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The calcium (Ca®*) ion is a universal signalling messenger which plays vital physiological roles in all
eukaryotes. To decode highly regulated intracellular Ca®* signals, cells have evolved a number of sensor
proteins that are ideally adapted to respond to a specific range of Ca®* levels. Among many such proteins,
calmodulin (CaM) is a multi-functional cytoplasmic Ca®* sensor with a remarkable ability to interact
with and regulate a plethora of structurally diverse target proteins. CaM achieves this ‘multi-talented’
functionality through two EF-hand domains, each with an independent capacity to bind targets, and an
adaptable flexible linker. By contrast, stromal interaction molecule-1 and -2 (STIMs) have evolved for a
specific role in endoplasmic reticulum (ER) Ca** sensing using EF-hand machinery analogous to CaM;
however, whereas CaM structurally adjusts to dissimilar binding partners, STIMs use the EF-hand ma-
chinery to self-regulate the stability of the Ca®* sensing domain. The molecular mechanisms underlying
the Ca?*-dependent signal transduction by CaM and STIMs have revealed a remarkable repertoire of
actions and underscore the flexibility of nature in molecular evolution and adaption to discrete Ca®*
levels. Recent genomic sequencing efforts have uncovered a number of disease-associated mutations in
both CaM and STIM1. This article aims to highlight the most recent key structural and functional findings
in the CaM and STIM fields, and discusses how these two Ca®" sensor proteins execute their biological
functions.

© 2015 Published by Elsevier Inc.

1. Introduction

triphosphatase (ATPase) [4,5], and myosin light chain kinase
(MLCK) [6], all of which displayed Ca** dependency, which

It has been more than four decades since Cheung and Kakiuchi
independently discovered a protein that regulates cyclic nucleotide
phosphodiesterase (PDE) in the brain [1,2]. Importantly, Kakiuchi
found that this regulator is responsible for conferring calcium
(Ca®*) dependency to the enzymatic activity of PDE. Hence, this
relatively small (i.e. 16.7 kDa), heat-stable, acidic protein (i.e. pl
~4.5) was named initially Ca?*-dependent regulator (CDR) and was
later renamed calmodulin (CaM). In the early years of CaM research,
it was rather surprising that a single protein stimulated several
other proteins including adenylate cyclase [3], Ca’t adenosine
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required CaM. A fascinating finding was that both the synthesis and
decomposition of the second messenger cyclic adenosine mono-
phosphate (cAMP) is controlled by another second messenger,
Ca®*, via its interaction with CaM, which in turn activates the
nucleotide processing enzymes, adenylate cyclase and PDE [7,8].
Since the embryonic stage of CaM research, CaM-dependent
proteins have been continuously identified, and now include CaM
kinases, phosphatases, metabolic enzymes, ion channels, ion
pumps, transcription factors and many other proteins from yeast to
humans [9]. Another remarkable feature of CaM is the diverse
mechanisms underlying Ca?*—CaM-dependent target regulation,
and structural adaptations employed by CaM dependent upon the
nature of the target protein, as previously reviewed [9,10]. This is
extremely remarkable for such a small protein whose amino acid
sequence is very highly conserved from yeast to humans (i.e. ranked
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5th after histones H4 and H3, B-actin, and ubiquitin [11]). It is now
well-appreciated that the keys for such ‘multi-talented’ function
stem from the three-dimensional (3D) structure of CaM, as we will
discuss in this review.

Over the past decades, there have been many excellent review
articles and books which provide an overview of CaM research (e.g.
Refs. [7,10,12—14]). In addition, an online ‘Calmodulin Target Data-
base’ was established in 2000 (http://calcium.uhnres.utoronto.ca/
ctdb.html; [15]), which has been widely used by the Ca®* signal-
ling community. This database features sequence and structural
analyses of CaM-binding motifs, such as those found in Ca®*—CaM-
dependent protein kinases, and provides a tool to identify CaM-
binding sites within uncharacterized proteins based on previous
knowledge available before 2000. However, as the CaM target
interactome continues to grow, it is difficult to cover the
continuously-expanding literature within databases, reviews or
book chapters. In this article, we attempt to highlight several key
findings about the CaM target interactome that highlight the
multiple actions and recognition modes of CaM towards numerous
targets, as well as the recent identification of disease-associated
mutations of CaM.

The CaM superfamily represents a large group of Ca®* binding
proteins that sense or buffer cytoplasmic Ca®*, which includes
troponin C, calbindins, S100s, recoverin, and many others [16—21].
However, until recently a major lack of understanding existed
regarding how the cell senses Ca®* in intracellular organelles such
as the endoplasmic reticulum (ER), a Ca®* store within eukaryotes.
An exciting development in the Ca®* signalling field in the past
decade was the discovery of a new Ca®* sensor protein tuned to the
Ca®* levels of the ER. In immune cells such as T-cells and B-cells, it
has been long recognized that Ca** depletion from the ER initiates
further Ca®* influx from outside of the cell, a phenomenon called
‘store-operated calcium entry’ (SOCE) first described by ].W. Putney
Jr.in 1986 [22]. This phenomenon is critical for T-cell activation and
now has been shown to exist in many other cell types including
neurons and cardiac cells [23—27]. It is important to note that the
ER Ca®* concentration is ~1000-fold higher (10~4—10~3 M) than
that of the cytoplasm at most times within the cell; hence, CaM
cannot function as a Ca>* sensor in the ER, as its Ca®* affinity is
tuned to cytoplasmic Ca®t concentrations, which range from
1077107 M [24].

It has long been a mystery how the cell detects ER Ca** con-
centrations to precisely control Ca®* signalling events in response
to various physiological cues. The answer to this question was
resolved in 2005, with the discovery of stromal interaction
molecule-1 (STIM1) as an ER-specific Ca®>*-dependent activator of
plasma membrane (PM) Ca?* channels [28,29]. STIM1 can serve as
a sensor of higher concentrations of Ca®, since it has a much lower
affinity than CaM (see below). Remarkably, both STIM1 and CaM
possess the EF-hand protein architecture, first discovered in par-
valbumin by Kretsinger in 1973 [30—34]. Since the discovery of
STIM1, numerous studies have been performed to understand the
structure/function relationship of STIM1 as an ER-specific Ca’*
sensor protein. The ER is not simply a Ca>* store in the cell, but also
serves many other cellular functions including protein folding,
stress response, protein transport, lipid biosynthesis, and post-
translational modification [35,36], thus the identification of this
ER Ca®*-sensing protein provided unprecedented opportunities to
investigate the molecular details of cross-talk between the Ca®*-
signalling apparatus in different compartments.

In this review, we discuss the structural and mechanistic char-
acteristics of the key Ca?* sensing proteins, CaM and STIMs, as
these proteins respond to Ca®* levels at opposite ends of the
spectrum for CaM superfamily proteins. This comparison will
highlight how the Ca®>*-sensing functions of CaM and STIMs have

been specifically adapted by nature for roles in distinct cellular
environments. Finally, we also discuss the recent findings from
DNA sequencing studies on human patients, which revealed a
number of disease-associated mutations in CaM and STIM proteins.

