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[. Introduction

The concentration of free intracellular Ca?" ([Ca?*];)
is highly regulated because Ca?" is an important
cellular signaling molecule.! Basal levels of intrac-
ellular Ca?* in most mammalian cells is in the 10—
50 nM range, and stimulated concentrations are
generally 500—1000 nM. Since concentrations of Ca?*
in the extracellular space or intracellular organelles
(endoplasmic and sarcoplasmic reticulum and mito-
chondria) are millimolar, the cell has numerous
mechanisms for modulating [Ca?*]; both temporally
and spatially.? Such mechanisms include ligand- (1P,
CADP-ribose, cGMP, glutamate, etc.) and voltage-
(cell depolarization and hyperpolarization) gated ion
channels, Ca?t pumps, and exchangers in both the
plasma membrane and intracellular Ca®" storage-
organelles. These ion channels, pumps, and exchang-
ers are subject to complex regulation by cellular
signaling pathways. For example, the L-type Ca?*
channel which is primarily activated by membrane
depolarization (i.e., voltage-gated) is also subject to
additional modulation through covalent phosphor-
ylation by protein kinases, which are stimulated by
CcAMP or calcium.34

Temporal and spatial changes in [Ca?"]; mediate
responses of many agonists such as hormones, growth
factors, and neurotransmitters. Mammalian cells
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contain a large number of proteins that bind [Ca?*];
with varying specificity and affinity. Some of these
proteins have low affinity and act primarily as
“buffers” that limit Ca?t diffusion. Other proteins
bind Ca?* with high affinity and specificity and are
responsible for producing the multiple biochemical
changes and physiological responses characteristic of
elevated [Ca?'];. Some of these proteins, such as
protein kinase C, bind Ca?* directly, whereas others
are regulated indirectly through a “transducer” such
as calmodulin (CaM). CaM is a ubiquitous 16—17 kD
protein containing four helix—loop—helix motifs that
bind Ca?" with high specificity and affinity (0.5—5
uM Kg values).> CaM has two globular domains, each
of which contains two Ca?" binding sites; these
domains are connected by a flexible a-helix. Binding
of Ca?" to CaM induces a conformational change
exposing hydrophobic residues that promote interac-
tion of the Ca?t/CaM complex with a large number
of proteins including a family of Ser/Thr protein
kinases. This family of Ca?"/CaM-dependent protein
kinases (CaM-Ks) is the subject of this review.

A. CaM-Ks: General Characteristics

CaM-Ks can be divided into two general catego-
ries: those with very restricted substrate specificity
(restricted) and those with broad substrate specificity
(multifunctional). Table 1 lists members of these two
groupings with some of their general characteristics.
Note that they all have similar domain organizations
(Figure 1) with the exception of CaM-KIIl (eEF-2K),
which belongs to a unique family of Ser/Thr protein
kinases (see below). As discussed for each kinase,
they are autoinhibited in the absence of Ca?*/CaM.
In addition to activation by Ca?*/CaM, all of these
CaM-Ks are further regulated by phosphorylation—
either autophosphorylation or phosphorylation by
some other kinase. In some cases this phosphoryla-
tion activates the CaM-K, whereas in other cases it
is inhibitory.

[I. Multifunctional CaM-Kinases

A. The CaM-Kinase Cascade

Many protein kinases form cascades where one
protein kinase activates a downstream protein ki-
nase.® Some of these cascades, like the MAP kinases,
have multiple members, whereas others like CAMP-
dependent protein kinase/phosphorylase kinase are
more limited. Enzyme cascades, including protein
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kinases, exhibit several unique regulatory aspects:
(1) amplification of the input to output signal, (2)
opportunities for independent regulation of each
member of the cascade, and (3) potential for cross-
talk with other signaling pathways.

Over the past six years a CaM-K cascade has been
described that contains three members: CaM-KK,
CaM-Kl, and CaM-KIV.”# CaM-KK is the upstream
member of the cascade which activates CaM-KI and
CaM-KI1V through phosphorylation of their “activa-
tion loops”. At the base of their catalytic cleft, many
protein Kinases, including CaM-KI and CaM-KIV,
have an “activation loop” containing a Ser/Thr in
which phosphorylation strongly augments kinase
activity. A somewhat unusual feature of the CaM-K
cascade is that binding of Ca?"/CaM to both CaM-
KK and its substrates, CaM-KI and CaM-KIlV, is
required for phosphorylation of the activation loop
sites.%10 It is not readily apparent if there is some
unique advantage of binding of the same allosteric
activator to adjacent members of a cascade, but other
examples do exist (e.g., the AMP-kinase cascade).
Each member of this CaM-K cascade will be de-
scribed.

B. CaM-Kinase Kinase

Initial studies on CaM-KI and CaM-KIV indicated
the existence of an “activating factor” in brain
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Figure 1. Domain organization for members of the Ca?*/
calmodulin (CaM)-dependent protein kinases. The domains
are shown as as follows: catalytic domains, dark green;
autoinhibitory domains, red; Ca?"/CaM-binding domains,
yellow; association domain of CaM-KII, magenta; Ig mod-
ules, gold; fibronectin modules, blue; actin binding motifs,
blue bars; PEVK repeats, black springs; and nonconserved
regions without identified structural or functional domains,
black lines. Isoform variations for each type of kinase are
not shown. The catalytic core of eEF-2K belongs to a protein
kinase family significantly different from the other Ca2*/
CaM-dependent protein kinases. See text for references.

extracts that, upon incubation with Ca?*/CaM plus
Mg?*/ATP, could dramatically increase their activi-
ties.!* An o CaM kinase kinase (CaM-KK), which can
activate both CaM-KI and CaM-KI1V, was cloned*? as

