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Abstract
In this article the calcium/calmodulin-dependent protein kinases are reviewed. The primary focus
is on the structure and function of this diverse family of enzymes, and the elegant regulation of
their activity. Structures are compared in order to highlight the conserved architecture of their
catalytic domains with respect to each other as well as protein kinase A, a prototype for kinase
structure. In addition to reviewing structure and function in these enzymes, the variety of
biological processes for which they play a mediating role are also examined. Finally, how the
enzymes become activated in the intracellular setting is considered by exploring the reciprocal
interactions that exist between calcium binding to calmodulin when interacting with the CaM-
kinases.
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Introduction
The divalent cation calcium (Ca2+) is one of the most widely utilized second messengers in
cellular signaling. In fact, Ca2+ is so integral to cellular physiology that it would be difficult
to find a process in mammalian cells that is not influenced by its action in some way.
Interestingly, despite its critical nature in the cell, Ca2+ is highly reactive, and therefore
toxic to cells upon prolonged exposure to high levels. Because of this toxicity, it is essential
that cells preserve a low intracellular concentration of Ca2+ (50–100 nM) in their basal state.
On the other hand, it is this highly reactive nature of Ca2+ and the low intracellular
concentration that make it such a potent molecule for use in cellular signaling. The myriad
of pumps, exchangers and buffers that work to maintain the low intracellular concentration
of this ion ensure that a large chemical gradient for Ca2+ will always exist across the plasma
membrane of the cell. So, when integral membrane proteins like Ca2+-permeable receptors
or voltage-gated Ca2+ channels are opened, there is a rapid influx of Ca2+ into the cell that
raises the concentration an order of magnitude or more. Due to the spatial distribution and
temporal kinetics of different Ca2+ permeable receptors and channels, the actual elevation of
intracellular Ca2+ can vary widely between different cell types and cellular sub-
compartments, and local concentrations have been estimated to reach levels as high as 10–
100 μM during an induced Ca2+ influx. Extracellular Ca2+ is not the only source for the
signaling ion however. Ca2+ can also be released from intracellular stores via activation of
inositol trisphosphate (IP3) receptors or ryanodine receptors located in the membrane of both
the endoplasmic and sarcoplasmic reticulum. These intra-cellular stores are typically
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stimulated to release by either a chemical or mechanical communication between receptors/
ion channels in the plasma membrane and the organelles that maintain Ca2+ stores. Often,
this communication will initiate a positive feedback loop that can send waves of Ca2+

release outward from the starting point through the entire cell, and sometimes into
neighboring cells in the same tissue. The resulting spatial and temporal profile of the Ca2+

signal can thus be quite complex, and is dictated by the specific cell type’s expression
pattern of Ca2+ release molecules [1]. These signals are decoded by the intracellular
biochemical machinery to regulate biological effects such as contraction, secretion, cell
proliferation, and induction of synaptic plasticity, to name a few. For a more complete
review of Ca2+ signaling see references [1 and 2].

Many of the second messenger effects of Ca2+ are mediated through the ubiquitous Ca2+

sensing protein, calmodulin (CaM, Figure 1). CaM is a 17 kDa Ca2+-binding molecule that
has been highly conserved throughout biological evolution. It is composed of an N- and C-
terminal lobe tethered by a highly flexible helical linker region that allows CaM to adopt a
variety of conformations when bound to different targets [3]. Each lobe of CaM contains a
pair of EF-hand motifs allowing it to bind four Ca2+ ions, and saturation of CaM with
Ca2+induces a conformational change that permits the protein to interact with and activate a
surprisingly diverse set of target enzymes. As such, CaM has no enzymatic activity, and its
function is to integrate the Ca2+signal and transduce it to other downstream enzymes. With
this in mind, it is intriguing to note that, by itself, CaM’s Ca2+ binding kinetics (Kd of ~10
μM) would make it a relatively poor Ca2+ sensor in a cellular context where global Ca2+

concentrations tend to peak around 1 μM [4]. Of course this would not hold true in Ca2+

microdomains where the concentration is expected to be much higher (up to 100 μM), but it
does beg the question of why such an integral Ca2+-signal transduction molecule has a
relatively low affinity for the ion? The answer to this question likely lies in the difference
between CaM’s affinity for Ca2+ by itself versus its affinity for Ca2+ in the presence of
target enzyme. Research by several labs over the last decade has illustrated thermodynamic
coupling between CaM, Ca2+, and its downstream targets [5–12]. The increases in CaM’s
Ca2+-binding affinity can be substantial, suggesting that, in a cellular context, the
constellation of different targets tunes CaM’s Ca2+-binding affinity accordingly. Of the
many downstream targets of CaM, a family of enzymes known as the calmodulin-dependent
kinases (CaM-kinases) is one of the best characterized and will be the focus of this review.
CaM-kinases are critically important for proper cellular function as their range of influence
spans processes as diverse as gene transcription, cell survival/cell death (apoptosis),
cytoskeletal reorganization, and learning and memory. In addition to reviewing the structure
of these kinases and how this structure dictates their enzymatic activity and regulation, we
will also touch on the cellular processes regulated by the distinct members of the CaM-
kinase family.

Kinase Structure and the Phosphotransferase Reaction
The term kinase refers to a large category of enzymes that catalyze the transfer of phosphate
from the gamma position of ATP to the hydroxyl group of Ser, Thr, or Tyr within protein
substrates. The first direct evidence of kinase activity was observed in 1954 by Burnett and
Kennedy, as the phosphorylation of the protein casein by a partially purified protein sample
[13]. Since then, the importance of protein kinases in the regulation of protein function has
become an integral part of our understanding of biology (for a historical review on the
subject see references [14] and [15]). In 1991, Knighton et al. solved the crystal structure of
the catalytic domain of the cAMP-dependent protein kinase (PKA) [16]. This was the first
protein kinase structure solved, and provided the earliest glimpse into the mechanics of
kinase catalytic function. Over the next few years the X-Ray crystallographic structures of
cyclin-dependent kinase 2 (cdk2) and the extracellular-regulated kinase 2 (ERK2) were
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solved [17,18], and it became evident that all protein kinases likely shared a common
structural motif [19]. To this day the most well studied protein kinase is PKA, and it thus
serves as a model for kinase structure and function.

According to sequence comparisons of various protein kinases they are known to share a
conserved region of ~250 amino acids that are required for activity (Figure 2). Among these
amino acids there are several homologous regions and highly conserved residues. This
conserved region is responsible for a structural core that is present in all known kinase
molecules; a bi-lobed catalytic core comprised of a small ATP binding domain, made
primarily of β-strands, (orange domains in Figure 2) and a larger substrate binding domain,
made primarily of α-helices, (green domains in Figure 2) connected by a small linker region
[20]. This linker region acts as a hinge that allows the two globular domains of the catalytic
region to open and close through the different stages of the catalytic cycle [21]. On top of
ATP and substrate, the phosphotransferase reaction catalyzed by kinases requires a divalent
metal ion (typically Mg2+). This ion functions to both facilitate phosphoryl transfer as well
as stabilize ATP binding [20].