2. CaM structure and Ca’*t binding

CaM is a 148-amino acid (a.a.) protein that is extraordinarily
conserved to the extent that all vertebrates share an identical
sequence, which is encoded by three genes in humans. CaM is also
highly conserved in yeast and plants, which have multiple isoforms.
The sequence comprises four EF-hands, each of which constitutes a
Ca®*-binding site. Each EF-hand contains a 12-a.a. acidic motif in
the centre of a helix-loop-helix motif that coordinates a Ca?* ion via
seven oxygen atoms. EF-hands are found in pairs in CaM and
interact with each other through hydrophobic surfaces. The overall
structure of CaM has been described as a dumbbell shape,
comprised of N- and C-terminal independently folding domains or
lobes, each containing a pair of EF-hands. The affinity for Ca®>* of the
C-terminal lobe is higher (equilibrium dissociation constant, Kq
~0.4—10 uM) than that of the N-terminal domain (Kq ~1.5—100 uM)
in 100 mM KCl, pH 7.5, 25 °C [37]. Within each lobe the two EF
hands bind two Ca®* ions cooperatively, whereas each lobe binds
Ca* independently of the other (in the absence of target peptide),
although Ca?* affinity can be enhanced in the presence of a target
protein [38].

In the first crystal structure of Ca*>*—CaM, the two lobes were
connected through a central helix [30,34]; however, subsequent
NMR structures of both Ca**-saturated [39—41] and apo-CaM
[42—44] revealed that in solution this helix contains a flexible
hinge region that confers mobility to the two lobes [43—45]. This
linker enables the molecule to sample conformations in which the
two lobes adopt different relative orientations and variable spacing,
thus conferring structural ‘plasticity’, which is key for molecular
recognition of the wide variety of CaM targets [12,46]. Each lobe of
CaM undergoes a conformational change upon Ca®* binding that
exposes hydrophobic methionine-rich target-protein binding sites
[44] which interact with hydrophobic ‘anchor’ residues in target
proteins. The flexibility of the methionine side chain confers yet
another level of plasticity, enabling binding pockets of CaM to adapt
to diverse target sequences and structures [12].

3. CaM-target complexes

CaM interacts with and regulates many proteins, including ki-
nases [e.g. CaM kinase I (CaMKI), CaMKII, CaMKIV, CaMKK and
MLCK], phosphatases [e.g. calcineurin (CaN)], membrane protein
receptors [e.g. N-methyl-p-aspartate (NMDA) glutamate receptor,
voltage-gated potassium (K*), sodium (Na*) and Ca®>* channels, PM
Ca®*-adenosine triphosphatase (PMCA) pump, inositol 14,5 tri-
sphosphate receptors (IP3R) and ryanodine receptors (RyR)] as well
as STIM and Orai proteins which mediate Ca®>* release-activated
Ca%* channel (CRAC) activity (see below). Extraordinarily, CaM
can function as both a negative and positive feedback regulator for
the myriad of Ca®*-signalling toolkit proteins. For example,
Ca?*—CaM can bind to and inhibit RyR1 and RyR2 [47—51]. IP3Rs
are also inhibited by CaM binding, although data have argued for
both Ca®*-dependent [52—54] and —independent [55,56] down-
regulation [57]. On the other hand PMCA activity is upregulated by
Ca®*t—CaM binding [58—62] as the PMCA auto-inhibition is relieved
[63]. While the CaM interplay with Ca®* signalling toolkit compo-
nents is complex, it is clear that the ‘multi-talent’ of CaM drives
both positive and negative feedback regulation to precisely control
Ca®* signals.
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Some interactions between CaM and its targets are strictly
dependent upon Ca* for high affinity binding, while others are
Ca’*-independent, and some can interact with either Ca®*-bound
or Ca®*-free (apo)-CaM [9]. Several channels contain separate Ca*-
independent and -dependent binding sites, whereby the former
sites are proposed to tether apo-CaM to the receptor such that it can
rapidly access the latter sites in response to an influx of Ca®* [64].
CaM-binding domains (CBDs) are rich in hydrophobic and basic
residues and often form amphipathic helical structures; however,
their amino acid sequences are diverse. The structural details of
target peptide recognition by CaM has been extensively studied,
and an astounding number of CaM structures have been solved
since the first structure in 1988 [30,34]|. The protein data bank
(PDB) currently contains more than 400 chains with >90% identity
to vertebrate CaM, including structures of apo and metal-bound
CaM, as well as CaM complexes with peptides, domains, and full-
length target proteins, as well as small molecules and drugs.
Here, we will present an overview of CaM-target complexes
selected to highlight the diversity of binding modes discovered to
date.

3.1. Ca®*-dependent binding

Ca’*-dependent interactions between CaM and a target protein
usually involve two hydrophobic residues called ‘anchors’ (e.g. Trp,
Phe, Leu, Val or Ile) on a helix within the target, each of which is
bound by hydrophobic regions on one of the two lobes of CaM [65].
The spacing of these hydrophobic residues has been used to
structurally classify target sequences. For example, in MLCK these
anchor sites are separated by 12 residues [66,67] and are thus,
described as a “1—14" motif [68]. Similar 1—-14 motifs were subse-
quently identified in CaMKIV, CaN A, death-associated protein
(DAP) kinase, and endothelial nitric oxide synthase (NOS). In
CaMKII [69] as well as synapsins and heat-shock proteins, the hy-
drophobic anchor residues are separated by only 8 residues (i.e.
“1-10" motif). In these 1—14 and 1—10 motif structures the N- and
C-terminal anchor residues are bound to the C- and N-terminal
lobes of CaM, respectively (i.e. antiparallel).

The anchor residues in CaMK kinase (CaMKK) are more widely
spaced in sequence (i.e. “1—16" motif); however, this peptide adopts
a helix and hairpin structure that effectively reduces the distance
between these key residues, and strikingly, this peptide interacts
with CaM in an orientation opposite to those discussed above (i.e.
parallel) [70]. The peptide binding orientation appears to be
determined primarily by electrostatic interactions. Most CBD pep-
tides possess an N-terminal cluster of positively charged residues,
which interact with an acidic patch in the C-lobe to stabilize the
antiparallel orientation, whereas the CaMKK CBD has a cluster of
positive residues in its C-terminal region, leading to parallel bind-
ing [70].

Recently, a crystal structure of Ca?*—CaM in complex with a CBD
from inositol 1,4,5-trisphosphate (IP3) 3-kinase A, revealed another
novel binding mode [71]. In this complex, the CBD peptide forms an
a-helix followed by a hairpin-like loop containing the anchor res-
idue that interacts with the C-lobe of CaM. The anchor residues in
this CBD form a previously unknown 1—13 motif, and the relative
position of the two CaM lobes resembles that of the CaM—CaMKK
complex. Although the CaMKK 1—-16 motif folds in a manner that
brings the anchor residues together, recent structures of CaM
complexes with RyR1 [72] and PMCA pump [63,73] CBDs reveal
that CaM is able to bind longer, helical targets with “1—17” and
“1-18” motifs, respectively, which requires disruption of most
inter-lobe contacts as the CaM molecule extends. A structure of the
entire regulatory domain of a plant PMCA in complex with two
Ca®*—CaM molecules bound to separate 1—14 motifs on a single

long helix revealed a mechanism of two-stage regulation by Ca®*
[74]. The pump is inactive in the absence of Ca®*; however, binding
of Ca®*—CaM to the first site stimulates basal pump activity (i.e.
stage 1) and occupation of both sites drives full activation of the
pump (i.e. stage 2), as Ca>*—CaM binding releases auto-inhibition.

