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ABSTRACT

Calmodulin (CaM), a calcium sensor, decodes the critical calcium-dependent signals and
converts them into the driving force to control various important cellular functions, such
as ion transport. This small protein has a short central linker to connect two globular
lobes and each unit is composed of a pair of homologous domains (HD) which are
responsible for calcium binding. The conformation of each HD is sensitive to the levels
of the intracellular Ca?* concentrations while the flexible structure of the central domain
enables its interactions with hundreds of cellular proteins. Apart from calcium binding,
posttranslational modifications (PTMs) also contribute to the modulations of CaM functions
by affecting its protein-protein interaction networks and hence drawing out the various
downstream signaling cascades. In this mini-review, we first aim to elucidate the structural
features of CaM and then overview the recent studies on the engagements of calcium
binding and PTMs in Ca?’/CaM-mediated conformational alterations and signaling events.
The mechanistic understanding of CaM working models is expected to be a key to decipher

the precise role of CaM in cardiac physiology and disease pathology.
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INTRODUCTION

alcium impacts nearly every aspect of cell life mainly

through participating in the activation processes of
many intracellular signaling pathways [1]. To carry out
these tremendously important tasks, calcium has to work in
coordination with various cellular proteins. There are two
groups of calcium-responding proteins, including calcium
buffers/or transporters and calcium sensors. Calcium sensors
undergo conformational changes once they expose to and
bind to intracellular Ca*+, known as a process that enables
the conversion of calcium dependent signals into biological
functions [2]. Calmodulin (CaM), a well-defined calcium
sensor, is central to the activation of calcium-dependent
signaling pathways and certain types of mutations in CaM’s
calcium-binding domain has been implicated in cardiac
arrhythmias [3].

CaM has been investigated extensively for more than
four decades. It was first discovered as an activator of
cyclic nucleotide phosphodiesterase in the early 1970s [4,5].
At that time [4,5], the changes of phosphodiesterase
enzymatic activity were observed during a process of protein
purification and subsequent studies have led to identify CaM
as a phosphodiesterase activator [6]. CaM was named for
CALcium MODULating protein (CALMODULIN) according
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to its pleotropic functions have been widely characterized in
many calcium-dependent cellular processes.

CaM is highly conserved and expressed ubiquitously
in eukaryotic cells. In higher vertebrates, CaM is encoded
by three distinct genes (CaM I, II, and III) which are
transcribed into several different mRNAs while they are
translated into an identical CaM protein ultimately [7]. Apart
from it appears an abundant protein and constitutes around
0.1% of all cellular proteins [2], CaM is widely distributed
in cellular compartments where it mediates interactions
with cellular proteins [2]. Calcium is a critical second
messenger that participates in various important cellular
events. Ca’’-dependent signalings driven by CaM act as an
activator for phosphodiesterase and ensure CaM to mediate
interactions with hundreds of cellular proteins [6]. To this
end, CaM possesses a highly flexible structure to facilitate
its interactions with various proteins while its structural
conformation is finely adjusted by calcium binding and
a number of posttranslational modifications (PTMs). The
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presence of multi-faced states of CaM leads to produce its
multiplexed bioactivities.

In this mini-review, we first address the structural features
of CaM and then have an in-depth overview on how calcium
binding and PTMs are linked to its conformational alterations
and functions. Furthermore, we centralize the mechanistic
picture of CaM-driven cellular signalings by briefly
revisiting current highlights on the PTMs-mediated CaM’s
protein-protein-interacting networks. Details for the major
concerns and highlights are described in the following three
sections:

THE PROTEIN STRUCTURAL PROFILES OF
CALMODULIN

CaM is a small, acidic, and relatively stable protein
with a molecular weight of 16.7 kDa [8], comprising of
148 amino acid residues and none of them is cysteine nor
hydroxyproline [9]. CaM contains four homologous domains
which were initially characterized as a helix-loop-helix
structure [10], and later were defined as EF-hands because their
three-dimensional arrangements resemble a thumb and index
finger [2]. Calcium ion binding can occur independently in all
four EF domains [11]. The first two EF-hands are connected by
a short antiparallel beta-sheet to make up the CaM’s N-terminal
lobe [12], and the same linking method is employed to hold
the third and fourth EF-hands to build up its C-terminus. The
two EF-hands in each lobe coordinate the regulators needed
for calcium binding and the N-and C-terminal lobes are further
bridged by a central linker to be incorporated into the CaM
protein context. CaM’s four calcium-binding motifs exhibit
structural similarities. The first EF-hand is more similar to
the third one while the second EF-hand is more similar to the
fourth one [9]. The calcium-binding domain of CaM is similar
to that of other calcium-binding proteins, such as troponin C
and parvalbumins [8]. Although the four EF-hands in CaM
are structurally similar their binding abilities to calcium are
different from each other. The C-terminal domain has a higher
affinity to calcium than the N-terminus [13], whereas the
N-terminus binds faster to calcium than the C-terminus [13].
In the absence of target proteins, calcium binds first to the
C-terminus and latter to the N-terminus. On the contrary,
the four calcium binding sites will cooperate to dramatically
increase the protein’s affinity to calcium once target proteins
are presented [14]. The above biochemical characteristics
enable CaM to relay the complex calcium signalings to
produce their downstream pleotropic effects.

CaM’s central linker is short, flexible, highly conserved, and
invariant in length [15], comprising of 25 amino residues to
make up two alpha helices separated by a hinge domain [16].
The central linker is featured by its structural flexibility that
enables CaM to adopt a wide range of conformations with a
variety of orientations of the lobes, for instance, the extended
and compact formats [15]. The central linker is critical for
protein-protein interactions and the distance between its two
ends affects the interactions between CaM and the target
proteins [15]. In particular, each alpha helix of the central
linker is sufficient to provide its specific affinity to substrate
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binding. One study employed nuclear magnetic resonance to
demonstrate that ten residues in the linker region modulate the
changes of the local conformation upon substrate binding [17].
Five out of the ten residues (Met76, Lys77, Thr79, Asp80
and Ser81) are highly flexible in the linker domain while the
remaining five residues (Arg74, Lys75, Asp78, Glu82, and
Glu83) are more stringent [17]. Although the central linker has
been identified to be an alpha-helix under a context of crystal
format or in solutions, it has been shown that this region
bends when it interacts with some target proteins [18]. Current
knowledge suggests that the linker is balanced by the reverse
switch from helical to nonhelical modes.

THE EFFECTS OF CALCIUM BINDING ON
CALMODULIN FUNCTIONS

In addition to acting as a calcium sensor, CaM can
exhibit a variety of calcium independent functions mostly
relying on its capability to mediate interactions with cellular
targets at a calcium-free state [19]. Calcium-free CaM,
known as apo-CaM, is typically characterized as a compact
and closed structure [Figure la]. In the absence of Ca?" and
target peptides, the hydrophobic residues are buried and
packed together in the interior of the protein core [12,20].
When the target proteins are present, the C-terminal lobe of
apo-CaM adopts a semi-open conformation to hold its target
peptide from the interacting proteins [21]. In the calcium-free
environment, when CaM meets IQ motif (IQXXXRGXXXR),
a consensus sequence capable of binding CaM in a
Ca?*-independent manner, the C-terminal lobe forms a shallow
cleft and becomes more accessible to the target peptides. On
the other hand, the closed conformation of the N-terminal
lobe can only maintain a low binding affinity to the GXXXR
motif, and consequently these weaker interactions collectively
urge CaM to surround the central part of the IQ motif [22].
In addition to the IQ motif, apo-CaM is also noted to mediate
interactions with other motifs from the target proteins, such as
actin-binding proteins, cytoskeletal and membrane proteins,
enzymes, receptors and ion channels [19]. Accordingly,
studies have demonstrated that the presence of calcium is not

Figure 1: Crystal structure of Calmodulin in various conformations. (a) Apo
Calmodulin (PDB: 1QXS5); (b) Calcium-bound Calmodulin (PDB: 1EXR)
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absolutely necessary for CaM to carry out some of its critical
functions, such as mitosis [23] and endocytosis [24].