Table 1. Summary of Properties of Major Mammalian Ca?"/CaM-Dependent Protein Kinases. Details and
References Are Given in the Sections Describing Each Kinase

CaM-kinase subunit Mr holoenzyme substrates regulation by phosphorylation
CaM-KI 42 kD monomer unknown CaM-KK: increased total activity
CaM-KII 50—-60 kD dodecamer multiple autophosphorylation: constitutive activity
. enhanced binding of Ca?*/CaM
CaM-Kll11 (eEF-2K) 100 kD monomer eEF-2 autophosphorylation: constitutive activity
PKA: constitutive activity
CaM-KIV 65—67 kD monomer multiple CaM-KK: increased total and constitutive activity
autophosphorylation: activation
CaM-KK 55—65 kD monomer CaM-Kl, CaM-KIV PKA: inhibitory
PKB
SKMLCK 67—150 kD monomer RLC
SmMLCK 130—-210 monomer RLC PKA, PKC, CaM-KIlI, PAK: increases Kcam OF Vimax
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well as more recently a § CaM-KK isoform.'314 These
monomeric CaM-KKs have general domain organiza-
tions common to other CaM-Ks (Figure 1). Many
protein kinases have a primary amino acid sequence
(AID) that interacts with and inhibits the catalytic
domain.®® In many cases AlIDs are “pseudosubstrates”
which contain substrate recognition determinants
except they lack a phosphorylatable Ser/Thr. The
Ca?*/CaM complex binds to a sequence (CBD) which
partially overlaps the AID, presumably causing a
comformational change and thereby disrupting in-
teraction of the AID with the catalytic domain and
inducing kinase activity. CaM-KKs also have an AID
and CBD,'® but their catalytic domains have two
unique properties. The first is the absence of the
conserved acidic residues in catalytic subdomains V
and VI that, in many other kinases, recognize basic
residues in substrates; the second is an unusual Arg-
Pro-rich insert (RP-insert). The absence of acidic
residues suggests that CaM-KK does not recognize
basic residues in the primary sequence around the
phosphorylation sites in the activation loops in CaM-
Kl (Thrl77)° and CaM-KIV (Thr196).Y” For many
substrates of protein kinases, the primary sequence
around the phosphorylation site is important for
substrate recognition. However, studies on the MAP
kinases suggest that the primary sequence in the
activation loop may not dictate the specificity of the
activating kinase.'® A recent study has shown that
the RP-insert in the catalytic domain of CaM-KK is
important in recognition of CaM-KI and CaM-KIV
as substrates. Deletion of the RP-insert in CaM-KK
abolishes its activity toward CaM-KI and CaM-KI1V.1®
Interestingly, the RP deletion mutation has no effect
on the ability of CaM-KK to activate protein kinase
B (PKB). Activation of PKB through phosphorylation
of its activation loop by CaM-KK was shown to occur
both in vitro with recombinant enzymes as well as
in NG108 cells upon elevation of intracellular Ca?+.2°
Compared to CaM-KI and CaM-KIV, PKB is a
relatively poor substrate for CaM-KK,?! suggesting
that different substrate recognition determinants
may be involved. This could explain why activation
of PKB is not altered by deletion of the RP insert in
CaM-KK where the same mutation obviates activity
toward CaM-KI and CaM-KIV. Activation of PKB by
CaM-KK may contribute to protection against cel-
lular apoptosis.?° In certain cells, such as cerebellar
granule cells, small elevations of intracellular Ca?*
prevents apoptosis.??

Cross-talk between different signaling cascades or
pathways is rather common, and this is also true for
the CaM-K cascade. For example, cAMP-dependent
protein kinase (PKA) can phosphorylate two sites in
CaM-KK and inhibit its activity.?®?* One of these
phosphorylation sites is in the CBD of CaM-KK. This
inhibition depends on the temporal sequence of the
cellular stimulation. For example, treatment of cul-
tured cells with forskolin, which elevates cCAMP levels
and stimulates PKA, results in strong inhibition of
CaM-KK activation upon subsequent Ca?" mobiliza-
tion as well as suppression of activation of its
downstream target CaM-KIV.2 However, if Ca?"
mobilization occurs prior to elevation of cCAMP levels,
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inhibition of CaM-KK by PKA is reduced because
Ca?"-CaM blocks the access of PKA to phosphorylate
the CBD.¢ Cross-talk with the cAMP system can also
occur at the level of type I adenylate cyclase, which
itself can be stimulated by the binding of Ca?*/CaM.
CaM-KIV appears to phosphorylate the CaM-binding
domain and inhibit activation of the type | adenylate
cyclase by Ca?t/CaM.?5

C. CaM-Kinase |

CaM-KI is a monomeric 42 kD enzyme that is
widely distributed in most mammalian cell types.?®
There are three genes encoding a, 3, and y isoforms
with alternative splicing to form g1 and j2.27%
Although physiological substrates and therefore func-
tions of this kinase are not well characterized, it is
the only CaM-K for which a crystal structure is
known.?® Therefore, the main focus in this section will
be CaM-KI structure and the role of its AID in
inhibiting the kinase.

