CaMKII in cells: the differences between splice
isoforms, the phenomenon of subcellular translocation and the identification of

specific binding interaction with particular proteins.

Splice Isoforms.  All four CaMKII genes undergo alternative splicing in their
variable regions [12], which produces some variability in the kinase properties in
vitro. However, the number of splice variants is much greater than the differences

observed in enzyme activity and the splicing occurred in parts of the molecule well
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away from the catalytic and regulatory domains suggesting that the primary function
of many of the isoforms was not to alter enzyme activity. The discovery that RNA
splicing of CaMKIlla gives rise to a truncated enzymatically inactive protein,
aCaMKII-anchoring protein (aKAP), which is mostly comprised of the association
domain and a lipid tail, provided an unusual example of targeting. aKAP is found in
skeletal muscle and the heart, and is expressed at low levels in the lung, kidney, and
testis [62]. oKAP can form heteromultimers with full length CaMKII, thereby
targeting the active kinase subunits to the sarcoplasmic reticulum membrane in rat
skeletal muscle [63]. A small number of splice variants contain a consensus nuclear
localisation sequence (NLS) and others contain specific binding sites for individual
proteins (for example, the binding sequence for actin is specific to the CaMKIIf
isoform [64]). The fact that the association domain contains all the main sequence
variations between isoforms of CaMKII suggests that most of the binding sites for

other molecules are contained in this region.

A striking example of the importance of targeting to the appropriate regulation of
CaMKII comes from studies of cell proliferation. In various cell types, inhibition of
CaMKII has been shown to inhibit proliferation [65-67]. Indeed, in vascular smooth
muscle cells in culture, proliferation and migration can be induced by serum
withdrawal and this results in the specific induction of the 02 splice variant of
CaMKII, despite the fact that these cells already express another isoform of
CaMKIIo. The proliferative response depends on the expression of the CaMKII02
isoform and the proliferative effect can be blocked by downregulating the induced
CaMKI102 isoform with siRNA specific for CaMKIIo2 [65]. Furthermore, in another

cell type, inducing the expression of an autonomously active CaMKII produced by
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truncating the molecule to remove everything from the middle of the calmodulin
binding domain to the C-terminal (and hence removing most if not all of the known
and proposed targeting sequences) produced aberrant results: inhibiting rather than

stimulating proliferation [68].

Translocation. CaMKII translocation to the PSD has been well characterised
(reviewed in [69, 70]), and CaMKII phosphorylated at different sites (Thr253,
Thr286, and Thr305/306) alters the amount of CaMKII that is bound to the PSD
(Table 1). Subcellular targeting of kinases, phosphatases, and other signalling
molecules is commonly regulated by specific protein-protein interactions, and is an

alternate mechanism by which CaMKII can be regulated (Figure 2).

The oldest evidence for CaMKII targeting comes from the recognition that CaMKI|I is
highly concentrated in certain cellular locations such as the PSD and that the
concentration at such sites can change by translocation from the cytoplasm. This
translocation can occur rapidly in response to hypoxia or post-mortem delay and may
involve self-assembly of CaMKII [71-73]. Translocation to the PSD may also occur
more slowly during the normal maturation phase of brain development by a process
that is sensitive to thyroid hormone [74]. Changes in the autophosphorylation of
CaMKII can regulate translocation and CaMKII binding to the PSD (Table 1).
Phosphorylation of Thr305/306 decreases the amount of CaMKII bound to the PSD,
stimulating translocation from the PSD to the cytosol [75]. By contrast,
phosphorylation of either Thr286 or Thr253 enhances binding to the PSD, stimulating
translocation from the cytosol to the PSD and the effects appear to be through

independent binding proteins since phosphorylation at both sites results in an additive
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effect [48]. Once located in the PSD, CaMKII can phosphorylate many different

substrates, including subunits of the NMDA receptor [42, 76-78].

CaMKII is also concentrated at other subcellular sites, such as the cytoskeleton,
where translocation has been shown to occur [79, 80]. Phosphorylation of CaMKII at
Thr286 enhances binding to MAP-2 when compared to non-phosphorylated CaMKI|I
[81, 82], or CaMKII phosphorylated at Thr253 (Skelding et al, manuscript in
preparation). However, the effects on CaMKII translocation to the cytoskeleton
following Thr286, Thr305/306, and Thr253 phosphorylation have not been

characterised.