Calcium binding promotes CaM to change its conformation
from a compact structure into a more open format [Figure 1b]
and this transition is the key to support calcium-dependent
interactions between CaM and its targets. Calcium binding
promotes the changes of CaM conformation to expose the
methionine-rich hydrophobic patches at each lobe. This
structural plasticity ensures CaM is suitable to have interactions
with a variety of targets, such as protein kinases, phosphatases,
receptors, ion-channel proteins, phosphodiesterases, and nitric
oxide synthases [2,25]. A contiguous stretch of methionine
residues create a highly polarized environment to facilitate
CaM’s interactions with target proteins [14]. Moreover, the
methionine’s long flexible side chain makes the hydrophobic
patches to become accessible to a broad spectrum of cellular
proteins [14]. The alpha helix of the central linker unwinds and
bends to various degrees in response to calcium binding [26].
Both the high flexibility of the hydrophobic patches and the
unwinding potency of the central linker contribute to CaM’s
structural adjustability, leading to generate an ideal domain
to carry out versatile protein-protein interactions [13]. Taking
advantage of these features, Ca*-CaM can interact with
different target proteins through a variety of binding domains
which are not very similar in the primary sequence [25]. When
encountering the target proteins, Ca*-CaM wraps around the
binding sequences to enable the N-and C-terminal domains
to interact with the hydrophobic anchor of the binding motifs
from the targets [13]. The above binding patterns could be
parallel or antiparallel, which are mainly determined by the
charge density of the binding motif [14].

Aberrant  behaviors of ion channels caused by
mutations-induced alterations of CaM’s Ca*-binding ability
and structural conformations have been implicated in severe
cardiac arrhythmia [27,28]. Among the amino acids that are
required for Ca®* coordination in the EF-hands, Asp95 and
Asn97 are identified to be arrhythmogenic hot spots. The
occurrence of mutations at different sites can lead to various
influences on the functions of CaM. For instance, the D95V
mutation completely disrupts calcium binding to the third
EF-hand by inducing a drastic conformational change not only
in the third EF-hand but also in the distant areas away from
the mutated site [29]. Although this mutation does not prevent
CaM for binding to other proteins completely, the mode of
protein-protein interaction is largely altered [29]. In addition
to CaM Asp95, Asn97 is also essential for calcium binding in
the third EF-hand. Interestingly, the N97S mutation results in
a distinct phenotype to that of D95V. The N97S mutation only
modestly reduces the calcium-binding affinity[27] and it causes
a relatively smaller conformation change at the local area [29].
Interestingly, a replacement of the Asn97 residue by another
amino acid could bring different outcomes. For example, the
conformational change caused by the N971 mutation is similar
to the phenotype produced by the D95V mutation [29]. These
studies suggest that both the positions and the types of amino
acids contribute to the formation and the maintenance of
CaM’s structural characteristics and calcium binding ability.
In summary, the biochemical properties of the amino acids

in the EF-hands appear to be the key determinant that affects
the interactions between CaM and its target proteins. CaM has
evolved to act as a dynamic and sensitive calcium sensor as
it adjusts its conformation upon encountering calcium signals
to interact with a variety of proteins, thus eliciting multiple
biological impacts.

Importantly, these mutations not only induce alterations
on conformation and calcium binding affinity of CaM, they
also result in cardiac problems on clinical setting. These
mutations disrupt the homeostasis of multiple ion channels
that are regulated by CaM, altering the cellular ion current
and then lead to cardiac arrhythmia. The first study for mutant
CaM-induced cardiac arrhythmia was reported on 2012 [30].
The N97S mutation was found to cause catecholaminergic
polymorphic ventricular tachycardia and sudden cardiac
death [30]. Following studies further demonstrated that D95V
and N971 mutations lead to long QT syndrome [31,32].
Although CaM has been widely studied for many decades,
the awareness and link of mutations on CaM to cardiac
arrhythmia was relatively recent. The true incidence of mutant
CaM-induced cardiac arrhythmia on clinical setting remains
unclear so far.

THE IMPORTANCE OF POSTTRANSLATIONAL
MODIFICATIONS TO CALMODULIN FUNCTIONS

Eukaryotic cells employ PTMs as a strategy to modulate
protein functions and enable them to exquisitely regulate
signaling pathways to properly respond to the diverse
stimuli [33]. CaM also undergoes many types of PTMs,
including  oxidation,  phosphorylation,  trimethylation,
carboxylmethylation, acetylation, and proteolytic
cleavage [7]. PTMs offer selective strategies for CaM to
produce multifaceted biological functions. In this section,
the current understanding in respect to the involvements of
phosphorylation, oxidation, and tyrosine nitration (TN) in the
modulations of CaM functions is discussed, and the effect of
each PTM is summarized in Table 1.