CaM-KIl, like other protein kinases (see review by
Taylor and co-workers in this issue), has a bilobal
catalytic domain with the upper lobe primarily bind-
ing ATP and the lower lobe binding protein sub-
strates and performing catalysis. In the basal inhib-
ited state, multiple residues in the AID of CaM-KI
interact with both surfaces of the upper and lower
lobes of the catalytic domain.?® The AID contains two
o-helices, aR1 and aR2, which interact with the
lower and upper lobes, respectively. For example,
residues 305—316 in aR2 interact with the outer
surface of the upper catalytic lobe, resulting in
distortion of the ATP-binding pocket. Multiple resi-
dues in aR1 of the AID form hydrophobic and ionic
interactions with the lower catalytic lobe that binds
protein/peptide substrates. The best peptide sub-
strates of CaM-KI have a basic residue at the P-3
position (i.e., three residues N-terminal of the phos-
phorylated Ser/Thr) and a hydrophobic residue at
P-5.20 Glu102, which is predicted to interact with the
P-3 basic residue in substrates of CaM-KI, interacts
with Lys300 in aR1. Likewise, Phe298 in aR1 may
mimic the P-5 residue in substrates, and it is buried
in a hydrophobic pocket formed by residues Phel04,
11e210, and Pro216 of the lower catalytic lobe. Thus,
due to interactions of residues in the AID with key
residues in both lobes of the catalytic domain, basal
CaM-KI cannot effectively bind ATP or protein
substrates and is inactive.?® Initial binding of Ca?*/
CaM to the CBD in aR2 presumably disrupts its
interactions with the upper catalytic lobe and allows
the ATP-binding domain to adopt its proper confor-
mation.3%2 A resultant conformational change in oR1
or perhaps subsequent interaction of Ca?*/CaM with
oR1 displaces its “pseudosubstrate” inhibitory inter-
actions with the lower lobe. The activated kinase can
then bind both substrates and catalyze phosphor-
ylation.

This mechanism of autoinhibition of CaM-KI is
quite different from an analogous kinase, twitchin
kinase, which is activated by binding of Ca?*/S100.33
S100, like CaM, is an “EF hand” Ca?" binding
protein. In twitchin kinase, the AID physically oc-
cupies the catalytic cleft rather than interacting with
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the outer surfaces of the two catalytic lobes.3* Residue
Glu6023 in the catalytic domain of twitchin kinase
would normally interact with a basic residue in
substrates, but it binds to Arg 6237 in the AID.
Residues 6236—6240 in the AID form a short helix
which occupies the ATP-binding pocket. These com-
parisons of CaM-KI and twitchin kinase indicate that
although the overall structures of their bilobal cata-
lytic domains are highly conserved, the mechanisms
by which their AIDs inhibit kinase activities differ
markedly. One caveat of these results is that the
crystal structures of both CaM-KI and twitchin
kinase were obtained with truncated enzymes. Al-
though it seems unlikely that truncations would alter
the mode of interaction of the AID with the catalytic
domain, it remains a possibility. It will be important
to obtain crystal structures for other CaM-Ks to
determine their mechanisms of basal inhibition.

In addition to activation by binding of Ca?*/CaM,
CaM-KI is further activated through a phosphoryla-
tion mechanism. Like many protein kinases, CaM-
Kl has an “activation loop” containing a phosphor-
ylation site, Thr177.° Phosphorylation of Thrl77 in
CaM-KI is catalyzed by CaM-KK, resulting in a 10-
to 20-fold increase in CaM-KI activity toward most
of its substrates. As stated above, activation of CaM-
K1 by CaM-KK only occurs when Ca?*/CaM is bound
to both kinases.?® Presumable binding of Ca?t/CaM
to CaM-KI is required to present a proper conforma-
tion of the activation loop to CaM-KK. Interestingly,
the activation loop in CaM-KI in the absence of bound
Ca?*/CaM is not highly structured and cannot be
visualized in the crystal structure.?® CaM-KI acti-
vated by CaM-KK still has an absolute requirement
for Ca?*/CaM for activity. Phosphorylation of Thr177
in CaM-KI results in a 40-fold decrease in its Ky
value for phosphorylation of site 1 in synapsin.3®
However, it has recently been reported that certain
synthetic peptides that contain basic residues in the
P-6 and/or P-7 positions are phosphorylated equally
well by CaM-KI whether it was activated by CaM-
KK or not.*° The physiological relevance of this
observation is not known, but it could suggest the
existence of CaM-KI substrates whose phosphoryla-
tions are not dependent on CaM-KK activation of
CaM-KI.

Little is known about physiological functions of
CaM-KI. In vitro CaM-KI can phosphorylate syn-
apsin?” and the cystic fibrosis transmembrane regu-
lator,3® but its physiological substrates are not es-
tablished. It is expressed in most mammalian cells,*”
predominantly in the cytoplasm although nuclear
isoforms may exist.3® When truncated CaM-KI is
overexpressed in a mammalian cell, it can phospho-
rylate nuclear transcription factors®® but the physi-
ological relevance is not clear. However, CaM-KI in
C. elegans does have a nuclear localization signal and
may participate in regulation of gene transcription
through phosphorylation of transcription factors.*°

D. CaM-Kinase IV

Expression of monomeric mammalian aCaM-KIV
is largely limited to neural tissues, T cells, and
testis.”® A 8 splice variant, containing an additional
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28 N-terminal residues, is differentially expressed
during development and is strongly expressed in
cerebellar granule cells of mature rats.** Unlike CaM-
Kl and CaM-KK, CaM-KIV has not been identified
in Drosophila or C. elegans.