Nestled between the lobes described above is the catalytic cleft where the
phosphotransferase reaction takes place. Surrounding this site is the glycine-rich loop which
helps to bind ATP [22,23], and three highly conserved amino acid residues that play
important roles in facilitating the transfer of the γ phosphate from ATP to the hydroxyl
group of the phosphorylation site on protein substrates (Figure 3). Asp184 in PKA is a
strictly conserved residue in all kinases that interacts with the critical magnesium (Mg2+)
ion. This Mg2+ ion chelates both the β and γ phosphate of ATP and, in doing so, is thought
to play two essential roles in the mechanism of phosphate transfer: 1) correctly position the
γ phosphate for direct transfer to the substrate and 2) masking the charge of the γ
phosphate, thus reducing electrostatic repulsion on the incoming hydroxyl group of the
substrate. It is not entirely clear which of the two is the most prevalent role of Asp184;
however, yeast expressing a mutant form of PKA in which Asp184 is replaced with Ala are
no longer viable, supporting its critical role in catalytic function [24]. Lys72 is a second
conserved amino acid in the protein kinase family. It contributes to further stabilization of
the phosphates through interactions with the α and β phosphate groups of ATP. The main
function of Lys72 is to facilitate the transfer of phosphate from ATP to substrate, while
having little effect on the kinase’s affinity for the nucleotide. Mutational studies in Lck and
ERK2 [25,26], where Lys72 was replaced with Arg, show lowered catalytic function with no
effect on affinity for ATP. Asp166, the third highly conserved residue in the PKA catalytic
site, has been shown to form a hydrogen bond with the hydroxyl group of substrates, and
due to its proximity with respect to the γ phosphate of ATP is thought to target the hydroxyl
group for nucleophilic attack on the terminal phosphate [20,27]. Note that this class of
kinase molecules catalyzes the direct transfer of phosphate onto the substrate protein as
opposed to other kinases that are themselves a phosphorylated intermediate in the reaction
pathway. Although subtle differences between the structure of PKA and other kinases have
been observed, it is believed that the same basic mechanisms of phosphoryl transfer are
shared by the family of CaM-dependent protein kinases reviewed in this chapter.

In order for the phosphotransferase reaction to proceed efficiently, the phospho-accepting
substrate must also be bound to the catalytic domain in the proper orientation. Along with
Asp166 described above, there are four other amino acids in the substrate-binding lobe
thought to be important for substrate binding (Glu127, Phe129, Glu230 and Pro236). In Figure
2 their positions within the sequence are labeled with asterisks and an arrowhead. From the
crystal structure of CaMKI, Glu102, Phe104, Ile210 and Pro216 were found to be structurally
analogous to these amino acids in PKA (Panel B, Figure 2) [28]. Glu102 in CaMKI interacts
electrostatically with basic residues in the substrate recognition sequence while Ile210,
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Pro216 and Phe104 form a hydrophobic pocket that recognizes hydrophobic residues in
protein substrates. There is a high degree of conservation of these amino acids through the
CaM-kinase family (see Figure 2).

General Characteristics of Ca2+/Calmodulin-activated Protein Kinases
(CaM-kinases)

Members of the CaM-kinase family are all classified as Ser/Thr kinases whose substrate P-
sites (the targeted site of phosphorylation) all contain either a Ser or a Thr. As their name
implies, activation is initially dependent on the binding of Ca2+/CaM but, as will become
apparent, some of them are capable of becoming independent of Ca2+/CaM following
activation, or require additional modification (i.e. phosphorylation) by other regulators in
order to achieve full activation. These differences in regulation are what allow a relatively
small family of proteins to display such elegant control over so many disparate cellular
functions. The overall domain structure of the CaM-kinases is very similar to that described
for PKA (Figure 2 and 4), where a bi-lobed catalytic domain is followed by a regulatory
domain containing both an autoinhibitory domain as well as a CaM-binding domain. The
autoinhibitory and CaM-binding domains overlap slightly and binding of Ca2+/CaM
regulates functioning of the autoinhibitory domain. At basal Ca2+ levels, CaM-kinases are
maintained in a dormant state through an autoinhibitory mechanism involving the regulatory
domain just downstream of the catalytic domain. For autoinhibition to occur the
autoinhibitory domain must interact in a way that blocks the binding of substrate, or distorts
the catalytic site in order to render it nonfunctional. Current data suggest that both of these
strategies, and sometimes a combination of both, are used by CaM-kinases. Regardless of
the mechanism of autoinhibition, as intracellular Ca2+ concentrations rise (through the
opening of receptor/ion channels or release from intracellular stores) CaM becomes
saturated with four Ca2+ ions and undergoes a conformational change allowing it to bind to
its target site on CaM-kinases.

This binding relieves autoinhibition by disrupting the interactions between the
autoinhibitory and the catalytic domains. Once a CaM-kinase becomes activated, ATP and
the protein substrate must be bound simultaneously to a competent catalytic site for
phosphoryl transfer to occur.

The crystal structures of the catalytic domains of two CaM-kinases (CaMKI and CaMKII)
have been solved, and available data support the idea that all CaM-kinases share similar
catalytic domain structures (Figure 2). It is also apparent that their architecture is
comparable to the bi-lobed structure of PKA, showing two globular domains (one that binds
ATP and another that binds substrate) connected by a linker to form a catalytic cleft (Figure
2).

When describing the family of CaM-kinases (Figure 4) it is helpful to break them down in to
two separate classes. There are multifunctional CaM-kinases (CaMKK, CaMKI, CaMKII
and CaMKIV) which each have multiple downstream targets and substrate-specific CaM-
kinases (CaMKIII, phosphorylase kinase, and the myosin light chain kinases) that have only
one known downstream target. The activation of multifunctional kinases can lead to
signaling that affects many downstream pathways controlling a variety of cellular functions,
while substrate-specific kinases tend to serve a dedicated function within the cell or tissue
where they are expressed. It is not known exactly how the substrate-specific CaM-kinases
exhibit such high specificity with respect to the multi-functional kinases, as we are lacking
structural information for a CaM-kinase with a substrate bound to its catalytic domain, but
several factors are likely to play a role. Among CaM-kinase substrates there is a generalized
consensus sequence (Arg-X-X-Ser/Thr) that is used to predict potential phosphorylation

Swulius and Waxham Page 4

Cell Mol Life Sci. Author manuscript; available in PMC 2013 April 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



sites within proteins; however, it is only a general rule and differences within specific
substrates do exist (for review see references [29,30]). In addition to differences in substrate
recognition sequences, conformational distinctions between various substrates is also known
to play a role in substrate recognition [29]. It is also interesting to note that Ile210 (one of the
substrate binding residues described above) is conserved through the multifunctional, but
not the substrate-specific CaM-kinases (Figure 2). Perhaps this difference is involved in
conveying substrate specificity to these enzymes. Some CaM-kinases are themselves
substrates for other CaM-kinases or even themselves (an event known as
autophosphorylation). It is obvious that this family of enzymes has evolved to fill an
important role in integrating intracellular Ca2+ signals and a closer look at each member of
the family will provide an even clearer picture of just how well suited each member is for
serving their individual cellular roles. A summary of various kinases, their structural
features, mechanisms of activation, and physiological roles can be found in Table 1.

Multifunctional CaM-Kinases
CaM-kinase kinase (CaMKK)

As mentioned above, some members of the CaM-kinase family are substrates for other
kinases that are themselves dependent on Ca2+/CaM. This cascade was first discovered in
1994 when both Lee & Edelmen and Tokumitsu et al. independently purified a Ca2+/CaM-
dependent protein activator of CaMKI and CaMKIV, respectively [31,32]. It was soon
discovered that these activators were the same molecule, now known as calmodulin-
dependent protein kinase kinase (CaMKK), and it is the most upstream element of a CaM-
kinase cascade involving the three mentioned CaM-kinases [33]. The exact benefit of having
independent enzymes in a signaling cascade activated by the same allosteric regulator (Ca2+/
CaM) is still not entirely clear, but the CaM-kinase cascade is not the only example of such
a system. One potential benefit of such an arrangement is a kinetic proof-reading effect,
whereby the diffusion limited steps of the coupled reactions ensure that the downstream
enzymes are not fully activated unless the duration of the Ca2+ signal persists long enough
for all the components to bind Ca2+/CaM and then find one another. This would make sense
seeing as how the enzymes of the CaM-kinase cascade regulate gene transcription events
which induce long-term biological changes that should only be set in motion by an error-
proofed mechanism.

There are two isoforms of CaMKK, a 505 amino acid α isoform and a slightly larger β
isoform composed of 587 amino acids. Each is expressed from separate genes, and they are
both expressed in cells as a monomer. CaMKK is most highly expressed in brain tissue, but
the α isoform is also expressed in the thymus and spleen [34]. In the cell, CaMKK resides in
the cytosol and the nucleus where it is poised to respond to both cytosolic and nuclear
changes in Ca2+ concentration and act on its two known substrates in the CaM-kinase
cascade. The domain structure of both CaMKK isoforms is similar to other CaM-kinases
with a catalytic, autoinhibitory, and CaM-binding domain extending through the sequence
from the N- to C-terminus (Figure 5) [35]. While the crystal structure of CaMKK is yet to be
solved, it would presumably bear a close resemblance to other CaM-kinases that possess
features very similar to those of PKA (Figure 2). Like all CaM-dependent kinases, CaMKK
is held in an inactive state by its autoinhibitory domain, which interacts with the catalytic
domain to prevent kinase activity. Binding of Ca2+/CaM relieves this inhibition by
displacing the autoinhibitory domain and exposing a competent catalytic site. This leads to
the activation of CaMKK and the subsequent phosphorylation of its downstream substrates
CaMKI and CaMKIV, an event which is necessary, but not sufficient, for their activation.