In sharp contrast to these long helical motifs, the CaM binding
site in myristoylated alanine-rich C kinase substrate (MARCKS) is
largely intrinsically disordered with only a single turn of helix
containing two hydrophobic residues separated by one lysine (i.e.
“1-3” motif). The C-lobe of CaM engages one of these anchors in
the classical hydrophobic pocket whereas the N-lobe remains in a
closed conformation and interacts with the other anchor through a
hydrophobic surface and associates closely with the C-lobe [75].
Ca?*t—CaM can also interact with two hydrophobic anchors that are
not located in contiguous sequence. For example, in the interaction
between CaM and plant glutamate decarboxylase (GAD), each lobe
binds a separate monomer, thus activating enzymatic activity by
inducing dimerization [76].

These studies of CaM in complex with isolated, minimal pep-
tides have provided tremendous insight into the plasticity of CaM;
however, they do not always reveal how the full-length protein is
regulated by CaM and can sometimes yield structures that may not
be physiologically relevant. For example, CaN has been crystallized
as a domain-swapped hetero-tetramer with CaM in which each
CaN peptide assumes an a-helical conformation and interacts with
the N-lobe of one CaM molecule and the C-lobe of another [77]. By
contrast, recent physicochemical characterization of this
Ca?*—CaM—CaN complex in solution [78] as well as a recent crystal
structure [79] support a 1:1 complex formation which is consistent
with numerous biochemical studies published thus far. Interest-
ingly, no CaN residues are inserted into either hydrophobic pocket
of CaM in this structure. Rather, side chains of 1396/1400 and M406
of CaN are bound to the edges of C- and N-lobe hydrophobic
pockets of CaM, respectively. Novel recognition modes of CaM are
still being revealed.

3.2. 1Q motifs and Ca’*-independent binding

The apo form of CaM interacts with many proteins including
‘unconventional’ myosin [80], NOS [81], PDE [82], glycogen phos-
phorylase kinase [83], neuromodulin, neurogranin [84], IQGAPs
[85], and numerous ion channels [9]. Many of these proteins
contain an ‘IQ motif (IQXXXRGXXXR), many of which can interact
with both apo-CaM and Ca**—CaM. Overall, less structural infor-
mation is available for apo-CaM versus Ca>*—CaM complexes with
target peptides. The CaM-binding region of PDE forms a helix that
interacts with both lobes of Ca>*—CaM, whereas in the absence of
Ca’*, this peptide is less helical and binds with lower affinity only
to the C-lobe of apo-CaM [82]. Two apo-CaM molecules bind tan-
dem IQ motifs in myosin V with partially open C-lobes as well as
closed N-lobes [86]. By contrast, apo-CaM binds to IQ motif pep-
tides from the voltage-gated Nay1.2 and 1.5 channels only through
a semi-open C-lobe [87,88]. However, structures of Ca’*—CaM
bound to larger cytoplasmic C-terminal domains of Nay channels
showed Ca?*-dependent interactions between the N-lobe and an
extended IQ helix [89]. L-type voltage-activated Ca®* channels
(Cay) are regulated by CaM binding to an IQ motif and the ‘prelQ’
region in the C-terminal tail. Ca?*—CaM in complex with the IQ
domain of Cay1.2 wraps around the target helix to bind ‘1-10-
motif anchor residues with both lobes [90,91]. Interestingly,
Ca?*—CaM binds similar IQ domains from the voltage-activated
Cay2 Ca®* channels in the opposite binding orientation [92]. Neu-
romodulin and neurogranin have IQ motifs that interact with apo-
CaM, but dissociate in the presence of Ca%* [93]. These CBDs are
intrinsically disordered in isolation, but become helical upon
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binding CaM, similar to many Ca**—CaM-binding peptides. The
structures of Ca®*- and apo-CaM in complex with their diverse
target motifs have been reviewed in extensive detail very recently
[46].

4. Mechanisms of target protein activation

In 2000, Chin and Means proposed several general modes by
which CaM regulates other proteins in the presence or absence of
Ca®* [94]. ‘Class A’ proteins (e.g. phosphorylase kinase) associate
irreversibly with CaM regardless of Ca®*, thus CaM can be thought
of a subunit. ‘Class B’ proteins (e.g. neuromodulin) bind CaM only in
the absence of Ca** and release activated Ca®>*—CaM upon Ca’*
influx. ‘Class C' and ‘class D’ proteins bind CaM weakly in the
absence and strongly in the presence of Ca®", leading to activation
(e.g. MLCK) or inhibition [e.g. IP3R], respectively. Many CaM-
regulated enzymes are constitutively regulated by auto-inhibitory
domains which can be displaced through the binding of
Ca’*—CaM; however, other diverse mechanisms have been
discovered including ‘active site remodeling’ and ‘induced
dimerization’.

4.1. CaM kinases and phosphatases

Ca®*t—CaM-dependent Ser/Thr protein kinases (i.e. CaMKs) [95]
and phosphatases such as CaN [96—98] play critical roles in cellular
Ca?* signalling, and have been the best characterized among CaM-
binding proteins. Many X-ray and NMR structures have been re-
ported for CBD peptides of CaMKs and phosphatases in complex
with Ca?*—CaM, including MLCK, CaMKI, CaMKII, CaMKK, DAP ki-
nase (DAPK), and CaN [9]. CaMKs and CaN are activated by
Ca®*—CaM through analogous mechanisms [99]. These proteins
each possess a catalytic (kinase or phosphatase) domain, an auto-
inhibitory domain (AID), and a CaM-binding domain (CBD). Under
basal Ca®* conditions, the AID occludes the substrate binding site of
the catalytic domain. Upon elevation of the Ca?* level, Ca®*—CaM
binds to the CBD and displaces the adjacent AID from the substrate
binding site, thus leading to the activation of the enzymes. It should
be noted that phosphorylation at Ser/Thr residue(s) in the AID and/
or CBD of CaM-dependent kinases is often involved in the regula-
tion of the enzymatic activity (see below).

4.2. Structures of Ca’>*—CaM complexes with catalytic domains of
CaMKs

How do the CBD recognition modes discussed above translate
into physiologically relevant regulatory mechanisms? Crystal
structures of Ca®*—CaM in complex with larger CaMK constructs
including the kinase domain, AID, and CBD have provided insight
into this question. In the structure of Ca>*—CaM—DAPK [100], CaM
adopts an extended conformation compared to that in complex
with the isolated CBD peptide. This extended Ca**—CaM confor-
mation appears to be stabilized by direct interactions with the ki-
nase domain, which account for a third of the total buried surface
area (i.e. 656 A2 versus 1289 A? for the CBD). However, Ca’*—CaM
bound to the DAPK kinase domain occludes the substrate binding
site, suggesting that full kinase activity may involve a conforma-
tional change towards the more compact Ca?*—CaM conformation
observed in complex with the CBD peptide.