Binding Partners. It is well established that the appropriate targeting of signalling
molecules plays an important role in establishing the cellular responses to
extracellular stimuli. With respect to CaMKII function, CaMKII must be co-localised
with the correct binding protein to provide the appropriate cellular response. The
specific binding proteins responsible for the translocation of CaMKII, the isoform
specific interactions and the targeting to different subcellular locations are
progressively being identified. Table 2 summarises the main binding proteins that

have been identified.

Targeting can achieve localised functional outcomes in one of two ways, which may
occur together or independently (Figure 2). Binding proteins can target the kinase
activity of CaMKI|I to specific target proteins (substrates) in the immediate vicinity of
the binding protein (or the binding protein itself), thereby resulting in a more rapid or

selective phosphorylation of key functional proteins (Figure 2 top left). Interactions
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with some binding proteins can alter the activity of CaMKII through allosteric
mechanisms enabling it to phosphorylate substrate proteins in vivo that are only
poorly phosphorylated in vitro [76, 83, 84]. Alternatively, binding proteins can utilise
the specific binding properties of CaMKII independent of its kinase activity to target
the adaptor activity of CaMKII recruiting other proteins to build a signalling complex
at a specific location in the cell (Figure 2 top right). This adaptor activity of CaMKI|I
may not necessarily result in phosphorylation of any of the assembled proteins in the

signalling complex.

Figure 2 here

Studies utilising proteometric techniques have identified more than thirty protein
substrates for CaMKII in the PSD alone [51, 85, 86]. Numerous other binding
partners have been identified, with many of the binding interactions being altered
following CaMKII phosphorylation (Table 2). The existence of binding between
CaMKII and the proteins listed in Table 2 has been established by overlay binding
assays or immunoprecipitation/pull down assays. Most of the interactions were only

examined using one isoform of CaMKII, unless otherwise stated.

Table 2 here

A few of the binding sequences on CaMKII responsible for interacting with other

proteins are well characterised, such as the NLS [87]. However, most binding

sequences are unknown. Except for the CaMKIIpm splice insert, which contains a
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putative SH3-domain binding region [63, 88], CaMKII does not contain the well
known consensus-binding motifs. It is known that multiple parts of CaMKII can be
involved in the binding interactions - with the exception of a-actinin-2, which binds to
CaMKIla monomers that lack the C terminal half of the molecule [89], all the
identified sites are in the C-terminal half of the molecule. For example, BAALC-1-6-
8 (Brain and Acute Leukaemia Cytoplasmic protein) interacts with the C-terminal end
of the regulatory domain of CaMKIlla [90], F-actin binds to CaMKIIp in the V1 insert
region of the association domain [91], and the small C-terminal domain phosphatase 3
(SCP3) binds to the association domain of the G-2 variant of CaMKIly [92].
Therefore, the isoform, splice variant, and phosphorylation state of CaMKII can all

influence the interactions between the kinase and its binding partners.

Phosphatases. The actions of protein phosphatases can play a significant role in
regulating CaMKII by removing the effects of autophosphorylation of CaMKII, as
well as the effects of phosphorylation of its substrates and binding partners. PP1,
PP2A, and PP2C, but not PP2B, exhibit activity towards Thr286 in vitro [43, 93, 94].
Although specific phosphatases acting on the Thr305/306 phosphorylation sites have
not been identified, decreased PP1 and PP2A phosphatase activity in hippocampal
extracts were observed in a mouse model of Angelman’s mental retardation
syndrome, a model that is characterised by elevated phosphorylation at Thr305/306

[95].

CaMKI|I associated with PSDs is primarily dephosphorylated by PP1 [43, 93, 94, 96],
although phosphorylation specifically at Thr286 appears to be protected from

dephosphorylation by PSD resident PP1 [97], presumably due to steric hindrance or
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conformational change caused by neighbouring proteins. By contrast, soluble
CaMKII appears to be dephosphorylated by PP2A [43]. Therefore, CaMKII may be
exposed to different levels of phosphatase activity, or even to distinct phosphatases, in
discrete subcellular locations.  This highlights the importance of the cellular

microenvironment in the regulation of CaMKI|I activity and function in vivo.