CaMKK is itself a substrate for phosphorylation. Activated PKA phosphorylates CaMKK at
Ser458, a residue within the kinase’s CaM-binding domain, which prevents CaM binding and
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thus blocks the ability of CaMKK to respond to increased Ca2+ [36]. Because of the location
for PKA phosphorylation on CaMKK and its ability to block Ca2+/CaM binding, the
temporal sequence of these two distinct signaling events plays an important role in directing
signaling through CaMKK. For example, if cAMP levels are raised by forskolin stimulation
(an activator of adenylyl cyclases that makes cAMP and activates PKA) prior to an increase
in Ca2+ then PKA phosphorylation of CaMKK inhibits its activation by Ca2+/CaM, thus
blocking full activation of CaMKI or CaMKIV [36]. However, if the Ca2+ increase occurs
before forskolin stimulation, CaM binds to CaMKK, blocking Ser458 within the CaM-
binding domain from being phosphorylated and thus preventing PKA-mediated inhibition of
the CaMKK pathway [35]. Because CaMKK is the first enzyme in the CaM-kinase cascade
its phosphorylation by PKA not only inhibits its activation, but it also suppresses signaling
through its substrates CaMKI and CaMKIV as well. Recently it was discovered that
CaMKK also mediates cell death as a substrate for the death associated protein kinase
(DAPK), thus extending its known cellular role [37].

The catalytic domain of CaMKK contains two distinct features not seen in the other CaM-
kinases. The first is a lack of conserved acidic residues that normally recognize basic
residues in protein substrates, and the second is an Arg-Pro-rich insert that is critical for
recognition of CaMKI and CaMKIV as substrates [38]. Deletion of this insert from the
catalytic domain of CaMKK occludes its ability to phosphorylate CaMKI and CaMKIV, but
not the low affinity substrate protein kinase B (PKB) [39]. The α and β isoforms of CaMKK
show unique differences in their mechanisms of regulation despite sharing the same family
of substrates. The β isoform was discovered to exhibit Ca2+/CaM-independent activity
following activation by Ca2+/CaM, and mutational studies revealed that a 23 amino acid
sequence (residues 129–151 in CaMKKβ) participates in the release of its autoinhibitory
domain from the catalytic core, resulting in autonomous activity [40]. This difference in
regulation between the two isoforms of CaMKK means those cell types or compartments
that contain the β isoform will sustain CaMKK activity beyond the lifetime of the Ca2+

signal that initiated its activation.

CaM-kinase I (CaMKI)
As noted earlier, CaMKI is one of two downstream targets in the CaM-kinase cascade, and
therefore its activation requires both binding by Ca2+/CaM as well as subsequent
phosphorylation by CaMKK. It is a monomeric kinase of approximately 42 kDa that is
expressed from three genes encoding α, β, and γ isoforms, that are broadly distributed
throughout most mammalian cells [38]. CaMKI is a cytosolic protein and presumably serves
a diverse set of functions despite the fact that little is known about the extent of its protein
substrates. To date its best characterized substrates are synapsin 1, a presynaptic vesicle-
associated protein that tethers neurotransmitter-filled vesicles to the presynaptic actin
cytoskeleton, and the cAMP response element binding protein (CREB), a protein intimately
linked to regulation of gene transcription [41,42]. Upon phosphorylation of synapsin 1 by
CaMKI its affinity for the vesicle is decreased, thus increasing the mobility of the vesicle
within the presynaptic terminal. Phosphorylation of CREB facilitates binding of the
transcription factor to the cAMP response element (CRE) in CREB regulated genes and
initiates formation of transcriptional machinery.

CaMKIα is composed of 374 amino acids and, as one would expect, it displays the
prototypical CaM-kinase domain structure (Figure 6). Amino acids 10–275 make up the
catalytic domain which is composed of the ATP- and substrate-binding domains, and amino
acids 276–316 contain the regulatory domain which includes the CaM-binding and the
autoinhibitory domain. During activation, Ca2+/CaM binds to a region adjacent to the
autoinhibitory domain and in doing so removes the autoinhibitory domain from the catalytic
site, allowing the binding of both ATP and protein substrate. Binding of Ca2+/CaM is also
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necessary to expose Thr177 in the activation loop of CaMKI that serves as the substrate site
for CaMKK phosphorylation. When CaMKI is phosphorylated on Thr177, its activity rises
by ten- to twenty-fold, but unlike CaMKK, CaMKI remains entirely Ca2+/calmodulin-
dependent. Therefore, as the Ca2+ level returns to the basal state, the activity of CaMKI will
decrease regardless of the phosphorylation state of the regulatory amino acid Thr177.

In 1996, CaMKI became the first member of the CaM-kinase family to have its chemical
structure solved via X-ray diffraction (see Figure 2). Because the kinase was in an inactive
state the structure allowed for a detailed understanding of how interactions between the
autoinhibitory and the catalytic domains lead to suppression of kinase activity [28]. What
was immediately clear was that the bi-lobed structure of the catalytic domain of PKA was
conserved for CaMKI, and that the intersection between these two lobes acts as the catalytic
cleft. In a bit of a surprise, the mechanism of autoinhibition turned out to be more complex
then originally expected. Autoinhibition was thought to occur through a pseudosubstrate
mechanism where the autoinhibitory domain mimics the natural protein substrates, thus
blocking access to the catalytic site through nothing more than steric hindrance. However,
this is not entirely the case. The autoinhibitory domain of CaMKI is composed of two α-
helices (αR1 and αR2) connected by a loop, and αR1 and αR2 make contact with
hydrophobic amino acid residues in the substrate- and ATP-binding lobes respectively
(Figure 7). While αR1 does appear to act as a pseudosubstrate to block interactions with
target proteins, it is clear that helix αR2 interacts with the ATP-binding site, altering its
conformation so as to interfere with its ability to bind nucleotide [28]. Based on the 3-D
structure, it is hypothesized that early interaction of Ca2+/CaM with αR2 disrupts the
regulatory helix’s contact with the upper catalytic lobe, and allows the lobe to assume a new
conformation readily capable of binding ATP. Next, an ensuing change in αR1
conformation, or perhaps interaction between Ca2+/CaM and αR1, leads to removal of the
pseudosubstrate block on the lower protein substrate-binding lobe. Once the catalytic
domain of CaMKI is relieved of inhibition by both regulatory helices it is free to bind both
ATP and target protein, and to engage in the phosphotransferase reaction. As mentioned
above, phosphorylation of Thr177 leads to a 10–20 fold increase in CaMKI activity. In the
crystal structure, the activation loop (containing Thr177) was not resolved, suggesting that in
the inactive state the residues forming the loop are mobile and unstructured. This mobility
most likely contributes to the kinase’s lower activity prior to phosphorylation at Thr177, and
phosphorylation at this site by CaMKK presumably stabilizes the activation loop, providing
a more competent catalytic site. This seems reasonable based on the crystal structure of a
phosphorylated form of PKA, where the phosphorylation of an analogous residue in the
activation loop stabilizes interactions with residues near the catalytic site [16].