The activity of CaMKII is regulated not only by Ca>*—CaM, but
also by auto-phosphorylation of Thr residues in the AID (i.e.
Thr286) and CBD (i.e. Thr305/Thr306). The auto-phosphorylated
form acquires Ca®*-independence, referred to as autonomy
[101,102], which prolongs the lifetime of the active state of CaMKII
and plays a role in long-term potentiation and memory [103]. Inter-

subunit auto-phosphorylation of CaMKII is mediated by a C-ter-
minal oligomerization domain. As observed for other CaMKs, at
basal Ca®* levels the substrate binding site of the kinase domain is
occluded by the AID, which is displaced by Ca?>*—CaM binding
when the Ca®* level is elevated. Subsequently, Thr286 auto-
phosphorylation leads to Ca>*—CaM-independent CaMKII activa-
tion, although maximal kinase activity still requires Ca’*—CaM
[104]. Phosphorylation of Thr286 decreases the Ca>*—CaM disso-
ciation rate by 10,000-fold, which is referred to as Ca’>"—CaM-
trapping [105,106]. A decrease in the Ca®>* concentration leads to
dissociation of CaM, followed by auto-phosphorylation of Thr305/
Thr306 in the CBD, which prevents rebinding of CaM, even in the
presence of Ca®*.

Insight into the structural mechanisms of CaMKII activation has
been gained through a number of crystal structures and physico-
chemical characterizations [107]. The crystal structure of the auto-
inhibited form of an intact holoenzyme elucidated the structural
basis for inter-subunit interaction and assembly of a dodecamer
(Fig. 1) [108]. However, two distinct crystal structures were re-
ported for CaMKII truncation mutants lacking the oligomerization
domain. The AID assumes an a-helical conformation with Thr286
buried in the substrate binding site in both structures; however,
one structure forms a dimer mediated by a coiled-coil in the CBD
[109], whereas the other structure is monomeric with an unstruc-
tured CBD and Thr307 (CaMKIId numbering) inserted into the
catalytic site [110]. In the structure of the Ca>*—CaM-bound form of
truncated CaMKIId lacking the oligomerization domain (Fig. 2)
[110], the CBD forms an a-helix while the AID including the auto-
phosphorylation site Thr287 (CaMKIIS numbering) adopts an
extended conformation. The extended AID is recognized by the
catalytic subunit of the adjacent CaMKII subunit, enabling inter-
molecular auto-phosphorylation of Thr287; however, phosphory-
lation of Thr307 is prevented by the bound Ca?>*—CaM. When CaM
dissociates upon reduced Ca®* levels, Thr307 is subject to cis-
autophosphorylation which prevents Ca®t—CaM binding and thus
results in Ca®*-insensitivity of CaMKII [111].

4.3. Activation mechanisms of other CaM targets

CaN, the best-studied Ser/Thr phosphatase that is regulated by
Ca®*—Cal, is activated by CaM through displacement of a C-ter-
minal auto-inhibitory domain. CaN activates nuclear factor of
activated T-cells (NFAT), which can be blocked by the immuno-
suppressive drug cyclosporine. A number of exciting developments
have elucidated the action of cyclosporine in CaN inhibition
[112,113] as well as the substrate-recognition and regulatory
mechanisms of CaN involving the Ca®* binding subunit (CaN B)
[114]. However, no structure has been reported for the CaN catalytic
subunit (CaN A), including CBD in complex with Ca**—CaM.

A series of crystal structures of Ca>*—CaM in complex with the
flavin mononucleotide domain of inducible NOS suggest that CaM
binds the 1—14 helical motif in the same manner as it binds the
isolated peptide. This CBD blocks the flow of electrons from flavin
to heme, but is displaced by CaM binding to relieve this auto-
inhibition [115].

4.4. Target regulation by extended conformations of CaM

Some CaM target proteins are activated by allosteric mecha-
nisms. Bacillus anthracis produces a toxin called edema factor (EDF),
an adenylyl cyclase that is activated by CaM only when secreted
into a eukaryotic host cell. The two lobes of CaM bind non-
contiguous sites in EDF, and induce ‘active site remodeling’ [116]
whereby the Ca®*-bound C-terminal lobe and Ca®*-free N-lobe
stabilize the active conformation of EDF. CaM also modulates the
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conductance of many ion channels, often by inducing dimerization. motifs and forms two interacting helices connected by a loop
Small conductance Ca®*-activated potassium (SK) channels are [117]. Two SK peptides form an antiparallel dimer with a three-
opened by Ca’*—CaM binding to a C-terminal region. The 96- helix bundle at each end, and CaM interacts in a 2:2 complex in
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site is coloured blue and the auto-inhibitory region is coloured green. (B) The Ca®*—CaM/CaMKII3 complex structure. CaM is coloured cyan, while the CaM binding domain is blue.
The Thr287 phosphorylation site is indicated (green sphere). (C) Structural transformation of the auto-regulatory domain upon Ca?>*—CaM binding. The inhibitory helix is shown in
green while the Ca**—CaM binding domain is shown in blue. Ca?>*—CaM binding causes a loss in structure in the inhibitory helix concomitant with a gain in structure in the CaM
binding domain. The figure is reproduced from Ref. [110] with permission according to the Creative Commons Attribution (CC BY) license.
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one helix in a Ca’-independent manner whereas each N-lobe
binds a pair of helices in a Ca**-dependent manner. SK2a also in-
teracts with apo-CaM in a manner that involves only the C-lobe
[118]. CaM binding stabilizes SK2a dimerization in response to
Ca®*, which leads to channel opening. The splice variant SK2b also
crystallized with CaM in a 2:2 complex, but adopts a different
configuration with no direct interactions between the SK2b pep-
tides and both lobes Ca®* bound [119].

CaM can also induce dimerization of voltage-gated Ca®* chan-
nels. The ‘pre-1IQ’ and IQ motifs of the L-type Cay1.2 channel crys-
tallized as a dimer in complex with four Ca>*—CaM molecules
[120,121]. The pre-IQ regions formed a long coiled-coil bridged by
two Ca%*—CaM, while two additional Ca®*—CaM were bound to the
IQ motifs; however, the physiological relevance of dimerization is
uncertain. L-type Ca®>* channels also interact with apo-CaM which
has been thought to serve primarily to localize CaM to the channel
such that it can rapidly inhibit channel opening in response to Ca®*
influx; however, a recent model holds that apo-CaM directly
stimulates L-type Ca®>* channel opening, which is reversed by Ca®*
influx [122].

5. Disease-associated CaM mutations

Until very recently, no disease-associated mutations had been
reported in CaM. Considering the extraordinary conservation of
CaM, the apparent absence of mutations in the three genes
encoding CaM (CALM1, CALM2, CALM3 located on chromosome
14q24-q31, 2p21.1-p21.3, and 19q13.2-q13.3, respectively [123])
seemed consistent with a general notion that any mutations of CaM
would have such profound effects that they would likely be lethal.
However, over the last three years, at least ten CaM mutations have
been identified in a small number of patients with cardiac ar-
rhythmias. The main phenotype associated with these mutations is
remarkably specific to the heart and sometimes accompanied by
neuro-developmental delays. Although the number of affected in-
dividuals identified remains small, the emerging trend suggests
that there may be multiple, somewhat overlapping classes of mu-
tations associated with distinct types of arrhythmias, which act
through different mechanisms.