PHOSPHORYLATION

Protein phosphorylation, a reversible PTM which is
triggered by kinases and phosphatases, is one of the most
common cellular events that have been used as an effective
way to control the intrinsic activity of the target proteins.
Phosphorylation occurs mostly on two types of amino
acids: serine/threonine and tyrosine [34]. There are many
candidate phosphorylation sites at each EF-hand of CaM were
discovered, including Thr26, Thr29, Thr44, Tyr99, Tyrl3S,
Ser101, and Thr117, as well as Thr79 and Ser81 of the flexible
central linker [35]. Several serine/threonine kinases have
been reported to mediate the phosphorylation of the above
indicated residues. Among those known CaM kinases, Casein
kinase II (CK II) is a serine/threonine protein kinase which
has been studied widely [35]. CKII phosphorylates CaM at
Thr79, Ser81, and Serl01 [36]. Phosphorylation of Thr79
reduces the sensitivity of small conductance Ca*"-activated
K* channels to calcium [37], whereas phosphorylation of
Ser101 impairs the ability of CaM to activate endothelial
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Table 1: PTMs and the related functional alterations of calmodulin

PTM Residue Proposed consequence Ref.
Phosphorylation Thr79 Reduce the sensitivity of small conductance Ca**-activated K* channels to calcium 37
Ser101 Impair the ability of eNOS activation 38

Alter CaM’s affinity to calcium 39,40
Tyr99 Enhance EGFR activation 43
Reduce the biological activity of CaM 44

Activate nNOS 35,45
Promote phosphorylation and activation of c-Src 46
Tyr138 Enhance EGFR activation 43
Reduce the biological activity of CaM 44
Promote phosphorylation and activation of c-Src 46
Met51 Promote CaM degradation 64
Sulfoxidation Met71 Promote CaM degradation 64
Met72 Promote CaM degradation 64
Met109 Perturb Ca**-induced structural shift 60
Met124 Perturb Ca**-induced structural shift 60
Met144 Induce structural changes in the C-terminus 58
Block activation of plasma membrane Ca**-ATPase 51

Disrupt the interaction with CAMKII 52,61
Met145 Induce structural changes in the C-terminus 58
Block activation of plasma membrane Ca’*-ATPase 51

Disrupt the interaction with CAMKII 52,61
Promote CaM degradation 63
Nitration Tyr99 Reduce affinity for calcium 68
More eNOS decoupling 68
Tyr138 Reduce affinity for calcium 68
Less eNOS decoupling 68
Carboxylmethylation Decrease activation of cAMP phosphodiesterase 70
Acetylation Lys75 Reduce the affinity to MLC kinase 72
Trimethylation Lysl15 Dysfunction of mitochondrial respiratory chain 75

NOS (eNOS), an enzyme responsible for generating nitric
oxide in the vascular endothelium [38]. Because Serl01
resides in the calcium-binding pocket of the third EF-hand,
the phosphorylation at this residue also affects CaM’s
binding to calcium. According to its promising capability to
control the phosphorylation of Ser101, CKII can drive the
phosphorylation dependent PTM to refine CaM’s affinity to
calcium and to shape the protein-protein interacting networks
induced by CaM [39,40].

CaM contains two tyrosine residues, Tyr99 and Tyrl138,
and phosphorylation of these residues have been implicated
in CaM-mediated protein-protein interactions. Epidermal
growth factor receptor (EGFR) and insulin receptor are two
receptor tyrosine kinases known to trigger the phosphorylation
of CaM although their contributions are biologically
distinct [41]. The tyrosine-defective mutants have been
previously characterized and were found to be biologically
active [42]. Once Tyr99/Tyr138-CaM is phosphorylated by
EGFR this PTM leads to enhance EGFR’s ligand-dependent
activation [43]. Thus, phospho-Tyr-CaM can be considered
an intracellular co-activator of EGFR. On the other hand,
insulin  receptor-induced  phosphorylation reduces the
biological activity of CaM [44]. It should be noted that there
are a number of nonreceptor tyrosine kinases, including
c-Src, c-Fyn and c-Fgr, have been shown to mediate CaM
phosphorylation of Tyr99/Tyr138. Although the Src kinase
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induced phosphorylation of Tyr99 has been well-characterized
the same enzyme is also reported to participate in the
phosphorylation dependent PTM of Tyr138 [41]. In the mouse
brains, hypoxia activates c-Src to phosphorylate Tyr99 of CaM
and this PTM leads to neuronal NOS activation, subsequently
inducing neuronal cell death [35,45]. The interaction of
apo-CaM or in low degree of Ca*"/CaM with c-Src was shown
to promotes its activation [46,47] while phospho-Tyr138-CaM
is not Src associated [59]. A study reported that the
phospho-mimetic mutant of Tyr99/Tyr138 on CaM facilitates
the autophosphorylation and activation of c-Src irrespective
of the presence of Ca?" [46]. To sum up, the way that CaM
undergoes phosphorylation dependent PTMs to reversely
control its functions and activation of cellular kinases makes
CaM a versatile regulator with capability to translate different
messages into pleiotropic signalings, hence resulting in diverse
biological outcomes.