CaM-kinase IV (CaMKIV)
CaMKIV is the third enzyme in the CaM-kinase cascade, and there are two isoforms (α and
β) that are both expressed as a monomer of approximately 65 kDa from a single gene
(Figure 8). CaMKIVα is found primarily in neuronal tissue, T-cells, and testis, while the β
splice variant, which contains 28 additional N-terminal residues, is expressed differentially
throughout development in cerebellar granule cells [43,44]. Like CaMKI, in order to become
active, CaMKIV must undergo a multi-step process where first Ca2+/CaM binds, then
CaMKK phosphorylates the kinase in its activation loop on Thr196. Unlike CaMKI,
however, once phosphorylated by CaMKK, CaMKIV may undergo an intrasubunit
autophosphorylation of its Ser/Thr-rich N-terminus. This autophosphorylation event not
only maximally activates CaMKIV, but it also generates Ca2+/CaM-independent activity
that allows the kinase to retain functionality beyond the duration of a transient elevation in
Ca2+. An additional level of self-regulation occurs when CaMKIV autophosphorylates
Ser332 in its CaM-binding domain. This prevents subsequent binding by Ca2+/CaM until
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Ser332-P is dephosphorylated by an available phosphatase. The protein phosphatase PP2a
has been shown to stably associate with CaMKIV to form a signaling complex that allows
for tightly controlled phosphorylation/dephosphorylation kinetics of CaMKIV’s activation
loop [45].

CaMKIV can be found in both the cytosol and the nucleus, where it is poised to regulate
Ca2+-dependent gene transcription via phosphorylation of several transcription factors like
CREB, the serum response factor (SRF), and histone deacetylase 4 (HDAC4) [46–48]. The
most well characterized nuclear event regulated by CaMKIV is the phosphorylation of
CREB at Ser133, a site well known for activating the transcriptional properties of CREB.
Activation of gene transcription by CREB can also be initiated by CaMKIV through the
phosphorylation of the CREB binding protein (CBP), a co-activator of CREB that facilitates
stabilizing interactions with the general transcription machinery [49]. Recent evidence
suggests that initiation of gene transcription by CaMKIV requires that it achieve an
autonomous (Ca2+-independent) state [50]. As mentioned above CaMKIV can form a stable
signaling complex with PP2a, and this interaction has now been shown to negatively
regulate CaMKIV’s ability to activate gene transcription by actively dephosphorylating the
kinase and preventing autonomous activity [51]. In the cytosol, CaMKIV’s role is not as
well understood, but it does phosphorylate oncoprotein 18 at Ser16 which prevents its
association with tubulin [52].

Not surprisingly, the domain structure of CaMKIV is nearly the same as for all other CaM-
kinases with an N-terminal catalytic domain just upstream of the autoinhibitory domain and
CaM-binding domain (Figure 8). To date, the structure of CaMKIV has still not been solved,
but due to its similarity to CaMKI, both in its domain structure and its role as a substrate for
CaMKK, it is likely to share a very similar 3-D structure as well.

CaM-kinase II (CaMKII)
CaMKII is not a component of the traditional three-part CaM-kinase cascade involving the
molecules described above, but it plays an equally integral role in translating intracellular
Ca2+ signals to a variety of downstream targets. In fact, because of its unique
macromolecular structure and its critical role in regulating processes such as synaptic
plasticity and spatial memory [53], CaMKII is one of the most well studied members of the
CaM-kinase family. There are four isoforms of CaMKII (α, β, γ and δ) in mammals and
each is expressed from a separate gene [54]. Because of slight differences in the isoforms’
primary structure as well as alternative splicing, the four proteins can range in size from 50–
68 kDa. The α and β isoforms are brain specific and together make up approximately 1% of
total brain protein and up to 2% of total protein in the hippocampus (a brain structure well
established in processing and encoding new memories; [55]). The γ and δ isoforms are
expressed in much lower concentration throughout the rest of the body [56].

One striking difference between CaMKII and the other multifunctional CaM-kinases is that
it is the only one that does not exist as a monomer in cells. All isoforms of CaMKII share
the same domain structure, which contains an N-terminal portion similar to other CaM-
kinases plus a C-terminal association domain (Figure 9) that is required for assembly of the
CaMKII holoenzyme into a twelve subunit complex [54]. This dodecameric structure
displays a very unique macro-molecular architecture. In 2000, the structure of the active
form of αCaMKII was solved by our lab to approximately 25Å resolution using single
particle reconstruction from cryo-electron micrographs [57]. The structure revealed a
distinctive multi-subunit assembly in which the association domains of each subunit
combine to form a barrel-shaped core with six catalytic domains extending radially from
both ends of the core (Figure 10A). Subsequently, using the same technique, the structures
of the β, γ and δ isoforms were solved and, despite some minor differences, they share the
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same overall macromolecular architecture at the resolution obtained [58]. In 2003, the
crystal structure of the truncated association domain of CaMKII was solved [59], and it
surprisingly revealed a tetradecameric (14–mer) assembly. Because there is no evidence for
a tetradecameric assembly in the holoenzyme, it is likely due to the absence of the N-
terminal catalytic domain or perhaps the bacterial expression system used to make the
protein for crystallization in these experiments [60]. However, it is worth noting that a
similar fragment of the association domain of the γ isoform of CaMKII expressed in
bacteria was also crystallized (see PDB file 2UX0), and this structure was a dodecamer [61].
While the structure and function of purified holoenzymes composed of individual subunits is
often studied, it is known that inside of cells the subunits can mix to form heteromeric
CaMKII holoenzymes composed of varying ratios of the different isoforms [62–64]. Subunit
mixing adds significantly to the complexity of CaMKII’s potential structural configurations
as well as to the diversity of its biological function. For example, βCaMKII contains an actin
binding site whose affinity for actin is negatively regulated in a Ca2+-dependent manner
[65–68]. Therefore, a CaMKII holoenzyme composed of both α and β subunits will be
targeted to the actin cytoskeleton at basal Ca2+ concentrations, thus potentially restricting its
ability to be activated and restricting the phosphorylation of substrates by limiting diffusion.
As intracellular Ca2+ concentrations rise, the β subunit containing holoenzymes will leave
the cytoskeletal fraction and enter the cytosol, where they are free to phosphorylate other
protein substrates. Due to the structural arrangement of its subunits, CaMKII exhibits an
intriguingly complex form of regulation by Ca2+/CaM (Figure 10B). Like other CaM-
kinases, CaMKII initially exists in a quiescent state as its autoinhibitory domain blocks
catalytic activity. Upon elevation of intracellular Ca2+, Ca2+-saturated CaM can bind to and
fully activate each subunit of the CaMKII holoenzyme. Once Ca2+/CaM-bound, one subunit
can then be autophosphorylated at Thr286 (in αCaMKII; Thr287 in the other isoforms) by a
neighboring activated CaMKII subunit, generating Ca2+-independent activity [69]. This set
of reactions is conceptually very similar to those in the CaM-kinase cascade involving
CaMKK and CaMKI or CaMKIV. In either case, it is imperative that both the kinase
catalyzing the phosphotransferase reaction as well as the kinase acting as the substrate be
bound to Ca2+/CaM. In the case of CaMKII, however, the assembly of catalytic subunits
into the holoenzyme greatly increases the probability of phosphorylation occurring, whereas
in the CaM-kinase cascade the rate of activation by phosphorylation is dependent upon
several diffusion-limited reaction steps. Elegant muta-genesis and biochemical studies
showed that this autophosphorylation is an intra-holoenzyme reaction occurring between
two adjacent, Ca2+/CaM-bound CaMKII subunits and that it does not occur between
activated subunits in separate holoenzymes [70,71]. As mentioned above, phosphorylation at
Thr286 generates Ca2+/CaM-independent or autonomous activity. In addition,
autophosphorylation of Thr286 also increases the affinity of CaMKII for Ca2+/CaM by more
than 1000-fold in an event known as “CaM-trapping” [72]. Together, CaM-trapping and
autonomous activity allow the kinase to remain activated beyond the timeframe of the Ca2+