MOLECULAR ENVIRONMENT AND CaMKII FUNCTION

It has been well established that CaMKII located in different subcellular
compartments behaves differently (reviewed in [70]), and hence the association of
CaMKII with various binding partners can alter the phosphorylation and function of
CaMKII. Two binding proteins that are enriched at the PSD (namely the NMDA
receptor and CASK) illustrate the reciprocal interactions between CaMKII
phosphorylation and CaMKII targeting. Once synaptic activity has opened NMDA
receptor channels and raised intracellular calcium levels in the post-synaptic spine and
local dendrite, calmodulin activates CaMKII in the vicinity, leading to
phosphorylation at Thr286 and binding to the NR2B subunit of the NMDA receptor
[76, 83]. This binding changes the conformation of CaMKII, keeping it
autonomously active even after calcium levels fall, calmodulin dissociates, and
phosphatases dephosphorylate Thr286. Additionally, autonomous phosphorylation of
Thr305/306 (that would occur rapidly in purified CaMKII) is inhibited, which allows
the NR2B bound CaMKII to bind calmodulin again following an increase in calcium
levels [83]. In contrast, CaMKII binding to the scaffold protein CASK results in a
very different outcome. Whilst CASK binding also changes the conformation of
CaMKII, keeping it autonomously active, the conformation is changed in a way that

favours autophosphorylation of Thr305/306 [84]. When calcium levels fall and
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calmodulin dissociates revealing the Thr305/306 site, the CASK-bound CaMKII
becomes phosphorylated on Thr305/306, dissociating CaMKIl from CASK and
releasing a pool of CaMKII insensitive to changes in calcium levels. Until
phosphatase activity can restore the ability of these kinase molecules to become
activated by calcium/calmodulin, this interaction leads to an accumulation of a pool of
CaMKII insensitive to changes in calcium levels. It has been hypothesised that this
interaction provides a mechanism for downregulating the calcium-stimulatable pool
of CaMKII, and may be important for differentiating active and inactive synapses
[84]. These scenarios highlight the complexity of CaMKII regulation, and
demonstrate the importance of molecular environment and the interaction with

binding partners in controlling CaMKII function.

As phosphorylation of CaMKII at Thr253 does not alter CaMKI|I activity [48] (Table
1), the functional effects elicited following Thr253 phosphorylation are most likely
due to changes in interactions with binding partners. There is indirect evidence that
suggests allosteric changes caused by the environment (either alterations in the
intracellular environment or changes in subcellular location) can bias phosphorylation
towards Thr253 or Thr286. For example, purified soluble CaMKII incubated in the
presence of calcium/calmodulin and 100uM ATP is rapidly phosphorylated at Thr286
but only very slowly at Thr253 whereas, in the presence of calcium/calmodulin and
10uM ATP, phosphorylation is biased towards Thr253 [48, 49]. However, PSD-
associated CaMKII incubated with 100uM ATP autophosphorylates Thr253 at a

relatively rapid rate, even in the absence of added calmodulin [98].
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We have developed a semi-quantitative assay using a far western overlay technique
with target proteins immobilised on PVDF membranes and overlaid with FLAG-
tagged phospho-mimic mutants of CaMKII (Thr253Asp and Thr286Asp) to detect
CaMKII binding partners whose interaction with CaMKII is sensitive to Thr253
phosphorylation (Skelding et al, manuscript in preparation). From binding studies
with CaMKlIla and tissue extracts and purified proteins we have begun to investigate
the effect of site specific phosphorylation at Thr286 and Thr253 (using phospho-
mimic mutations to simulate phosphorylation) on the ability of CaMKII to bind to its
binding proteins. We have shown that phosphorylation at either Thr253 or Thr286
can enhance, inhibit or have no effect on the binding of CaMKII to particular
proteins. The effects of phosphorylation at these sites on binding to proteins are
independent of each other. The binding interaction with CaMKII is also sensitive to
changes in phosphorylation of the binding protein. For instance, the cytoskeletal
protein desmin binds non-phosphorylated CaMKIla and the binding is enhanced by
phosphorylation at either Thr253 or Thr286. In contrast, Thr253 phosphorylation
completely blocks CaMKIla binding to the membrane protein MBP (myelin basic
protein), whilst Thr286 phosphorylation only slightly inhibits binding.  Since
oligodendrocytes are not known to express CaMKlla, this interaction either does not
occur in vivo, or occurs via a region of CaMKII that is conserved among all isoforms
as, interestingly, MBP also binds CaMKIly [99]. Furthermore, the sequence of
CaMKlIly differs from that of CaMKIlo mainly in the V1 region indicating that this
region does not contain the MBP binding site. Thr286 phosphorylation stimulates
CaMKlla binding to several microtubule-associated proteins while Thr253
phosphorylation has little or no effect. For both BAALC 1-6-8, a membrane targeting

protein [90] and the enzyme TH2 (human tyrosine hydroxylase isoform 2), Thr253
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phosphorylation enhances CaMKIlIa binding, though the enhancement is stronger for
BAALC (Skelding et al, manuscript in preparation). However, phosphorylation of
TH2 at Ser19 and Ser40 greatly enhanced the affinity of TH2 binding by all forms of
CaMKIlo and magnified the relative enhancement of binding by Thr253
phosphorylation. The Thr253Asp phospho-mimic mutation had no effect on the
kinetics of TH2 phosphorylation by CaMKII [48] indicating that for its interaction

with TH2, phosphorylation at Thr253 modifies the adaptor activity of CaMKII.