In 2012, Nyegard et al. reported two missense mutations in the
CALM1 gene identified in patients with catecholaminergic poly-
morphic ventricular tachycardia (CPVT) [124], an arrhythmia
associated with sudden cardiac arrest following exercise or
emotion (i.e. adrenergic activation). CPVT is thought to be a sig-
nificant cause of unexplained sudden cardiac deaths amongst
young people, and most cases of dominantly inherited CPVT are
caused by mutations in RyR2 [125]. One of the two CaM mutations
(N53I) was dominantly inherited in a large family with severe CPVT,
whereas the second (N97S) arose de novo. N53 is located on a
solvent-exposed surface of the N-lobe, whereas N97 is part of the
Ca®*-binding EF-hand in the C-lobe [124] (Fig. 3).

The following year, additional missense mutations in CALM1
(D129G and F141L) and CALM2 (D95V) were reported in infants
exhibiting long QT syndrome (LQTS) with recurrent cardiac arrest
[126]. LQTS is often associated with loss-of-function K* channel
mutations or gain-of-function mutations of Na* or Ca** channels
[127,128], however genetic analyses of patients with unexplained
LQTS identified CALM2 missense mutations [129], including N97S
(analogous to the CPVT CALM1 mutation, suggesting possible
isoform-specific phenotypes) and N97I [129]. This study also
identified CALM2 D131E and Q135P in children exhibiting clinical
features of both LQTS and CPVT, as well as CALM1 D133H [129].
Another LQTS-associated mutation was recently identified in
CALM3, analogous to the CALM1 D129G mutant [130]. These LQTS-
associated variants were determined to be de novo mutations, and

affect the EF-hands in the C-lobe, thus reducing Ca** affinity 5—50-
fold [126,129,131]. Interestingly, the N97S mutation, which was
seen in CPVT and LQTS patients had a modest effect on Ca®* binding
(<2-3 fold) [124,131], whereas the N-lobe CPVT-associated muta-
tion N53I had no significant effect [124,131].

Unlike LQTS and CPVT, idiopathic ventricular fibrillation (IVF)
can result in sudden cardiac death in the absence of identifiable
electrocardiogram features. Recently, a CALM1 mutation encoding
F89L was associated with IVF [132]. F89 is not in an EF-hand, but is
found in the interdomain linker, where it interacts with some CaM
target peptides. Human CaM F89L has not been functionally char-
acterized; however, in yeast a F89A mutation disrupts binding to
CaMK, but not CaN [133], suggesting this [VF-associated mutation
may deregulate a specific subset of CaM target proteins.

Considering the broad range of functions served by CaM, the
cardiac-specific phenotype associated with CaM mutation is
somewhat surprising. CaM regulates cardiac contractility through
multiple channels, including L-type voltage gated Ca®* channels,
K* channels, Na* channels, and RyR2, which mediates Ca’*-
induced Ca* release (CICR), and many of the cardiac ion channels
are modulated by CaM targets including adenyl cyclases, PDE and
CaMKII [134]. It is also surprising that these CaM mutations act in a
dominant fashion, despite the presence of three CALM genes. All
three CALM genes are expressed in the heart [126,134]; thus, a
single mutant allele induces a phenotype, even in the presence of
five normal alleles.

CPVT is most commonly caused by gain-of-function RyR2 mu-
tations [125], or mutations affecting RyR2-binding proteins (i.e.
calsequestrin-2 and triadin) [135], which lead to spontaneous
opening and Ca** waves that trigger membrane depolarization.
CaM binding to RyR2 decreases its open probability, and RyR2
mutations that disrupt CaM binding are associated with sponta-
neous Ca’* release [136]. CaM NO97S, but not N53I, exhibited
reduced binding to the RyR2 CBD peptide at low Ca®* concentration
(100 nM); however, neither mutation affected binding at >1 mM
Ca?* [124]. Nyegaard et al. proposed that the impaired binding of
the N97S CaM mutation causes deregulation of RyR2 [124]; how-
ever, it is not clear how a mutant with impaired RyR2 binding could
exert a dominant effect over wild-type CaM.

Hwang et al. examined how CaM mutations affect binding to
full-length RyR2 and Ca’* waves in cardiomyocytes [131]. The
CPVT-associated mutations N53I and N97S significantly increased
the frequency and decreased the amplitude of Ca®* waves, similar
to RyR2 mutations, whereas LQTS-associated mutations did not
affect (F141L and D95V) or slightly decreased Ca®* wave frequency
(D129G) [131]. In contrast to the isolated RyR2 peptide, the CPVT
mutants exhibited higher affinity than wild-type CaM for full-
length RyR2 at 30 nM Ca®*; however, despite tight binding, the
N97S mutant failed to inhibit RyR2 conductivity and N53I sur-
prisingly increased the RyR2 open probability [131]. Remarkably,
the CPVT-associated mutants were capable of increasing Ca®* wave
frequency even in the presence of 8-fold excess wild-type CaM,
consistent with their higher affinity for full-length RyR2 [131]. In
contrast, the LQTS-associated CaM mutant D95V inhibited RyR2
normally, while D129G and F141L reduced RyR2 binding [131]. In
summary, CPVT-associated CaM mutations maintain binding to
RyR2, but fail to inhibit the channel, whereas LQTS-associated
mutants either bind and regulate RyR2 normally or do not
compete with wild-type CaM and therefore do not affect RyR2
function. The structural basis for the higher affinity of the CPVT
mutants to full-length RyR2 despite reduced binding to the CBD
peptide, and the mechanism underlying their failure to inhibit
RyR2 remain to be elucidated. The regulation of RyR2 by CaM is not
fully understood: both apo-CaM and Ca%*—CaM interact with RyR2,
which contains more than one binding site [72,137—140].
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Disease-Associated mutations
CPVT: N53I, A102V

CPVT and LQTS:

N97S/I, D131E, Q135P

LQTS:

D95V, D129G, D133H, F141L
IVF: F89L

Fig. 3. Structural features and sites of disease-associated mutations in CaM. Schematic representation of the CaM sequence with the four EF hands indicated and Ca?*-coordinating
loops in blue and helical residues in grey. Coordination of Ca%* ions through side-chain and backbone oxygens are indicated by dashed and dotted lines, respectively. The flexible
hinge region of the inter-lobe linker is shown in green. Mutations associated with catecholaminergic polymorphic ventricular tachycardia (CPVT, purple), long QT syndrome (LQTS,
red), features of both CPVT and LQTS (magenta), and idiopathic ventricular fibrillation (IVF, orange) reported in Refs. [124,126,129,131,132,144] are indicated.