transient that initially switched on the molecule. Because of this property, CaMKII is often
referred to as a “memory molecule,” [73–75] and autophosphorylation of Thr286 in CaMKII
is necessary for certain forms of synaptic plasticity and certain forms of learning and
memory [53]. Adding to the complexity of CaMKII regulation, Thr286 is not the only site of
autophosphorylation. Two neighboring residues in the CaM-binding domain (Thr305 and
Thr306) are also targets for autophosphorylation, and phosphorylation at these sites prevents
binding of Ca2+/CaM [76]. This regulatory mechanism is analogous to the phosphorylation
of Ser332 in the CaM-binding domain of CaMKIV, and is referred to as inhibitory
autophosphorylation. Although inhibitory autophosphorylation blocks Ca2+/CaM binding, it
does not block autonomous activity if Thr286 is phosphorylated prior to Thr305/306 [77],
making the temporal order of each phosphorylation event critical in regulating CaMKII
activity. Autophosphorylation of Thr305/306 does however inhibit further
autophosphorylation as Ca2+/CaM must be bound to the catalytic subunit in order for it to
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act as either a kinase toward other subunits or as a substrate for autophosphorylation.
Experiments using knock-in mice expressing mutants of CaMKII either incapable of
phosphorylating Thr305/306 or mimicking persistent phosphorylation at this site have
illustrated its importance in regulating synaptic plasticity by altering the kinase’s ability to
incorporate into the postsynaptic density [78]. The postsynaptic density is a proteindense
organelle lining the intracellular side of the postsynaptic membrane that organizes synaptic
signal transduction molecules [79,80]. These results highlight the importance of subcellular
targeting of CaMKII to properly serve its functions, and that targeting can be impacted by
autophosphorylation of the kinase.

The induction of autonomous activity and CaM-trapping by autophosphorylation of Thr286

coupled with CaMKII’s ability to detect changes in the frequency of Ca2+ oscillations [81]
has led to a theory of how CaMKII can act as a trigger for synaptic plasticity in neurons.
Because autophosphorylation of Thr286 requires that two adjacent subunits be bound by
Ca2+/CaM simultaneously, it is unlikely that this configuration will occur during a brief
Ca2+ spike, but as the frequency of oscillations increases, the probability of such an
occurrence increases substantially. This is due to the dramatically decreased off-rate for
Ca2+/CaM when it becomes trapped by CaMKII [72,82,83]. Eventually a subpopulation of
CaMKII subunits will exist in a persistently activated, CaM-trapped state, allowing kinase
activity induced by the Ca2+transients to persist long after intracellular concentrations of the
ion have returned to their basal state. This prolonged activity presumably allows CaMKII to
continue modifying substrates near the synapse that lead to increased efficiency of synaptic
transmission. One target for such regulation is the AMPA subtype of the glutamate receptor
whose phosphorylation by CaMKII leads to an increased single channel conductance, thus
increasing the current generated via glutamate-mediated transmission [84,85]. Another
mechanism for increasing synaptic currents is to increase the number of AMPA receptors,
and CaMKII mediates this process by facilitating incorporation of new AMPA receptors into
the post-synaptic membrane [86].

In the heart, CaMKII functions to regulate Ca2+-dependent facilitation (CDF) of L-type
Ca2+ channels by potentiating Ca2+ influx during repetitive activity. Frequency-dependent
alterations in Ca2+ influx plays a role in the force-frequency relationship of cardiac
contraction, and this increase in contraction strength, along with faster heart rates, drives the
positive inotropic response that occurs during exercise [87–89]. In order to regulate CDF,
CaMKII was discovered to tether itself to the C-terminal portion of α1C (an L-type Ca2+

channel regulatory protein) where it can phosphorylate the channel to increase Ca2+

conductance. It is thought that by tethering itself to α1C the CaMKII holoenzyme is in a
prime location to act as a dedicated frequency decoder of voltage-driven Ca2+ spikes as well
as a local kinase effector that regulates Ca2+ channel activity [90].

Due to the extraordinarily high concentration of CaMKII in neurons and its highly
symmetric structure, many have proposed a potential structural role for CaMKII. A picture
is emerging in which CaMKII acts as a scaffolding protein at postsynaptic specializations to
arrange synaptic proteins into organized signaling complexes. NMDA receptors, densin-180
(a trans-synaptic protein), and α-actinin (an actin-binding protein) are among the most well
characterized binding partners of CaMKII at the synapse [91,92], and because of the
kinase’s six-fold symmetry it is possible that each holoenzyme could bind multiple binding
partners at the same time. CaMKII is known to translocate to synapses in an activity
dependent manner [90,93,94] where it can combine with any of the binding partners
mentioned above. CaMKII’s interaction with NMDA receptors is mediated through the C-
terminal tail of the NR2b subunit [95,96], which intriguingly leads to sustained autonomous
activity once bound. The initial binding is Ca2+/CaM dependent, but once bound CaMKII’s
activity remains autonomous in a Ca2+/CaM and phosphorylation-independent manner [97].
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This finding is particularly interesting since CaMKII’s interaction with NR2b has been
shown to regulate synaptic plasticity [98].

In 2005, the crystal structure of an inactive, auto-inhibited catalytic domain of CaMKII was
solved and revealed the prototypical kinase catalytic core [99]. The bi-lobed structure
contains both a small ATP-binding domain and a larger substrate binding domain (see
Figure 2) with a catalytic cleft at the interface of the two. Surprisingly, the crystal structure
revealed a dimeric complex with the two autoinhibitory domains forming a coiled coil which
blocks access to the ATP-and substrate-binding lobe of the catalytic domains. It is
hypothesized that this interaction may function to decrease the probability of random
autophosphorylation in an environment (the CaMKII holoenzyme) where the concentration
of catalytic domains is extremely high. However, the existence and biological significance
of this interaction between potential dimer pairs of the catalytic domains is yet to be
established in an intact holoenzyme. Further, crystal structures of the catalytic domains of
the active but autoinhibited forms of the β, γ and δ isoforms have become available (see
PDB files 3BHH, 2V7O, and 2VN9). Interestingly, in none of these structures was this
coiled coil structure between the autoinhibitory domains observed [100–102]. The reasons
for such discrepancies are not apparent, but clearly there are important issues that need to be
resolved concerning the structure and regulation of CaMKII.

Substrate-Specific CaM-Kinases
CaM-kinase III (CaMKIII) or Elongation Factor 2 Kinase (EF2K)

In 1983, Dr. Clive Palfrey published a paper describing a Ca2+/CaM-dependent kinase that
phosphorylates an identical 100 kDa substrate in a variety of tissues. Two years later that
same 100 kDa substrate was used to partially purify and characterize the CaM-kinase for
which it is a target, and Nairn et al. [103] showed that the kinase, which they named
CaMKIII, was the only CaM-kinase capable of phosphorylating the 100 kDa substrate. They
also showed that synapsin 1, phosphorylase b, myosin light chain and histone were poor
substrates for the kinase, making CaMKIII a dedicated kinase with only one known
substrate. The substrate for CaMKIII was soon after revealed to be elongation factor 2
(EF2), a translational regulator that aids in the growth of polypeptide chains during protein
translation [104]. Because of this discovery CaMKIII is now typically referred to as
elongation factor 2 kinase (EF2K) since there are no other known substrates for the enzyme.
Phosphorylation of Thr56 and Thr58 in EF2 by CaMKIII leads to the suppression of protein
translation by dissociating EF2 from the ribosome. CaMKIII is expressed in cells as a
monomer of approximately 100 kDa, and it is found in the cytosol, thus coupling Ca2+

increases in the cytosol to the suppression of protein synthesis.