SULFOXIDATION

Proteins oxidation can be driven by either a reversible
or irreversible mode. CaM is subjected to an oxidation
dependent PTM by reactive oxygen species (ROS) or reactive
nitrogen species (RNS). Among the 20 amino acids, cysteine
and methionine are the only two candidates that contain a
sulfur atom and both are eligible to carry out ROS-mediated
oxidation [49,50]. CaM contains nine methionine residues but
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none of cysteine. Oxidation of nine methionine residues in
CaM has been verified in vitro[51] while only two of them
were found to be oxidized in vivo [51]. CaM’s susceptibility
to oxidation highly depends on its conformational state [52].
The potency of the individual methionine residues to mediate
the oxidative modification is enhanced when they are exposed
to solvents [53,54]. For example, upon Ca*" binding to CaM,
Ca*"-CaM exposes methionine residues from the hydrophobic
patches to the solvents, thereby facilitating the oxidation
dependent PTM to occur. Two residues, Met72 and Met145,
were shown to have elevated susceptibility to perform
oxidative reaction in Ca*-CaM [52]. Ca*/CaM-dependent
protein kinase II (CAMKII) is an important protein kinase
regulated by Ca?>/CaM complex. Binding of CAMKII to
the C lobe of Ca*-CaM blocks methionine residues from
accessing the environmental solvents and ultimately prevents
oxidation dependent PTM to take place [52]. Oxidation is
also known to promote conformational changes in many
proteins, including CaM [55-57]. For example, oxidation of
Met144 and/or Met145 causes changes in the tertiary structure
of the CaM C-terminus, and subsequently impairs its affinity
to calcium [58-60]. Oxidation mimic mutations at methionine
residues (M109Q and M124Q) decrease the calcium-induced
close-to-open conformational change of CaM [60]. The
oxidation dependent PTM is expected to influences the
interactions between CaM and its target proteins according
to oxidized CaM has an altered conformation. Oxidation
can elicit different effects depending on the sites of oxidized
methionine and the number of the oxidized methionine
residues. Ca?"-ATPase is a transport protein responsible for
maintaining intracellular Ca?* homeostasis and ensuring proper
cellular signaling. Oxidation at Metl44 and Metl45 of CaM
blocks its activation of Ca*-ATPase [51]. It also disrupts
the interaction of CaM with CAMKII [61,67]. Ryanodine
receptor 1 (RyR1), a protein responsible for calcium release
from sarcoplasmic reticulum, is also regulated by CaM. The
ability of CaM to modulate RyR1 is reduced when only few
methionine residues are oxidized while oxidation occurring
at nine methionine residues will cause a loss-of-the function
phenotype [62]. Methionine residues of CaM can be defined as
redox sensors because they not only contribute a critical role
in calcium homeostasis but also produce calcium-dependent
signalings to sense an oxidative stress condition. In addition
to interfering the interactions of CaM with its target proteins,
oxidation accelerates the degradation of CaM. Two studies
have proposed that oxidation of Met51, Met71, Met72 and
Metl145 play a part in proteasome-mediated degradation
of CaM [63,64]. Ca*-CaM becomes more susceptible to
proteasome dependent degradation when it exposes to
oxidative stress.