We have shown that treatment of tissue extracts with exogenous protein phosphatase
greatly reduced CaMKIla binding to many, though not all, proteins. This shows that
the regulation of CaMKII binding by the phosphorylation of either (or both) CaMKI|I
and its binding partner is not restricted to TH2 but, rather, is a widespread control
mechanism. By comparing CaMKII binding profiles of tissue extracts from different
brain regions or different cell lines we have also shown that the expression pattern of
CaMKII binding proteins varies with cell type (Skelding et al, manuscript in
preparation). Such cell specific variation in the expression of binding proteins may be
involved in the targeting mechanisms responsible for producing cell specific

functional consequences of CaMKII activation.

Figure 3 shows a schematic diagram that summarises a working hypothesis of how
the functional consequences of CaMKII activation by a rise in intracellular calcium
can be determined by the local molecular microenvironment and selectively located
binding proteins. While the bulk of cellular CaMKIl may undergo
autophosphorylation at both Thr286 and Thr253 (centre top), there are specific pools

of CaMKII that may selectively autophosphorylate at only Thr286 (top left) or
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Thr253 (top right) due to the influence of local binding proteins (a and b). These
differentially phosphorylated pools of CaMKII could then exchange binding protein
partners and/or recruit new ones (¢ and d) resulting in differential targeting of the
CaMKII in these pools and different functional outcomes. Thus, the complement of
CaMKII binding proteins expressed by a cell and their subcellular location could

determine the functional consequences of CaMKII activation in that cell.

Figure 3 here
CONCLUSIONS AND FUTURE DIRECTIONS

The regulation of CaMKII is complex. Emerging evidence suggests that regulatory
mechanisms controlling CaMKII in vitro are an incomplete guide to the observed
behaviour of CaMKII in vivo because additional mechanisms regulating CaMKI|I
exist in cells that cannot be seen with purified enzyme in vitro. Thr253 may represent
a new class of phosphorylation sites that does not directly alter kinase activity but
rather modifies its interactions with binding proteins, thereby varying the cellular
location of CaMKII. CaMKII located in different molecular environments can
respond to stimuli differently, and become phosphorylated at different sites resulting
in differential targeting and functional outcomes. Variations in expression and
intracellular location of binding proteins can give rise to cell specific functional

responses to CaMKII activation.

Recent discoveries concerning interacting proteins and selective binding offer new
insights into the role of binding proteins in regulating CaMKII in vivo. Future
investigations will need to focus on characterising these interactions, and identifying

the sites on CaMKII and/or the binding protein through which these interactions
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occur. The structural features of these binding sites could then be utilised to
formulate novel small molecular weight molecules capable of selectively inhibiting
the interactions between CaMKII and particular binding partners thereby interfering
with the signalling pathways involved. This approach may then be able to selectively

alter particular functional outcomes observed following CaMKII activation.
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Figure 1. Schematic diagram of the domain structure of CaMKIIl monomers.
Each isoform of CaMKII can be divided into three domains: a N-terminal catalytic
domain, a regulatory domain, and a C-terminal association domain. There are four
main variable regions (V1 — 4), which are the major sites of sequence variation
between the genes for the main isoforms, and are also the primary sites for alternative

splicing.
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Figure 2. Targeting can achieve localised functional outcomes by targeting
kinase or binding activity. The two targeting activities can operate in concert or
independently but, for clarity, they are shown in the diagram as if they were mutually

exclusive.
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Table 1. Effects of autophosphorylation at threonine 286, 305/306, and 253 on
CaMKII activity and targeting

Effect on Purified CaMKII In Vitro

Effects on Targeting

to:
Site of Calcium/ Calcium/ Calcium/ Post-
Autophosphorylation | Calmodulin | Calmodulin | Calmodulin | Synaptic Other
Binding Dependent | Independent | Density Sites
Activity Activity
Thr286 Increased Prolonged Increased Increased | Multiple
Thr305/306 Decreased Decreased No effect Decreased Not
examined
Thr253 No effect No effect No effect Increased | Multiple #