The domain structure of CaMKIII bears the least resemblance to the other CaM-kinase
family members. The CaM-binding domain resides in the N-terminus and the EF2
recognition domain resides in the C-terminus that flanks the catalytic domain. This domain
organization displays little likeness to that of all other CaM-kinases. Like CaMKII and
CaMKIV, once Ca2+/CaM binds CaMKIII it undergoes auto-phosphorylation which
generates Ca2+/CaM-independent activity. This same autonomous activity can also be
achieved from phosphorylation of CaMKIII by PKA. In addition, recent experiments have
shown CaMKIII is activated by an undetermined member of the mammalian target of the
rapamycin (mTOR) pathway as well as slight decreases in intracellular pH, linking its
activity to pathways regulating cell growth as well as tissue acidosis like that experienced
during ischemic and hypoxic conditions [105,106]. In light of all the different modes of
regulation of CaMKIII, the traditional view that the enzyme provides a simple link between
increased Ca2+ and decreased protein synthesis has been modified to one in which CaMKIII
integrates a variety of cellular signals that all function to regulate the rate of translation.
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Myosin Light Chain Kinase (MLCK)
Myosin light chain kinase is expressed from two separate genes that encode the isoforms
known as skeletal muscle MLCK (skMLCK) and smooth muscle MCLK (smMLCK). It is
obvious from there names that the two isoforms exist in striated and smooth muscle
respectively, but the smMLCK isoform is also expressed in many other tissues including the
brain [43]. Both isoforms are expressed in cells as monomers where skMLCK ranges in size
from 69–150 kDa and smMLCK ranges in size from 130–150 kDa. This disparity in protein
size is the consequence of mRNA splicing as well as the use of alternative promoters in each
gene [107]. The primary function of MLCK is to stimulate muscle contraction through the
phosphorylation of the regulatory light chain (RLC) of myosin II, a eukaryotic motor protein
that interacts with filamentous actin. Smooth muscle contraction is initiated through
phosphorylation of the RLC via its stimulation of actin-activated myosin ATPase activity
[108], whereas contraction in striated muscle is potentiated through the formation of force-
bearing cross-bridges by myosin [109]. In the brain, MLCK regulates myosin based
transport in axons and nerve terminals as well as Ca2+-mediated recruitment of vesicles in
presynaptic terminals [110]. It is interesting to note that, although MLCK is a restricted
CaM-kinase with only one known substrate (RLC), it is linked to a variety of cellular
functions due to the diverse biological function of myosin II.

Both isoforms of MLCK contain the prototypical domain structure of the CaM-kinase
family with a catalytic domain followed by a regulatory sequence containing an
autoinhibitory domain and a CaM-binding domain; however, smMLCK contains additional
N-terminal amino acids containing several distinct protein motifs that regulate its
localization (Figure 11). There is a short and a long form of smMLCK, and the short form
(S-smMLCK) contains a fibronectin module, two immunoglobulin (IG) modules, PEVK
repeats, and an actin-binding domain upstream of the catalytic domain. The long form (L-
smMLCK) shares the exact same structure, but includes an additional six IG modules
upstream of the actin-binding domain. Although no 3-D structure exists for MLCK, it is
expected to share the same bilobed structure, because of the reasonably high degree of
sequence similarity in its catalytic domain compared to the other CaM-kinases as well as
PKA.

Both types of MLCK are maintained in an inactive state at basal Ca2+ levels through binding
of the autoinhibitory domain to the catalytic core. The autoinhibitory domain binds to the
substrate binding lobe of the catalytic core, blocking substrate binding, but does not inhibit
binding of ATP. Initially, due to sequence similarities between the regulatory domain of
MLCK and the area surrounding Ser19, the phosphorylation site for MLCK in the myosin
RLC, it was proposed that this region of the regulatory domain bound to the catalytic
domain via a pseudosubstrate mechanism. This sequence overlaps with the N-terminal
portion of the CaM-binding domain, and indeed a synthetic peptide corresponding to this
region of the MLCK regulatory domain competitively inhibited the kinase’s ability to
phosphorylate the RLC [111,112]. However, further experimentation has led to the
hypothesis that it is not a pseudosubstrate model of autoinhibition, but rather intrasteric
regulation dependent on amino acid residues which are spatially distinct from those
proposed to act as a pseudosubstrate [113–115]. In this new model of intrasteric regulation it
is thought that the autoinhibitory domain makes contacts with amino acids in the catalytic
core of the kinase and blocks the phosphotransferase reaction without directly interacting
with residues responsible for substrate binding. smMLCK is also a known substrate for
phosphorylation by CaMKII in vivo [116] where it phosphorylates the kinase in the C-
terminal portion of the CaM-binding domain. This phosphorylation inhibits binding of Ca2+/
CaM and leads to a decrease in the phosphorylation of RLC and a relaxation of smooth
muscle cells [117].
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Phosphorylase Kinase
Although protein kinase activity was first observed by Burnett and Kennedy in 1954 [13],
phosphorylase kinase was the first protein kinase to be purified, characterized and have its
precise function determined [118,119]. To date, its only known biological function is the
phosphorylation of glycogen phosphorylase, despite being one of the largest and most
structurally complex CaM-kinases known. Tissue distribution of phosphorylase kinase is
widespread, with the majority being present in skeletal muscle and liver, where the kinase
modulates the energy source for muscle contraction and contributes to blood-glucose
homeostasis, respectively [43]. In fact, phosphorylase kinase comprises 0.5 to 1% of total
soluble protein found in skeletal muscle. Phosphorylase kinase is composed of four different
subunits termed α, β, γ and δ which assemble to form a heterotetramer (Figure 12). Four of
these heterotetramers then associate to form the phosphorylase kinase holoenzyme, which
has a molecular weight of approximately 1,300 kDa. Due to alternative splicing and
expression of different isoforms of the individual subunits, a variety of holoenzymes can be
constructed depending on the cell type in which it is expressed.

The γ subunit is the 45 kDa catalytic subunit of phosphorylase kinase, and it bears
resemblance to all other CaM-kinases with an N-terminal catalytic domain followed by a
regulatory domain consisting of an autoinhibitory domain and a CaM-binding domain. The
α, β and δ subunits are all regulatory subunits, but intriguingly the δ subunit is CaM that is
stably bound as a structural component of the phosphorylase kinase holoenzyme and
remains attached even at nanomolar concentrations of intra-cellular Ca2+. It is not entirely
clear as to how this tight binding is maintained, but the CaM-binding domain in the γ
subunit shows high sequence similarity to the troponin-C binding domain (a protein highly
homologous to CaM) of troponin-I, a complex which also does not dissociate at basal levels
of Ca2+. apo-CaM and Ca2+/CaM can reside in an extended or compact conformation, and
like in the troponin I-C complex, CaM bound to the γ subunit of phosphorylase kinase
appears to be in an extended conformation, perhaps allowing for more intermolecular
contacts to occur that stabilize the interactions. Further contacts appear to be formed with
the addition of the remaining regulatory subunits. For example, the mild denaturant urea is
able to dissociate the γ-δ complex in the presence or absence of Ca2+, whereas it is unable
to dissociate the ternary γ-δ-α complex in the presence of Ca2+ [120].

In the presence of low intracellular Ca2+ phosphorylase kinase resides in an inhibited state,
in which the autoinhibitory domain binds the catalytic core and blocks binding of glycogen
phosphorylase. Upon elevation of Ca2+ the δ subunit becomes saturated, inducing a
conformational change that displaces the autoinhibitory domain and allows the
phosphotransferase reaction to occur. The α and β regulatory subunits are relatively large
proteins, and constitute approximately 80% of the mass of the phosphorylase kinase
holoenzyme [121,122]. While both subunits function to inhibit phosphorylase kinase
activity, the exact mechanism of their action is yet to be determined [123,124]. Although
both subunits contain many phosphorylation sites in vitro, Ser1018 and Ser26 are the major
sites of regulation within the α and β subunits, respectively, and both sites are
phosphorylated by PKA in vivo [121]. Phosphorylation of Ser26 in the β subunit leads
directly to an increase in activity of the γ subunit, and phosphorylation of Ser1018 in the α
subunit further amplifies activity. Phosphorylation of Ser1018 alone, however, does not lead
to activation of the kinase [125,126]. PKA mediated phosphorylation facilitates activity via
an increase in the Vmax of phosphorylase kinase as opposed to a decrease in Km, which was
originally thought to be the case. This makes sense, seeing as how concentrations of its
substrate (glycogen phosphorylase) are well in excess of the enzyme’s Km for the protein
target [127]. In addition to Ca2+-dependent regulation by the stably associated δ subunit
(CaM), further regulation is imparted by what is known as the δ’ subunit or exogenous
Ca2+/CaM. Unlike the δ subunit which binds more-or-less permanently to the γ subunit to
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regulate activity, the δ’ subunit associates and dissociates in a Ca2+-dependent manner to
both the α and β subunits. Interestingly, binding of exogenous Ca2+/CaM to the α or β
subunit does not activate the kinase further if it has been previously phosphorylated. Instead,
it seems to be an alternate form of regulation that can function in the absence of
phosphorylation to increase kinase activity [128]. On top of being regulated by Ca2+ via the
δ and δ’ subunits and by cAMP through phosphorylation by PKA, phosphorylase kinase
activity can also be stimulated through binding of ADP and by changes in pH, making it a
central point for the regulation of glycogen metabolism by a wide variety of cellular
conditions. So despite its seemingly simple biological function, phosphorylase kinase is one
of the most intricately regulated kinases known to date.