TYROSINE NITRATION

Nitration of tyrosine (Y) residues of proteins is a
low abundant PTM and this event is typically induced
by RNS [65,66]. TN occurs at the same sites as the
phosphotyrosine residues and this type of PTMs results in the
alterations of chemical and physical properties of CaM, such
as pKa and electron-density factors [67]. These features are

tightly linked to the CaM functions and its extensive biological
activities. TN occurs at two tyrosine residues of CaM, Tyr99
and Tyr138, and this PTM only causes a slightly lower affinity
for calcium binding compared to apo-CaM [71]. On the other
hand, nitrotyrosine-CaM can bind to eNOS in a calcium free
environment while CaM with no nitrotyrosine losses its binding
capability to eNOS. When nitroTyr99-CaM is presented,
eNOS-decoupling becomes dominant and a decline of NO
production is observed, whereas nitration at Tyr138 results in a
poor efficacy of eNOS decoupling but a dominant route for NO
biosynthesis [68]. These evidences suggest that TN affect the
function of CaM depending on which PTM sites is selected.

OTHER POSTTRANSLATIONAL MODIFICATIONS

CaM is also subjected to some other modifications,
through which the function of this protein could be
modulated. For example, CaM is a good substrate for protein
carboxylmethyltransferase [69], and carboxylmethylation
of CaM leads to the decrease activation of cAMP
phosphodiesterase in the brain [70]. Acetylation of specific
residues on CaM can change the interaction between CaM
and other proteins. For example, CaM interacts with myosin
light chain (MLC) kinase, a serine/threonine kinase that
phosphorylates MLC, at the region of residue Lys75 [71].
Acetylation on Lys75 reducing the affinity of CaM to MLC
kinase markedly [72]. Trimethylation on Lysl15, which
is catalyzed by CaM methyltransferase (KMT) [73], is
also a common PTM on CaM. Although this modification
did not affect its activation of cyclic nucleotide
phosphodiesterase [74], deletion of CaM KMT cause
dysfunction of mitochondrial respiratory chain, especially in
the brain [75].

CURRENT EVIDENCES ABOUT MUTATIONS ON
POSTTRANSLATIONAL MODIFICATION SITES OF
CALMODULIN AND HUMAN DISEASES

Although the functional regulation by PTMs has been
studied widely, the exploration of consequence of mutations
on those residues where PTM occurs is still in a very limited
extent. Several mutations on CaM have been reported to be
involved in cardiac arrhythmias on human subjects (detailed
in section 2), however, none of these mutations occurs on the
PTM residues mentioned above [76]. Since PTMs on specific
residues are critical for modulating the CaM-dependent
signaling and regulating the subsequent physiological
functions, mutations occurring on those residues could disrupt
these precise regulations and result in various diseases. Some
evidences show that PTMs of CaM regulate its interaction
with EGFR, Src and eNOS [35], suggesting CaM-dependent
signaling may be involved in the pathogenesis of cancer and
brain hypoxia. However, currently there are no data about the
presence and incidence of CaM mutation-induced cancers and
other diseases on human subjects.

CONCLUSIONS

CaM is critical for the maintenance of normal cellular
functions as it decodes the important signals via a calcium
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dependent manner and translates them into a number of
various biological messages. Several types of PTMs are
required to modulate the conformation of CaM as they
create unique hallmarks in the calcium binding domains,
known to be a prerequisite for most CaM dependent
functions. Some missense mutations in CaM, even in one
allele, can result in a significant pathologic condition, such
as life-threatening arrhythmia [76,77]. Although this area
of research is particularly interesting and important the
further insight regarding the detail linkages of CaM to the
development of diseases remains to be explored. Many studies
have investigated the possible mechanisms underlying CaM
mutations-induced arrhythmia and the resulting deregulation
of ion channel has been suggested as the major cause to
this type of cardiac disorder [13,29,76]. Nevertheless, given
the diversity of CaM functions has been widely reported,
there may be other mechanisms could also contribute to
the pathogenesis of these arrhythmias. For example, it is
expected that the involvements of other CaM-dependent
proteins in cardiac disorders should be identified in the near
future. Herein, we attempt to have a brief review on recent
advances of CaM research from the aspects of structural and
cellular biology. By doing so, we have built up a clearer
picture to delineate how CaM is being regulated in cellular
environments. With this knowledge in hand, researchers may
make a wiser step to explore the precise role of CaM in the
development of cardiac diseases and maybe other diseases.
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