Although the LQTS-associated CaM mutations do not affect the
function of RyR2, Limpitikul et al. demonstrated that expression of
D95V, D129G or F141L in ventricular myocytes increases Ca®*
transients and suppresses the Ca?t—CaM-dependent inactivation
of L-type Ca®* channels, thus increasing Ca®* influx, even in the
presence of excess wild-type CaM [141]. In contrast, the CPVT-
associated mutants had little or no effect on the function of L-
type Ca®* channels. Ca?*-dependent regulation of L-type Ca®*
channels by Ca?>*—CaM requires the pre-association of apo-CaM

[64,142]. Thus, LQTS-associated CaM mutants with impaired Ca®*
binding may compete with wild-type CaM for the apo-CaM binding
site, but fail to inactivate the channel in response to a Ca®* signal.
The dominant phenotype is also consistent with the recent model
that apo-CaM serves as a direct activator of voltage gated Ca’*
channels that is terminated upon Ca®* influx [122]. LQTS mutants
with impaired Ca®* binding may continue to activate the channel in
the presence of Ca** and might, thereby, be viewed as gain-of-
function rather than loss-of-function mutants, consistent with
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their dominant effect. Preassociation of apo-CaM is also essential
for regulation of some voltage gated Na* and K" channels, sug-
gesting that LQTS CaM mutants may affect additional channels
through analogous mechanisms, although Yin et al. found that they
have little effect on L-type Na™ channels [143].

5.1. CaM in cancer

Very few non-synonymous variants of CaM genes have been
observed in the Exon Sequencing Project (CALM1 19T and V142L,
and CALM3 A102T). No phenotypic information is available for the
individuals with these variants, although A102V has been associ-
ated with CPVT [144]. In contrast, many somatic mutations of CaM
genes have been observed in tumours by cancer genome
sequencing efforts. The COSMIC database currently lists the
following missense mutations (CALM1: K30E, M36T, G59S, P66L,
L69F, M72I, R741, R106C/H, N137S; CALM2: D2A, F12L, G25E, 127V,
S38Y, G40E, Q41H, G61D, D78E, E84K, R86T, K94E, G96A, R106C,
E114K, G132A, Y138C; CALM3: Q8H, D22E, T29S, E104Q, M144V),
and two nonsense mutations predicted to encode truncated CaM
variants lacking a functional C-lobe (CALM1 E67%, R90*). We are not
aware of any data investigating whether these CALM mutations
contribute to oncogenic signalling or are simply ‘passenger’ muta-
tions resulting from the DNA repair defects that accumulate in
cancer cells.

In recent years, CaM has been implicated in oncogenic signalling
through an interaction with the oncogenic protein Kirsten rat sar-
coma (KRAS)4B. KRAS is one of the most frequently mutated genes
in human cancer, with activating mutations found in 22% of all
tumours, including 61% of pancreas, 33% of colon and 17% of lung
cancers [145]. KRAS4B consists of a guanosine triphosphatase
(GTPase) domain and a flexible, polybasic, farnesylated, C-terminal
tail that anchors it to the PM. The KRAS4B—CaM interaction has
been reported to be Ca?*- and GTP-dependent, and to involve the
farnesyl group, the lysine-rich region and the GTPase domain
[146—148], and is thought to reduce KRAS4B affinity for the PM
[147,149,150]. KRAS4B depends upon basic residues in the tail for its
dynamic membrane association [151,152], and protein kinase C
(PKC) phosphorylation of a Ser in this region reduces the positive
charge and leads to its redistribution to endomembranes [153]
where it induces autophagy [154]. CaM is antagonistic with PKC,
as bound CaM protects the site from PKC phosphorylation, and
conversely, phosphorylation disrupts CaM binding
[146,147,150,155]. Structural details of this interaction are lacking;
however, the KRAS4B tail lacks hydrophobic anchor residues and it
has been proposed that CaM may sequester the farnesyl moiety of
KRAS4B in a manner reminiscent of its interaction with the myr-
istoyl groups of MARCKS and cortical cytoskeletal associated pro-
tein (CAP-23)/neuronal axonal myristoylated membrane protein
(NAP-22) [156,157]. A better understanding of the interplay be-
tween KRAS4B, PKC and CaM may reveal therapeutic opportunities
for modulating the balance of oncogenic versus anti-proliferative
functions of KRAS4B.

6. Stromal interaction molecule Ca?>* sensors

STIM1 and STIM2 are the Ca®* sensory protein machinery
specialized for function in the ER [28,29,158]. Together with PM-
resident Ca** Orai channels [159—162], these proteins constitute
the minimal complex required to establish SOCE [163,164], which
mediates a plethora of physiological processes such as transcrip-
tion, apoptosis, the immune response, thrombosis as well as
pathophysiological processes such as carcinogenesis, cardiac hy-
pertrophy and immunodeficiency-related disease, to name a few.
While STIM1 is ubiquitously expressed in most tissues and is

involved in regulation of SOCE, STIM2 appears to be more
concentrated in neuronal tissues and plays a major role in
maintaining basal Ca®* levels in the cytoplasm and ER [165,166].
STIMs are single-pass transmembrane (TM) proteins of ~77 kDa.
STIMs possess a highly conserved N-terminal EF-hand domain,
consisting of a canonical Ca%>* binding EF-hand (cEF) motif, a non-
canonical EF-hand (ncEF) motif and a sterile o motif (SAM)
domain located within the ER lumen, whereas the C-terminal
cytoplasm-oriented region contains three conserved coiled-coil
domains (CC1, CC2, CC3) in tandem, followed by Ser/Pro-rich
and Lys-rich regions (Fig. 4A). While the luminal EF-hand
together with the SAM domains (EF-SAM) sense changes in
Ca%* levels [167,168] (see below), the cytoplasmic domains
organize the assembly and gating of PM Orail subunits into open
CRAC channels [169—171].

7. Ca’t binding and STIM1 EF-SAM structure

STIM1 was first identified as a Ca?* sensor in the ER involved in
SOCE by two independent RNA interference (RNAi) studies in 2005
[28,29]. Compared to the archetypal cytoplasmic Ca** sensor CaM
(see CaM section of this review), the affinity of Ca** to the STIM1
and STIM2 EF-SAM domains is relatively low (Kq for CaM ~uM
versus ~sub-mM for STIM EF-SAM domains) [37,168,172,173]. This
dramatic difference in Ca®* affinity between CaMs and STIMs exist
despite a high conservation of the loop residues that coordinate
Ca?* within the first EF-hand (i.e. STIM cEF) (Fig. 4B). EF-hand loop
residue positions 1, 3, 5, 7 and 9 provide monodentate Ca®* ligands
while residue 12 contributes bidentate ligands to create a pentag-
onal bipyrimidal geometry in canonical EF-hand Ca®* coordination
[14]. Residues 1, 3 and 5 invariantly contribute side chain oxygen
ligands, residue 7 contributes a backbone carbonyl oxygen ligand
positioned by an invariant Gly at position 6 that facilitates a sharp
turn in the loop; moreover, residue 9 can provide a side chain ox-
ygen or H,O oxygen while residue 12 contributes two oxygen side
chain atoms to the coordination [13,14,18]. The reason for the
weaker Ca* affinity in the EF-SAM domains may be related to the
non-canonical loop sequence (ncEF) of the second EF-hand motif
that makes up the EF-hand pair in STIMs. The ncEFs of the human
STIMs do not possess the necessary acidic residues in position 1 and
3, and the vital Gly at position 6 is replaced by Lys in STIM1 and
STIM2; moreover, the position 12 residue of the loop is occupied by
a shorter Asp side chain which may not be ideal for Ca®>* coordi-
nation (Fig. 4B). As predicted from the sequence of the EF-hand
loops, STIM EF-SAM domains bind a single Ca®>* ion based on
NMR titration, native-like mass spectrometry and radioisotope
measurements [33,168,172,173]. The ~1000-fold weaker STIM EF-
SAM Ca®* affinity compared to CaM make these molecules ideal
sensors for ~1000-fold higher Ca®* levels of the ER lumen, whereas
the higher Ca®* affinity of CaM is tailored to the much lower Ca®*
levels in the cytoplasm [24,37].