The crystal structure of the catalytic subunit of phosphorylase kinase has been solved [129],
and it bears striking resemblance to the catalytic core of PKA (as would be expected). It is
composed of a smaller ATP-binding domain and a larger substrate binding domain joined to
form the typical bi-lobed catalytic core. The C-terminal region of the protein, containing the
regulatory domain, was truncated in order to produce a crystal that would diffract to high
resolution, so it is not known how that autoinhibitory region specifically interacts with the
catalytic domain to block the phosphorylation reaction.

Perspective and Summary
At this point it should be clear just how critical the impact of signaling through CaM-kinases
is within the cell. Due to the widespread use of Ca2+ as a second messenger and the
importance of phosphorylation as a regulator of protein function, the CaM-kinases represent
a family of enzymes poised to mediate a vast array of cellular processes. With such a
complex network of signaling pathways, all controlled by a single signaling ion (Ca2+) and
the same allosteric regulator (CaM), a valid question is, how is the appropriate decision
made for the activation of a particular CaM kinase pathway? In short, how does CaM
“decide” which targets to activate in response to a variety of Ca2+ transients when the
targets are all competing for the same molecule?

As mentioned in the Introduction, CaM has a Kd of ~10 μM for Ca2+ in vitro, which is a
value well above the peak global Ca2+ concentration typically observed in cells (~1 μM) [4].
It is true that Ca2+-microdomains likely exist in different cellular compartments or at the site
of Ca2+ influx through ion channels where concentrations can reach values up to 100 μM,
but it is still counterintuitive for a ubiquitous Ca2+-sensor to express such relatively poor
Ca2+-binding kinetics. However, it is now well documented that when CaM interacts with
target proteins, such as the CaM-kinases, CaM’s Ca2+-binding affinity can increase
dramatically. In this regard, the Ca2+-binding properties of free CaM are underestimates of
the Ca2+-binding affinity of CaM when one considers the diversity and concentration of
CaM-binding targets within the cell. This target-dependent tuning of Ca2+ binding kinetics
is now thought to play a key role in adjusting the Ca2+-sensing properties of CaM to respond
appropriately to what might appear to be modest increases in intracellular Ca2+. Depending
on the magnitude of these reciprocal interactions between Ca2+, CaM and CaM-binding
target, one could also envision an increase in the Ca2+-binding affinity of CaM, whereby it
might remain Ca2+-saturated and therefore bound to a target even at resting Ca2+-levels.
Some of the best systems in which these reciprocal effects have been characterized are with
members of the CaM-kinase family. Both MLCK and CaMKII (even more so in its Thr286

phosphorylated form) have been shown to significantly increase CaM’s affinity for Ca2+

[6,10,11], as have peptides corresponding to the CaM-binding domains of phosphorylase
kinase, CaM-KII, and skMLCK and smMLCK [10]. Interestingly, it appears that regulation
of CaM’s Ca2+-binding properties can be tuned not only differentially between varying
target proteins, but also in a lobe-specific manner, leading to an increased complexity of
Ca2+-binding kinetics among various Ca2+/CaM-target protein complexes. This dynamic
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modification of binding-kinetics could underlie CaM’s ability to regulate so many targets in
response to the same second messenger. In fact, the changes observed through
thermodynamic coupling have led to the hypothesis that different target enzymes reside in
different modes of interaction with CaM during basal Ca2+ states, which allows them to
respond differentially to Ca2 signals with varying temporal profiles. For example, in the
most extreme case, phosphorylase kinase actually incorporates apo-CaM into its
holoenzyme structure as a stably bound subunit, even at low intracellular Ca2+

concentrations. This arrangement then alleviates the need for multiple diffusion limited steps
to produce activation of the kinase, and is dependent only on Ca2+’s ability to find and bind
to the delta subunit of the holoenzyme. This arrangement would increase the rate at which
the kinase is able to respond to an incoming Ca2+ signal. MLCK and CaMKII are perhaps
examples of an intermediate form of coupling where it is hypothesized that they could reside
in a one lobe-bound form of CaM at resting Ca2+ levels (presumably the C-lobe due to its
higher Ca2+-binding affinity[10]). This would mean that Ca2+-saturation of the N-terminal
domain would be the only required event for their activation, once again limiting the number
of diffusion restricted steps involved in the activation pathway. As mentioned earlier,
CaMKII’s dodecameric structure also works to increase the probability of full,
autophosphorylated activation by clustering subunits and thus increasing the probability of
their interacting once bound to CaM. Lastly, at the other extreme, there are CaMKK, and
CaMKI or CaMKIV, the components of the CaM-kinase cascade described above. Although
the effect of these kinases on CaM’s affinity for Ca2+ has not been documented, it is highly
probable that they induce some change in affinity. However, because they are monomeric
soluble proteins, their activation will be dependent on several diffusion limited steps:
binding of Ca2+ to CaM, followed by Ca2+/CaM-binding to CaMKK, and then finally
phosphorylation of CaMKI and CaMKIV only if they, too, are Ca2+/CaM bound. This
arrangement allows for multiple checkpoints prior to activation by requiring a Ca2+ signal of
adequate amplitude and duration in order for all of these steps to take place before
committing to this signaling pathway. The regulation of CaM’s Ca2+ binding properties by
target enzymes is of fundamental importance to fully appreciate under which circumstances
each of these CaM-kinases will be activated in the intracellular setting. Much work is still
required before a complete understanding of these reciprocal effects on Ca2+/CaM signaling
is fully realized. But, the available findings have already provided important insights into
how a protein seemingly as simple as CaM can function to regulate such a diverse set of
CaM-dependent targets, like those in the CaM-kinase family, to control their downstream
biological effects.
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Figure 1.
Structure of CaM and its interaction with a CaMKII binding peptide. (Left) Ribbon diagram
of CaM in the Ca2+-saturated state (Ca2+/CaM) depicting its extended “barbell” shape
(PDB# 1CLL). The N-terminal lobe (residues 1–75) is shown in black, and the C-terminal
lobe (residues 81–148) is shown in grey. Between the two lobes is the flexible linker region
(residues 76–80) which is shown in white. Calcium ions bound by the two pairs of EF-hands
are shown as spheres. (Right) Ribbon diagram of Ca2+/CaM bound to a peptide
corresponding to the CaM binding domain of CaMKII (PDB# 1CM1). N- and C-terminal
lobes are shown in black and gray respectively, and the linker region is white. Note that the
linker region has uncoiled from the helical conformation seen in the structure on the left,
allowing Ca2+/CaM to wrap around the peptide when bound.