General domain organization of CaM-KIV is simi-
lar to CaM-KI, but it has extended N- and C-termini.
Like CaM-KI, CaM-KIV is activated by binding of
Ca?*/CaM and by phosphorylation of its activation
loop (Thr196) by CaM-KK. However, CaM-KIV also
appears to be regulated through autophosphorylation
after its activation by CaM-KK. Autophosphorylation
of the CaM-KIV Ser/Thr-rich N-terminus is required
for full activation.*>*3 For example, the Ser12Ala plus
Ser13Ala mutations prevent activation of CaM-KIV
by CaM-KK, but a mutant that lacks the N-terminal
20 residues is activated normally by CaM-KK.*® This
suggests that the N-terminus has an AID that can
be neutralized by autophosphorylation or by trunca-
tion. One consequence of activation of CaM-KIV, but
not of CaM-KI, by CaM-KK is the generation of
considerable Ca?*-independent activity. Since muta-
tion of Thr196 to Ala obviates both the increase in
total as well as Ca?"-independent activity,!” the Ca?"-
independent activity could be a direct consequence
of Thr196 phosphorylation or, more likely, it could
be due to subsequent autophosphorylation. This issue
has not been resolved. Generation of Ca?"-indepen-
dent activity might be an important regulatory
mechanism; it would allow a transient elevation in
intracellular Ca?* levels to produce a prolonged CaM-
KIV activation to regulate gene transcription through
phosphorylation of transcription factors. Such a
mechanism would be analogous to CaM-KII where
autophosphorylation of Thr286 generates prolonged
Ca?*-independent activity, which is essential for long-
term potentiation in hippocampal region CA1.4* Once
CaM-KI1V has been activated by CaM-KK, Ser332 in
the CBD is autophosphorylated in a Ca?*-indepen-
dent reaction* and prevents subsequent binding and
activation by Ca?*/CaM.

CaM-KI1V shows very strong nuclear localization,*®
and good evidence supports the idea that it is
responsible for Ca?"-dependent gene transcription
through phosphorylation of several transcription
factors: CREB, SRF, and MEF2 phosphorylation.4”~4°
CaM-KI1V phosphorylates Ser133 in CREB, the site
phosphorylated by PKA. Transfected CaM-KIV alone
is a relatively poor stimulator of transcriptional
activation by CREB, perhaps because its Vpyax Value
for CREB phosphorylation is low.4” Upon activation
by CaM-KK, however, CaM-KIV has Vmax and Ky,
values equivalent to those of PKA®® and cotransfec-
tion of CaM-KK with CaM-KIV gives a 14-fold
enhancement of transcription.?? Studies in cultured
hippocampal neurons indicate that CaM-KIV regu-
lates CREB-dependent gene transcription in response
to electrical stimulation or KCI depolarization.5! This
role of CaM-KI1V in CREB-mediated transcription has
been confirmed in CaM-KIV knockout mice. In one
study, CREB phosphorylation in the knockout mice
was strongly suppressed in several brain regions by
paradigms which elicited CREB phosphorylation in
wild-type mice.>? In another study, the knockout mice
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showed impaired cerebellar Purkinje neuron develop-
ment and reduced CREB phosphorylation in cerebel-
lum extracts.>® Recent studies suggest that in addi-
tion to phosphorylation of CREB, CaM-KIV exerts a
further regulatory role through phosphorylation of
CBP (CREB binding protein).>*% Given that CBP is
a transcriptional co-activator for many transcription
factors, including CREB, its phosphorylation by CaM-
KIV presents a mechanism for regulating the expres-
sion of numerous genes by Ca?*.

CaM-KI1V is present in the cytoplasm as well as
the nucleus; therefore, it probably has physiological
functions in addition to phosphorylation of transcrip-
tion factors. One probable substrate is oncoprotein
18 which negatively regulates microtubule assembly.
Oncoprotein 18 can be phosphorylated on multiple
sites by several protein kinases; CaM-KIV phospho-
rylates Ser16 of oncoprotein 18.5 This phosphoryla-
tion, which inhibits the interaction between oncopro-
tein 18 and tubulin, is observed in Jurkat cells upon
stimulation of the CD3 receptor,®” which activates
CaM-KlV .58

E. CaM-KIl

The most intensely investigated member of the
multifunctional CaM-Ks is CaM-KII. The CaM-KII
family (reviewed in ref 59) is encoded by four genes
(o, B, v, and O) which also exhibit alternative splicing.
The y and ¢ isoforms are expressed in most tissues,
whereas the o and g isoforms are most prominent in
neural tissues and comprise up to 2% of total protein
in hippocampus. The overall subunit domain orga-
nization is similar to the other CaM-Ks except for a
C-terminal extension that is involved in subunit
association. The holoenzyme is an oligomeric protein
comprised of 12 50—60 kD subunits arranged as two
stacked hexameric rings.6%6! The C-terminal associa-
tion domains form the central core of each ring with
the N-terminal catalytic domains projecting outward.
In the absence of bound Ca?*/CaM, the CaM-KII is
maintained in an inactive conformation due to an
interaction of an AID with the catalytic domain of
its own subunit. Interestingly, the sensitivity of CaM-
KI1l to activation by Ca?*/CaM is dictated by the
subunit composition of the holoenzyme.®?

Unlike many other protein kinases, CaM-KII does
not contain a phosphorylatable residue analogous to
the activation domains of CaM-KI and CaM-KIV.
Thus, CaM-KII is not phosphorylated or activated by
CaM-KK.2 However, the unique holoenzyme struc-
ture of CaM-KII endows it with unusual regulatory
properties required for sensing and transducing
various types of intracellular Ca?" signals. Upon
activation by Ca?"/CaM binding, the kinase under-
goes an immediate autophosphorylation on Thr286
(numbering based on the a isoform).%° This autophos-
phorylation occurs within the oligomeric complex (i.e.,
intramolecular) but between adjacent subunits (in-
tersubunit) that have bound Ca?"/CaM.%384 This
rapid autophosphorylation on Thr286 has two im-
portant regulatory consequences: (1) the subsequent
dissociation rate for Ca?*/CaM upon removal of Ca?"
is decreased by several orders of magnitude,®® and
(2) even after full dissociation of Ca?"/CaM, the

Chemical Reviews, 2001, Vol. 101, No. 8 2345

kinase retains partial activity (i.e., Ca?*/CaM-inde-
pendent or constitutive activity). Presumably the
stacked hexameric ring structure of the CaM-KII
holoenzyme restricts intersubunit autophosphoryla-
tion to within each ring.