# Skelding et al, manuscript in preparation
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Table 2. Proteins that Bind to CaMKIl |
Binding Protein CaMKII Used in Study
Protein Function Phosphorylation State Isoform Ref
a-actinin-1 Microfilament Non-phosphorylated o [100]
protein (B, v, ont)
a-actinin-2 Microfilament Autophosphorylated o [89]
protein (radiolabelled CaMKI1)* | (B, y, 0 nt)
Marker of human | Non-phosphorylated and | o binds,
BAALC 1-6-8 hematopoietic Asp286 CaMKII binds, does not [90]
progenitor cells Asp253 increases (v, O nt) +
binding
Non-phosphorylated
Calcium channel CaMKII binds al, o2a,
a-subunit Calcium influx a3, and a4, while 02 [101]
isoforms (L-type) pThr286 only binds ol (a, B, y nt)
and o2a
Calcium channel, Pre-synaptic Non-phosphorylated Not [102]
N-type calcium influx specified
Synaptic protein Non-phosphorylated
Camguk/CASK targeting and CaMKII binds Camguk, Not [84]
synaptic plasticity | pThr305/306 decreases specified
binding
Regulator of NFxB Autophosphorylated Y
CARMA1 activation of (radiolabelled CaMKII)# (a, B, O nt) [103]
lymphocytes
Cdk5 activators Proline-directed o
p35 and p39 serine/threonine Non-phosphorylated (B, v, Ont) [100]
kinase
Cytoplasmic Regulates protein
polyadenylation synthesis and Not
element binding initiates MRNA pThr286 specified [104]
protein (CPEB) polyadenylation
and translation
pThr286 enhances
Densin-180 Dendritic binding compared to o [89, 105]
scaffolding protein non-phosphorylated (B, v, 9 nt)
CaMKII
Muscle Non-phosphorylated Purified
Desmin intermediate CaMKII binds desmin, from rat [81, 82]
filament Asp286 and Asp253 brain +
increases binding
Microtubule Non-phosphorylated Purified
MAP-2 assembly binds MAP-2, Asp286 from rat [81, 82]
increases binding brain +
Autophosphorylated Y [99]
(radiolabelled CaMKI1)* | (a, B, @ nt)
Myelin Basic Major myelin Non-phosphorylated
Protein sheath protein binds, Asp286 slightly
decreases binding, o
Asp253 completely (B, v, & nt) T

blocks binding

Voltage sensitive

pThr286 enhances
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ionotropic binding compared to o [42, 60-
NR2A/B glutamate receptor non-phosphorylated (B, v, 9 nt) 62]
involved in CaMKllI
synaptic plasticity
Serine/threonine o
PP2A protein Non-phosphorylated (B, v, Ont) [106]
phosphatase
pThr286 decreases Purified
Projectin Integral protein of binding compared to from rat [107]
insect flight muscle non-phosphorylated brain
CaMKII
Rad GTP binding Autophosphorylated Not [108]
protein (radiolabelled CaMKI1)* | specified
PP2C-type v (G-2 [92]
SCP3 protein Non-phosphorylated variant)
phosphatase (a, B, O nt)
Microtubule Purified [109]
STOP associated protein pThr286 from rat
brain
Synapsin 1 Synaptic vesicle Autophosphorylated o [110]
binding protein (radiolabelled CaMKI11)* | (B, y, & nt)
Component of Only pThr286 bound
Syntaxin 1A exocytotic syntaxin 1A (non- o [111]
molecular phosphorylated CaMKII | (B, vy, 9 nt)
machinery did not interact)
Non-phosphorylated and Purified
Tau Microtubule Asp253 CaMKII bind fromrat | [82,112]
assembly tau, Asp286 increases brain +
binding
Tyrosine Catecholamine Non-phosphorylated o [113]
hydroxylase (rat) biosynthesis (B, v, 9 nt)
Tyrosine Non-phosphorylated and
hydroxylase Catecholamine Asp286 CaMKI| bind, o
isoform 2 biosynthesis Asp253 increases (B, v, 9 nt) T
(human) binding
Tyrosine Binding is enhanced for
hydroxylase non-phosphorylated,
isoform 2 Catecholamine Asp286, and Asp253 o
(human), biosynthesis CaMKII when compared | (B, v, 0 nt) +
phosphorylated at to non-phosphorylated
Ser19 and Ser40 tyrosine hydroxylase

nt not tested

* When autophosphorylated, CaMKII will be predominantly (though not always exclusively)
phosphorylated at Thr286

tSkelding et al, manuscript in preparation
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