NMR based solution structural studies of the STIM1 EF-SAM
domain revealed that it forms a single compact structure
comprised of 10 o-helices and two short B-strands in the Ca*-
loaded holo state [33]. The cEF (a1-f1-22) is paired with the ncEF
(a3-p2-04) through backbone H-bonding between the 1 and 2
strands (Fig. 5A). However, the ncEF does not bind Ca?*. The EF-
hand domains of STIMs are linked in sequence space by a short
helix (a5) where the SAM domain folds in a 5-helix bundle
(26—0.10); however, the SAM domain packs tightly into a hydro-
phobic cleft formed by the EF-hand pair through C-terminal anchor
residues (i.e. Leu195 and Leu199), forming a single compact entity
(Fig. 5A). The two STIM anchor residues form intramolecular in-
teractions with the hydrophobic cleft of the EF-hand domain,
reminiscent of the mode of intermolecular target interactions by
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Fig. 4. Domain architecture of STIMs and Ca®* binding loop sequence alignment. (A) Domain architecture of human STIM1 and STIM2. Abbreviation for the domains are as follows:
sig, signalling peptide sequence; cEF, canonical EF-hand; ncEF, non-canonical EF-hand; SAM, sterile a-motif; TM, transmembrane region; CC1-CC3, coiled-coil region 1-3; P/S, Pro
and Ser rich region; poly K, Lys rich region. (B) Sequence alignment of the EF-hand Ca®* binding loops for human CaM and STIMs. The position code of the residues is shown at the
top (bold). X, Y, Z, # and x contribute monodentate and z contributes bidentate ligands in the Ca?* coordination. G and I are invariant. The most prevalent residues at each position
are shown at the bottom (red) [219]. Conserved residues within the aligned loops are shaded pink.

CaM where target anchor residues are directed into the CaM hy-
drophobic EF-hand pocket [66,67].

Remarkably, there are currently no structural homologues of
STIM EF-SAM domains within the PDB despite the frequent
occurrence of EF-hand and SAM domains within the proteome;
nevertheless, a DALI search [174] for structural homologues of the
STIM1 EF-hand domain reveals the closest homologue is the Ca**-
loaded C-terminal bovine CaM domain [i.e. backbone atom root
mean square deviation (rmsd) = 3.2 A] (Fig. 5B). It is clear from a
structural alignment of the STIM1 EF-hand domain with C-terminal
CaM is that both domains adopt an ‘open’ conformation, defined by
interhelical angles greater than approximately 70°, a hallmark of
many Ca”* loaded EF-hands that results in exposure of hydropho-
bic residues for target binding. The STIM1 EF-SAM cEF and ncEF
interhelical angles are 80.0° and 96.7°, respectively, compared to
the C-terminal CaM EF-hands which are 81.4° and 107.7° (Fig. 5B).
The structural similarity of the Ca>*-loaded EF-hand angles and the
anchor residues provided by target peptides suggest that STIM
binds to its target (i.e. the SAM domain) through a strikingly similar
mechanism as the classical CaM mechanism of target binding,
despite low overall sequence similarity and orders-of-magnitude
differences in Ca®* binding affinity. The STIM1 SAM domain most
closely resembles the SAM domain of the EphB2 receptor (ie.
backbone rmsd = 2.1 A) suggested to be involved in oligomeriza-
tion of the protein [175]. SAM domains are known protein inter-
action domains [176], and the presence of SAM in the luminal
domain of STIMs is not surprising given the significance of oligo-
merization to the SOCE activation process (see below).

8. STIM1 Ca?*-dependent luminal activation process

While the separately considered EF-hand domain and SAM
domain adopt tertiary folds similar to other known domains, the
EF-hand:SAM intramolecular interaction is more unique. In the
presence of Ca>*, extensive contacts between the hydrophobic cleft

made by the EF-hand pair and the protruded hydrophobic residues
(anchor residues) of the SAM domain maintain EF-SAM in close
association. The significance of this interaction is underscored by
the facts that each subdomain is destabilized significantly in the
absence of the other or by mutations that disrupt the critical
interface [33,168,177]. When Ca®* is depleted from the ER lumen, a
Ca** depletion-dependent EF-SAM destabilization coupled with
oligomerization occurs [168,173]. The importance of EF-SAM olig-
omerization in the context of full-length physiological function of
STIM1 was demonstrated by a study of live cells expressing STIM1
variants in which the luminal domain was replaced by FKBP12 or
FK506 domains [167], which can be pharmacologically induced to
oligomerize by rapamycin. This chimeric STIM1 did not exhibit ER
luminal Ca** sensitivity; however, rapamycin-induced oligomeri-
zation activated SOCE [167]. Moreover, STIM1 truncated after the
TM region displays little intermolecular FRET at resting ER Ca®*, but
shows high intermolecular FRET after ER Ca?* depletion, indicating
that the self-association of the N-terminal region is Ca**-depletion
dependent [178]. Overall, these data unequivocally demonstrate
that EF-SAM oligomerization is an important initiation step in
STIM1 and SOCE activation.

In vitro studies have provided further details on the mechanism
of EF-SAM oligomerization. Multi angle light scattering (MALS),
chemical cross-linking and analytical ultracentrifugation show that
STIM1 EF-SAM tends to self-associate to form a dimer as a major
species upon Ca®* chelation at low temperature (4 °C) [168,179].
The data also indicate the presence of higher oligomer species and
polymorphic forms depending on temperature and protein con-
centration [168,172]. At present, the physiological significance of
the higher-order EF-SAM oligomers is not clear; however, it has
been demonstrated that simple disulfide tethering of the N-ter-
minal CC1 region, corresponding to the portion of STIM1 closest to
the cytoplasmic side of the ER membrane, can increase the activity
of SOCE, suggesting an important role for dimerization of EF-SAM
in the activation process [180].
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Fig. 5. STIM1 EF-SAM structural comparison with CaM. (A) Solution NMR structure of the STIM1 EF-SAM domain. The canonical EF-hand (cEF), non-canonical EF-hand (ncEF) and
SAM domain are coloured cyan, blue and green, respectively. The C-terminal anchor residues of SAM domain are shown as red sticks. The Ca** ion is shown as a yellow sphere. The
images were rendered in PyMOL using 2K60.pdb. (B) Structural alignment of STIM1 and C-terminal CaM domain (C-CaM) EF-hand domains. The STIM1 cEF and ncEF are shown in
cyan and blue respectively, structurally aligned with the two EF-hand motifs making up bovine C-CaM (magenta, left). At right, cEF of STIM1 is superimposed with the first EF-hand
motif in C-CaM showing a remarkably similar interhelical angle indicative of the ‘open’ EF-hand conformation. The Ca®* ions of STIM1 and CaM are shown as yellow and orange

spheres, respectively. The images were rendered in PyMOL using 2K60.pdb and 1PRW.pdb.