Thus, transient elevation of intracellular Ca?* can
give a prolonged response through the constitutive
activity of autophosphorylated CaM-KII, and this
property appears to be critical for certain physiologi-
cal functions of CaM-KII. This is especially pertinent
in certain regions of the brain where the frequency
of afferent pathway stimulation can alter the ef-
ficiency of transmission at glutamatergic synapses.
This process, known as synaptic plasticity, is trig-
gered by elevated postsynaptic [Ca?"];. CaM-KII has
been hypothesized as a decoding mechanism for
synaptic frequencies®® because of its unique activa-
tion properties as discussed above and its localization
in dendritic spines in an organelle called the postsyn-
aptic density (PSD).%” The magnitude of constitutive
CaM-KII activity, due to autophosphorylation of
Thr286 on adjacent subunits in the oligomeric ho-
loenzyme, should depend on the duration, amplitude,
and frequency of elevated Ca?" entering dendritic
spines due to afferent stimulation. A recent in vitro
study®® shows that CaM-KII activation is regulated
by these parameters. The abilities of CaM-KII to
decode the frequency of synaptic stimulation and to
give a prolonged readout beyond the initial stimulus
are two characteristics required for a molecule in-
volved in generation of synaptic plasticity.®°

In many cells CaM-KII is largely soluble and
widely distributed throughout the cell, but discrete
subcellular pools of CaM-KII have recently been
identified. Alternative splice varients of a, 6, and y
isoforms contain a nuclear localization signal
(NLS),’>" and nuclear CaM-KII is likely to play a
role in Ca?" mediated gene transcription through
phosphorylation of transcription factors such as
CCAAT/enhancer-binding protein (C/EBP).”>7 It is
intriguing that CaM-kinases | and IV can phospho-
rylate a Ser adjacent to the NLS in CaM-KII and
prevent its nuclear localization, but whether this
occurs physiologically is uncertain.” Recent studies
indicate that muscle CaM-KII may also be localized
in muscle to the sarcoplasmic reticulum through a
unique protein, oKAP. o KAP contains a hydrophobic
N-terminus fused to the C-terminal association do-
main of CaM-KII.”® The C-terminal association do-
main of aKAP can form heteromers with full-length
CaM-KII subunit, and the hydrophobic N-terminus
of aKAP directs the resulting kinase complex to the
sarcoplasmic reticulum membrane.”® Likely sub-
strates for CaM-KII in the sarcoplasmic reticulum
include the ryanodine receptor,”” phospholamban,”®
and the Ca?" ATPase pump.”

Brain is particularly abundant in CaM-KII, where
it appears to be associated with specialized struc-
tures. For example, there is evidence for co-localiza-
tion of the CaM-KII S isoform with the cytoskeleton.
Upon stimulation of the Ca?"-permeable NMDA-R
ion channel in hippocampal neurons, CaM-KII dis-
sociates from F-actin and undergoes translocation to
membraneous fractions including the PSD.& The
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Figure 2. Neuronal synaptic substrates of CaM-KII. Activation of CaM-KII during LTP, due to Ca?" influx through the
NMDA-R, leads to autophosphorylation (reaction 1) and generation of constitutive activity. Constitutive CaM-KII can
phosphorylate and potentiate AMPA-Rs (reaction 2) to strengthen the excitatory postsynaptic current (EPSP). Activated
CaM-KII can also phosphorylate and inhibit nNOS (reaction 3) and SynGAP (reaction 4), resulting in possible activation
of MAPK, and phosphorylate the scaffold protein DLG/SAP (reaction 5), causing disruption or remodeling of synaptic
structures. See text for references. (Reprinted with permission from ref 86. Copyright 2000 Elsevier Science.)

PSD, a complex of postsynaptic membrane proteins
involved in mediating and modulating synaptic trans-
mission, is associated with the cytoskeleton through
anchoring proteins.®”8 CaM-KII is a major constitu-
ent of the PSD, where it is anchored in part through
the protein densin-180.8? This interaction of CaM-
KIl with densin-180 does not appear to depend on
the activation state (i.e., Thr286 autophosphoryla-
tion) of the kinase. In contrast, additional CaM-KII
can associate with the PSD through interaction with
the NMDA-type glutamate-gated ion channel, but
this translocation appears to require activation of the
kinase and perhaps its autophosphorylation on
Thr286.8384 Translocation to the PSD occurs in hip-
pocampal slices upon treatments which activate
CaM-KII, and it promotes the phosphorylation of
CaM-KII substrates in the PSD such as the AMPA-
R.8385 Translocation would localize CaM-KII at a
critical site of Ca?" influx into the dendritic spine
since the NMDA-R ion channel has considerable Ca?*
permeability, and its activation is required for several
types of synaptic plasticity. In addition to localizing
CaM-KI1 to a site of Ca?* influx, this translocation
also situates the activated kinase in close proximity
to several very important neuronal substrates.®® It
is intriguing that the stacked hexameric ring struc-
ture of CaM-KIlI may have implications for this
subcellular targeting. For example, one of the hex-
americ rings may have a localization function through
multisite interactions with PSD proteins, such as
densin-180 and/or the NMDA-R, whereas the other

hexameric ring may catalyze phosphorylation of
neighboring substrates.

CaM-KII can phosphorylate a large number of
proteins in vitro,>® and recently several substrates
that may be involved in synaptic plasticity have been
identified (Figure 2).86 One of the most intensely
studied forms of synaptic plasticity is long-term
potentiation (LTP) in region CA1 of hippocampus.8788
Brief high-frequency stimulation of the afferent
pathway causes a long-lasting increase in the ef-
ficiency of transmission at these excitatory synapses
that use glutamate as the neurotransmitter. The
glutamate released by the afferent neuron into the
synaptic cleft can bind to several specific transmem-
brane receptor proteins in the postsynaptic neuron.
One of these receptors, the AMPA-type glutamate
receptor (AMPA-R), is an ion channel that upon
activation by binding of glutamate allows Na* influx
to depolarize the postsynaptic neuron. LTP at these
synapses is detected electrophysiologically as a
postsynaptic depolarization due to increased Na*
current through predominantly AMPA-Rs. AMPA-Rs
are thought to be tetramers of various combinations
of subunits GluR1-GluR4.