Swulius and Waxham Page 23

Cell Mol Life Sci. Author manuscript; available in PMC 2013 April 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Conservation of bi-lobed structure and functional regions within the catalytic domains of
PKA, CaMKI and CaMKII. (A) Depicted is a surface rendering of crystal structures for
PKA (PDB# 1J3H), CaMKI (PDB# 1A06) and CaMKII (PDB# 2BDW) catalytic domains.
Conserved functional regions are colored orange (ATP-binding lobe), green (substrate-
binding lobe) and yellow (glycine-rich loop). The autoinhibitory domains of CaMKI and
CaMKII are colored red. The white regions on PKA are N- and C-terminal residues not
conserved in the CaM-kinases. Note the conserved bi-lobed structure with a catalytic cleft at
the interface between the lobes. (B) Multi-sequence alignment of amino acids spanning the
catalytic domains of PKA and all the CaM-kinases (except CaMKIII due to its lack of
homology). Colored bars above the sequences correspond to the amino acids which make up
the functional regions of the structures above displayed in the same color. The residues C-
terminal to the catalytic domains of CaMKI and CaMKII are shown in order to include their
autoinhibitory domains. Histograms below the aligned residues show the high level of
conserved amino acids in the catalytic domains of all the CaM-kinases with respect to each
other and PKA. Amino acid positions marked by the asterisks (*) and the arrowhead
correspond to the four amino acids in CaMKI involved in substrate binding. The amino acid
marked by the arrowhead is of interest as it is conserved within the multifunctional but not
the substrate-specific CaM-kinases. Sequences were aligned using ClustalX (http://bips.u-
strasbg.fr/fr/Documentation/ClustalX/).
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Figure 3.
Diagram of amino acids involved in mediating the phosphotransferase reaction in PKA. The
three amino acids depicted are those found in PKA, but they are highly conserved in all
protein kinases. Lys72 and Asp184 facilitate phosphoryl transfer and stabilize interactions
with the nucleotide and the essential Mg2+ ion, while Asp166 helps position the hydroxyl
group of the protein substrate for nucleophilic attack on the γ phosphate of ATP. Dashed
lines represent interactions between atoms in the conserved residues with ATP, Mg2+ and
protein substrate.
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Figure 4.
General domain structure of the CaM-kinases. The conserved CaM-kinase domains are
shown in gray (catalytic domains), white (autoinhibitory domains) and black (CaM-binding
domains). The catalytic domain of CaMKIII is diagonally hatched, because it bears little
resemblance to the other CaM-kinase catalytic domains. The C-terminal association domain
of CaMKII and the eEF-2 recognition domain in CaMKIII are shown as white with black
dots and white with horizontal black lines, respectively. Note the general domain
organization with an N-terminal catalytic domain followed by a regulatory region that
contains overlapping autoinhibitory and CaM-binding domains.
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Figure 5.
Domain structure of CaMKK isoforms. The conserved CaM-kinase domains are shown in
gray (catalytic domains), white (autoinhibitory domains) and black (CaM-binding domains).
The 23 amino acid stretch (residues 129–151) involved in regulating autonomous activity in
the β isoform is represented as white with black dots. The inhibitory phosphorylation site in
the α isoform (Ser458), which is phosphorylated by PKA, can be seen in the CaM-binding
domain as well as the analogous site, based on sequence similarity between the isoforms, in
the β isoform (Ser495). Numbers above the diagrams represent residue numbers at
experimentally defined boundaries of various domains.
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Figure 6.
Detailed domain structure of CaMKI. The conserved CaM-kinase domains are shown in
gray (catalytic domain), white (autoinhibitory domain) and black (CaM-binding domain).
Thr177, the regulatory site phosphorylated by CaMKK, is shown in the catalytic domain. The
regulatory region of CaMKI, which contains the autoinhibitory domain and CaM-binding
domain, is blown up to show the amino acid sequences that correspond to the regulatory
helices within the regulatory domain that are shown in 3-D in Figure 6. Numbers above the
diagram represents residue numbers at experimentally defined boundaries of various
domains.
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Figure 7.
Interactions of the CaMKI regulatory domain with the catalytic core. Depicted above is a
surface rendering of CaMKI with a ribbon diagram of the regulatory domain lying across the
face of the molecule. The ATP-binding lobe of the catalytic core is colored dark gray and
the substrate-binding domain is light gray. The regulatory domain, which contains both the
autoinhibitory and CaM-binding domains, is black. The structure of the regulatory domain is
composed of two regulatory helices (αR1 and αR2) connected by a loop. Regulatory helix
αR1 makes contacts with the substrate binding domain, blocking interactions with substrate,
and αR2 inhibits ATP binding through interactions with residues in the ATP-binding
domain.
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Figure 8.
Domain structure of CaMKIV isoforms. The conserved CaM-kinase domains are shown in
gray (catalytic domains), white (autoinhibitory domains) and black (CaM-binding domains).
Thr196, the regulatory site phosphorylated by CaMKK in the α isoform, is shown in the
catalytic domain, and the site of autophosphorylation that blocks CaM-binding (Ser332) is
shown in the CaM-binding domain. Based on the fact that the β isoform only differs by 28
additional N-terminal residues Thr224 and Ser360 represent phosphorylation sites analogous
to those in CaMKKα. Numbers above the diagrams represent the length of each isoform in
amino acid residues.
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Figure 9.
Domain structure of CaMKII isoforms. The conserved CaM-kinase domains are shown in
gray (catalytic domains), white (autoinhibitory domains) and black (CaM-binding domains),
and the C-terminal association domain is shown as white with black dots. The site of
autophosphorylation (Thr286 in the α isoform and Thr287 in the β, γ and δ isoforms) that
generates CaM-trapping and autonomous activity is shown in the autoinhibitory domains.
The other sites of autophosphorylation (Thr305/306 in the α isoform and Thr306/307 in the β,
γ and δ isoforms) are shown in the CaM-binding domain. The aligned amino acid sequences
from the region between the regulatory and association domain of each isoform is shown in
the blow-up beneath the diagrams. This is the region of the isoforms that shows the highest
amount of variability due to alternative splicing. The stretch of amino acids (residues 354–
392) highlighted in the variable region of CaMKIIβ plays a role in targeting holoenzymes
containing this isoform and likely is responsible for actin binding. Numbers above the
diagrams represent the length of each isoform in amino acid residues.
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Figure 10.
Structure and regulation of CaMKII. (A) Side and top view of CaMKII holoenzyme solved
by single particle reconstruction from cryo-electron micrographs. The image is composed of
a surface rendering of the entire holoenzyme (red mesh) superimposed on the core formed
by the truncated C-terminal association domains (yellow). The catalytic domains can be seen
as feet attached to the core via a stalk. Note the two-fold symmetry seen in the side view and
the six-fold symmetry visible in the top view. (B) Diagram depicting the sequence of events
leading to the activation and autophosphorylation of CaMKII. 1) CaMKII initially resides in
an inactive state due to autoinhibition. 2) As Ca2+ levels rise CaM becomes saturated with
the ion and binds individual subunits of the holoenzyme, thus inducing Ca2+/CaM-
dependent activity. 3) If adjacent subunits within a holoenzyme are activated by Ca2+/CaM
then autophosphorylation at Thr286 may occur between them, which leads to CaM-Trapping.
4) When Ca2+/CaM dissociates from CaMKII the subunits phosphorylated at Thr286 remain
autonomously active beyond the duration of the Ca2+ signal that caused its activation.
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Figure 11.
Domain structure of MLCK isoforms. The conserved CaM-kinase domains are shown in
gray (catalytic domains), white (autoinhibitory domains) and black (CaM-binding domains).
The short isoform of smMLCK (S-smMLCK) contains an actin-binding domain (A), PEVK
repeats (P), two immunoglobulin modules (IG) and a fibronectin module (F), while the long
isoform (L-smMLCK) contains an additional six immunoglobulin modules N-terminal to the
actin binding domain. These regions help to target the two isoforms to the appropriate
intracellular location. Numbers above the diagrams represent the length of each isoform in
amino acid residues.
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Figure 12.
Schematic representation of the phosphorylase kinase holoenzyme structure and regulation.
The phosphorylase kinase holoenzyme is a tetramer of heterotetramers. Each heterotetramer
is composed of one γ (catalytic), one δ (CaM) and one α and β (both regulatory) subunit.
Four heterotetramers are then combined to form the holoenzyme. Although the exact
structural arrangement of holoenzyme subunits is not known, the “butterfly” shape was
chosen because it is a common view seen in electron micrographs of purified holoenzymes.
The δ subunit (or CaM) is stably bound to the holoenzyme through interactions with the γ
and at least the α subunit as well, where it regulates catalytic activity in a Ca2+-dependent
manner. Phosphorylation of the β subunit at Ser26 by PKA leads directly to increased
catalytic activity, and phosphorylation of the α subunit at Ser1018 amplifies this increased
activity. Phosphorylation of Ser1018 by itself does not alter phosphorylase kinase activity.
Further Ca2+-dependent regulation is imparted through the reversible binding of exogenous
Ca2+/CaM to the α and β subunits, which functions as an alternate form of regulation in the
absence of PKA phosphorylation.
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