Numerous studies have documented that activated
CaM-KII can phosphorylate the GIuR1 subunit of the
AMPA-R and enhance its current.®® The AMPA-R is
phosphorylated by CaM-KII during LTP in region
CAL1 of hippocampus.8-°° Phosphorylation of Ser831
in GIuR1 by CaM-KII potentiates AMPA-R current
by increasing single-channel conductance.® Indeed,
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about 60% of CA1 neurons that exhibit potentiation
during LTP show an increase in unitary conduc-
tance.®? These biochemical and electrophysiological
results are supported by studies in transgenic mice.
For example, adult mice lacking GluR1, the AMPA-R
subunit phosphorylated by CaM-KII, show a specific
deficit in LTP.%® Likewise, a single-site mutation in
aCaM-KII (Thr286Ala) results in a mouse which is
deficient in CA1 LTP.** This subtle mutation does
not effect activation of CaM-KII through binding of
Ca?*/CaM, but it precludes generation of constitutive
activity by autophosphorylation. Thus, CaM-KII phos-
phorylation of AMPA-Rs with resultant potentiation
of current is thought to contribute prominently to
LTP at the CA1 synapse of hippocampus.8-24
Several other PSD proteins can also be phospho-
rylated by CaM-KII (Figure 2). Indeed, the NMDA-R
which acts as an anchor for activated CaM-KIlI can
be phosphorylated by CaM-KI1.%® Although phospho-
rylation of Ser1303 in the NR2B subunit has not been
reported to directly regulate channel properties, it
appears to decrease its binding affinity for CaM-KI1.%6
Another substrate is a novel Ras-GTPase activating
protein (SynGAP) localized at the PSD of hippocam-
pal neurons through its interaction with the scaffold
proteins PSD-95 and SAP102.°7%8 SynGAP is phos-
phorylated and potently inhibited by CaM-KII. This
suggests that activation of the NMDA-R, which is
also part of the PSD-95 complex, may result in
activation of CaM-KII, which in turn phosphorylates
and inhibits SynGAP, thereby potentiating activation
of the MAP kinase pathway that appears to be
important in some forms of synaptic plasticity. Regu-
lation of MAP kinase through CaM-KII-mediated
phosphorylation of SynGAP needs to be verified in
intact neurons. Another CaM-KI1 substrate anchored
to PSD-95 is neuronal nitric oxide synthase (nNOS).
Phosphorylation of NNOS at Ser847 results in partial
inhibition of its activity.®® Nitric oxide, the product
of NOS, appears to be an important signaling mol-
ecule in brain.’® Thus, it is clear that numerous
targets of CaM-KII are important in cellular regula-
tion, and the recent discovery of a specific inhibitor
protein for CaM-KI11 191192 should facilitate identifica-
tion of additional substrates. This inhibitor protein,
CaM-KIIN, acts noncompetitively with respect to
substrates and bears no sequence similarity to the
AID of CaM-KII. Peptides corresponding to the AID
of CaM-KII can inhibit CaM-KII, but they act com-
petitively with substrate and are not specific in that
they also inhibit several other protein kinases.1%3

[ll. Restricted CaM-Kinases

A. CaM-Kinase lll or Elongation Factor-2 Kinase

CaM-KI11 was originally identified as a Ca?*/CaM-
dependent kinase that phosphorylated an unidenti-
fied protein of 100 kD.104195 This substrate was
subsequently identified as elongation factor-2,1% and
this kinase is now referred to as elongation factor-2
kinase (eEF-2K) as eEF-2 is the only known sub-
strate. eEF-2K is a monomeric 100 kD enzyme
present in most mammalian tissues as well as in
many invertebrates. It has been cloned from several
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mammalian species, and it shows very little homol-
ogy to the highly conserved catalytic 12 subdomains
of other mammalian Ser/Thr protein kinases.107:108
However, eEF-2K does show higher homology to
several Dictyostelium protein kinases, and it has been
proposed that these novel Ser/Thr protein kinases
represent a new family that recognizes a-helical
structure in its substrates.'®® A recent mutagenesis
analysis of functional domains in eEF-2K indicates
an N-terminal catalytic core (residues 75—335) and
a C-terminal domain that binds eEF-2 with a central
linker region. The CaM-binding domain is between
residues 51—96, probably comprised of a putative
amphipathic a-helix of residues 81—94.11°

eEF-2K can be regulated by both intramolecular
autophosphorylation as well as phosphorylation by
PKA.111112 Both of these phosphorylations generate
Ca?"-independent activity and therefore have the
potential for prolonging a transient Ca?" signal.
Regulation by PKA appears to be physiologically
relevant since treatments of various cell types with
agonists which elevate cAMP produce Ca?"-indepen-
dent eEF-2K activity and subsequent phosphoryla-
tion of it substrate eEF-2.11311 There also appear to
be cellular mechanisms for regulating the protein
levels of eEF-2K. Treatment of PC12 cells with NGF
results in a slow (max. effect at 12 h) loss of eEF-2K
protein. Phosphorylation by eEF-2K of Thr56 and
Thr58 in eEF-2 inhibits the function of eEF-2. eEF-2
mediates the translocation step in peptide chain
elongation and is therefore intimately involved in
protein synthesis. Thus, eEF-2K is thought to be an
important negative regulatory of protein synthesis
by agonists that elevate Ca?" and/or cAMP.115

B. Myosin Light Chain Kinases

Myosin light chain kinase (MLCK) is a Ca?"/CaM-
dependent protein kinase that phosphorylates a
specific serine at the N-terminus of the regulatory
light chain (RLC) of myosin 11.116117 This is the only
identified physiological substrate, so it is a dedicated
protein Kinase in contrast to the other multifunc-
tional CaM-dependent protein kinases. RLC phos-
phorylation initiates contractions in smooth muscle
due to its stimulatory activity on the actin-activated
myosin MgATPase activity.''811% In contrast, RLC
phosphorylation potentiates contraction in striated
muscles by increasing the formation of force-bearing
cross-bridges.'?° Although MLCKSs are dedicated ki-
nases, they participate in many cellular activities due
to the diverse roles of its substrate, myosin 11.1%7

There are two genes for MLCK in vertebrates.'?!
The skeletal muscle MLCK gene encodes a kinase
catalytic core and regulatory segment containing
autoinhibitory and CaM-binding domains (AID and
CBD) that are distinct from the smooth muscle
MLCK (Figure 1). However, the smooth muscle
kinase gene expresses a short and long MLCK in a
cell-specific manner due to alternate promoters.122.123
The short MLCK is expressed in differentiated
smooth muscle tissues and some nonmuscle cells,
whereas long MLCK is found in some nonmuscle cells
and injured vascular smooth muscle cells.*” Both
forms of the enzyme have additional structural motifs
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Figure 3. Model for CaM activation of MLCK. CaM and the catalytic core of MLCK are ellipsoid molecules with similar
maximal dimensions. The AID of the kinase (arrow) converges to the catalytic cleft to inhibit RLC, but not ATP, binding.
When Ca?* binds to CaM, the protein initially binds with its C-domain to the CBD of MLCK. Calmodulin then collapses
and translocates the regulatory segment, exposing the catalytic cleft. Binding of substrate (arrow) results in closure of the
cleft and reorientation of calmodulin relative to the catalytic core. Calmodulin structures are shown in gold, modeled
structures of kinase core are in green, and the MLCK calmodulin-binding peptide is in blue. The ellipsoids represent the
structures of MLCK and calmodulin obtained from X-ray and neutron scattering experiments. See text for references.

not found in skeletal muscle MLCK (Figure 1). These
include Ig and Fn modules as well as a PEVK repeat-
rich region; the functional roles of these structural
modules in MLCK is not clear. Both smooth muscle
MLCKSs contain an actin-binding sequence consisting
of repeat motifs (DFRXXL), each of which may bind
a single actin monomer in an actin filament.1?4125 The
N-terminal extension of long MLCK may be respon-
sible for an increased affinity for actin-containing
filaments!?® and localization to the cleavage furrow
of dividing cells.’?” Additionally, the N-terminus of
long MLCK contains a SH2-binding domain and a
consensus tyrosine phosphorylation site for Src which
may also provide dynamic localization signals in
CE||S.128'129

An AID folds back on the surface of the large
domain of MLCK catalytic core similar to other CaM-
dependent protein kinases and prevents RLC but not
ATP binding in the catalytic cleft (Figure 3). Protein
fragmentation complementation analyses show that
the primary autoinhibitory motif is contained within
the sequence between the catalytic core and the CaM-
binding sequence,** consistent with previous results
obtained with truncation mutants.’3* In smooth
muscle MLCK residues C-terminal to the CaM-
binding sequence, including the Ig module, do not
appear to be functional components of the regulatory
segment.130

When Ca?*/CaM binds to a synthetic peptide based
on the CBD of MLCK, it undergoes a conformational
collapse with its two domains encompassing the
peptide by bending of a flexible interconnecting
helix.1327134 This complex results in the peptide
forming a single a-helix in an antiparallel orienta-
tion, i.e., the C-terminal domain of CaM binds to the
N-terminus of the peptide and vice versa. Two
hydrophobic residues in the peptide separated by 12
intervening residues bind to two hydrophobic clefts
in the respective CaM domains. One side of the
formed tunnel contains a hydrophobic surface that
interacts with the hydrophobic surface of the a-heli-
cal peptide.

The two domains of CaM each are effectively
independent structures and capable of activating

target enzymes, including MLCK.3® However, when
both domains are present, there is a greater extent
of activation than either domain alone, indicating an
ideal spatial arrangement of the two CaM domains
for activation. MLCK activation involves an ordered
sequence of binding by Ca?*/CaM (Figure 3) with an
average Kcam value of 1 nM.136713% The C-terminal
domain of CaM binds to the N-terminus of the CBD
with the subsequent binding of the N-terminal do-
main of CaM. CaM thus initially binds near the
catalytic cleft of MLCK in an elongated form.4° The
extended CaM (68 A maximum linear dimension)
then collapses to 49 A with a size and shape on
MLCK similar to that reported for Ca?t/CaM in
complex with peptides containing the CBD of ML-
CKs.11 Ca?"/CaM binds at a position distant from
the equatorial plane that is perpendicular to the long
axis of MLCK, which has a maximal linear dimension
of 78 A for its catalytic domain (Figure 3). Thus, Ca2*/
CaM bound to the kinase appears to result in a
substantial movement of the regulatory segment
away from the catalytic cleft.

In addition to binding to the CBD in the regulatory
segment, ensuing CaM interactions with the catalytic
core per se may be necessary for activation.14>-144
Although CaM binding and activation processes are
basically similar for both smooth and skeletal muscle
MLCKSs, selective mutated CaMs have abilities to
activate one or the other kinase, indicating significant
distinct differences in target-specific interactions.>144
Subsequent binding of myosin RLC induces ad-
ditional conformational changes resulting in closure
of the cleft and reorientation of CaM with transfer
of phosphate from ATP to RLC (Figure 3).145146

The smaller N-terminal domain of the catalytic
core of MLCK binds MgATP under a glycine-rich flap
in the presence or absence of Ca?*/CaM, indicating
that the ATP-binding pocket is exposed and compe-
tent during autoinhibition;*” however, the protein
substrate, RLC, does not bind.**® The orientation of
the N-terminus of RLC in the cleft may be similar to
the orientation of the substrate recognition fragment
of the inhibitor peptide of cAMP-dependent protein
kinase.'*® Similar to the catalytic subunit of the
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cAMP-dependent protein kinase, there are two acidic
residues in the catalytic cleft of MLCK that appear
to bind basic residues of the AID in the regulatory
segment.’? When the AID is displaced by CaM
binding, arginine at the P-3 position (three residues
N-terminal of the phosphorylatable serine 19) binds
to the two glutamate residues in the cleft which are
close to the catalytic aspartate. Additionally, hydro-
phobic residues immediately C-terminal of serine 19
(p+1, p+2, and p+3) contribute to substrate recogni-
tion, but additional residues in the N-terminal half
of RLC are also important for substrate recogni-
tion.1#®

The activity of smooth muscle MLCK can be
modulated by phosphorylation at specific sites that
lead to increased Kcam Or Vmax Values; however, both
nonphosphorylated and phosphorylated MLCKs are
tightly regulated by Ca?"/CaM binding, and no
evidence exists for physiologically relevant Ca?*/
CaM-independent activity. The most well-docu-
mented effect of MLCK phosphorylation is a 10-fold
increase in Kcav that occurs upon phosphorylation
of one of two serine residues in the C-terminus of the
CaM-binding sequence (Figure 3). Protein kinases
that phosphorylate this site in vitro include PKA,°
PKC,'5t CaM-KI1,'%? and PAK.1%3 Phosphorylation of
MLCK at this site by CaM-KII in smooth muscle
tissues and cells in culture is initiated in a Ca?"-
dependent manner during smooth muscle contrac-
tions, resulting in a decrease in the sensitivity of RLC
phosphorylation to [Ca?']i. [Ca?']; thus may act in two
ways to regulate Ca?*-dependent RLC phosphoryla-
tion. As smooth muscle contracts, it acts positively
to increase RLC phosphorylation by activating MLCK
via Ca?"/CaM binding. At greater concentrations,
[Ca?']; acts negatively on RLC phosphorylation by
stimulating CaM KIlI phosphorylation of MLCK.
Interestingly, cAMP-dependent protein kinase does
not appear to significantly phosphorylate this site in
smooth muscle tissues,'>* although it may in non-
muscle cells.’®> Although PKC phosphorylates a
serine residue in the C-terminus of the CBD in vitro,
stimulation of PKC activity with phorbol esters in
smooth muscle tissues in vivo does not result in its
phosphorylation.’®* MLCK phosphorylation by PAK
is associated with decreased MLCK activity, inhibi-
tion of RLC phosphorylation, and inhibition of cell
spreading or contraction. Results from studies on
phosphorylation of short smooth muscle MLCK would
also be applicable to the long MLCK, although direct
studies are yet to be performed. The long MLCK has
a Src tyrosine phosphorylation site in the extended
N-terminus that may also be important in regulation
of the kinase.

MLCK also contains several phosphorylation con-
sensus sites for proline-directed protein kinases.
Phosphorylation of two sites external to the catalytic
core and regulatory segment in vitro by members of
the MAPK family increase Vmax With no change in
the Kcam value.'®8157 Treatment of MCF-7 cells with
uPA, an activator of the MAPK pathway, stimulates
cell migration, phosphorylation of MLCK, and myosin
RLC, all of which were inhibited by a MEK inhibi-
tor.’ These results are consistent with a MAPK-
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stimulation of MLCK activity by phosphorylation
with resultant increases in RLC phosphorylation and
cell migration. The potential importance of many of
these phosphorylation sites on short and long smooth
muscle MLCK and regulation of diverse cellular
functions has yet to be fully explored.

IV. Summary

The CaM-K family represents a diverse group of
protein kinases that regulate a variety of cellular
functions in response to elevated intracellular Ca?*.
These cellular functions include muscle contraction,
ion channel permeability, gene transcription, and
protein synthesis. Although these CaM-Ks have
conserved overall domain organizations (Figure 1)
and are activated by binding of Ca?*/CaM, they each
exhibit novel structural and regulatory properties
essential for their unique physiological functions. A
crystal structure for a portion of CaM-KI is known,
and it will be interesting to see whether key regula-
tory interactions are conserved in the other CaM-Ks
or whether there is divergence. In addition to being
regulated by intracellular Ca?*, many of the CaM-
Ks are also activated or inhibited through phospho-
rylation by other protein kinases. This cross-talk with
other signaling pathways allows integration of Ca?"
signals with other signaling pathways to modulate
the physiological output of the cell.

V. Abbreviations
AID autoinhibitory domain

aKAP aCaM-KIlI-associated protein

AMPA  a-amino-3-hydroxy-5-methyl-4-isoxazole propi-
onate

[CaZf];  intracellular free calcium concentration

CaM calmodulin

CaM-K calmodulin-dependent protein kinase

CBD calmodulin-binding domain

CREB  cAMP-responsive element binding protein

eEF-2K eukaryotic elongation factor-2 kinase
GIuR1  subunit of AMPA receptor
LTP long-term potentiation

MAPK  mitogen-activated protein Kinase
MLCK  myosin light chain kinase

nNOS neuronal nitric oxide synthase
NMDA N-methyl-p-aspartate

PDz PSD-95/DLG/Z0-1

PKA cAMP-dependent protein kinase

PKB protein kinase B

PSD postsynaptic density

RLC regulatory light chain

synGAP synaptic Ras-GTPase-activating protein
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