Upon Ca** dissociation from EF-SAM, the far-UV circular di-
chroism (CD) spectra shows reduction in helical content, concom-
itant with increased surface hydrophobicity; further, the apparent
midpoint of temperature denaturation (Ty) drops considerably
(AT = —24 °C) [33,168], implying that EF-SAM oligomerization is
intimately linked with the stability of the domain. It is, however,
challenging to obtain high resolution structural detail of the Ca®*-
depleted dimer/oligomeric apo-state of EF-SAM due to sample
heterogeneity, size and conformational exchange of the protein.
NMR spectra of Ca**-free EF-SAM show limited number of peaks
and narrow dispersion in the 'TH-'>N heteronuclear single quan-
tum coherence (HSQC) [33,168,179], suggesting that the dimer/
oligomer state is likely dynamic or in equilibrium with higher as-
sembly states that would be invisible by NMR due to fast signal
relaxation times. This spectrum is in stark contrast to the Ca®*-
loaded spectrum which shows well-dispersed peaks of homoge-
neous intensity, consistent with a well-folded monomeric struc-
ture. Interestingly, a recent biochemical study of Ca**-chelated EF-
SAM demonstrated that an N-terminal helix-loop-helix (a6—a7)
fragment resists proteolysis, suggesting that this region may be
important in EF-SAM association [179].

Overall, the Ca®* sensing domain of STIMs have evolved whilst
retaining the classical target recognition attribute found in many
CaM superfamily members, which is characterized by a stably

folded ‘open’ EF-hand architecture that exposes hydrophobic resi-
dues in the presence of Ca®* for interactions with hydrophobic
residues of target proteins. In the absence of Ca** ion, the STIM
Ca®*-sensing domain becomes destabilized and the resulting
increased intrinsic disorder drives self-association in SOCE activa-
tion. Thus, whereas most CaM superfamily members undergo an
‘open-to-closed’ EF-hand response to the depletion of Ca>* which
ultimately occludes target binding interfaces, STIMs have evolved
an ‘open/ordered-to-disordered’ response to Ca®* depletion which
results in homotypic interactions. Intrinsic protein disorder plays
an important role in myriad cell signalling processes (e.g. Refs.
[181—185]); STIMs use the EF-hand machinery to turn the disorder
ON and OFF, which in turn acts as the ON/OFF activation switch for
SOCE.

9. STIM1 cytoplasmic activation process

The act of EF-SAM luminal domain association triggers com-
plex and dynamic structural changes in the cytoplasmic domains
of STIM1, which culminates in the oligomerization, translocation
to ER-PM junctions, binding to Orail subunits and gating of the
channels [167,170,171,186—188]. First, the Lys-rich region is
released as the CC1—-CC2—CC3 domains undergo a conforma-
tional extension [189,190]. The Lys-rich region is involved in the
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targeting of STIM1 molecules to ER-PM junctions through bind-
ing to negatively charged PM phosphoinositides [191—-193].
However, in a separate mechanism of translocation, the CC2—CC3
domains, which constitute the minimal STIM machinery required
to activate SOCE, interact with Orail N- and C-termini in the
coupling and gating of the CRAC channel pore [170,171]. The
mechanism of interaction between the Orail C-termini and the
CC2 domain of STIM1 has been recently elucidated, revealing that
the antiparallel orientation of the human Orail C-termini
exhibited in the hexameric Drosophila melanogaster crystal
structure [194] is remarkably analogous to the orientation after
binding to the STIM-Orai association pocket (SOAP) formed
exclusively by an antiparallel, intermolecular homotypic STIM1
CC2:CC2’ association [195]. The precise mechanism by which
Orail N-termini interact with the CC2—CC3 region awaits further
high resolution structural data. Note that intermolecular homo-
typic CC1—CC1’ interactions [196] as well as CC2—CC2’ in-
teractions [197] have also been elucidated at high-resolution, and
different relative conformations of CC1 and CC2 have been shown
in NMR and crystal data [195]. These differences reinforce the
notion of a dynamic coiled-coil switching mechanism of STIM1
activation and the marked intramolecular FRET, STIM localization
and STIM mobility changes observed in the quiescent and active
states [169,186—190,198,199].

STIM2-EF ,

STIM1-EF

10. STIM2 EF-SAM structure and function

Vertebrates express two human STIM homologues, STIM1 and
STIM2. Although the activation mechanisms of STIM1 and STIM2
are likely similar considering the overall sequence conservation
within the vital domains involved in Ca®* sensing (i.e. luminal EF-
SAM) and activation (i.e. cytoplasmic CC1—CC2—CC3) of Orai
(Fig. 4A), differences in the Ca®* sensitivity exist which tailor these
molecules to specific physiological roles. For example, STIM2 be-
comes activated in response to smaller changes in ER Ca®" levels
compared to STIM1, thus making it better suited to a role in the
maintenance of basal Ca?* levels compared to STIM1 [166]. In
contrast, STIM1 requires larger ER Ca®* store depletion to become
activated compared to STIM2 [166,173]. These sensitivity differ-
ences are partially attributable to a lower Ca®* affinity of STIM2
compared to STIM1 [168,172,173]; however, high resolution struc-
tural data on STIM2 EF-SAM and biophysical characterizations have
revealed additional factors involved in the homologue-specific
roles in Ca®* signalling [173].

The high resolution structure of STIM2 EF-SAM revealed an
overall secondary structure analogous to STIM1 EF-SAM, made up
of 10 a-helices and 2 short B-strands (Fig. 6A). In 3D space, these
components create a cEF (¢1—p1—c2) and a ncEF (a3—p2—0a4);
further, a short linker helix (5) connects the 5-helix SAM domain

Fig. 6. STIM2 EF-SAM structural comparison with STIM1. (A) Solution structure of the STIM2 EF-SAM domain. The canonical EF-hand (cEF), non-canonical EF-hand (ncEF) and SAM
domain are coloured light cyan, dark blue and dark green, respectively. The C-terminal anchor residues of the STIM2 SAM domain are shown as red sticks. The Ca®* ion is shown as a
yellow sphere. The images were rendered in PyMOL using 2L5Y.pdb. (B) Backbone structural alignment of the STIM1 and STIM2 EF-SAM domains. The ¢.10 helix of the STIM1 and
STIM2 SAM domains are superimposed and the relative orientations of the STIM1 (light cyan) and STIM2 (dark blue) EF-hand domain are shown. The Ca®* ion coordinated by STIM1
(yellow) and STIM2 (orange) are shown as spheres. The images were rendered in PyMOL using 2K60.pdb and 2L5Y.pdb.
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bundle (26—a10) to the EF-hand pair (Fig. 6A). The EF-hand loops
(B1 and B2) are stabilized through backbone H-bonding [i.e. lle119
C(O):lle 87 N(H)]; further, the SAM domain is anchored to a hy-
drophobic cleft formed by the EF-hand domain through «10 ter-
minal hydrophobic residues, as also shown in the STIM1 EF-SAM
structure (Fig. 5A) [33,173]. Despite the global similarities between
the STIM1 and STIM2 EF-SAM structures, there are several unique
features which contribute to the differences in Ca** sensitivity
(Fig. 6B). First, the EF-hand cleft of the STIM2 EF-SAM domain has
more extensive hydrophobicity due to the inclusion of Lys103 and
Trp128 within the pocket, whereas STIM1 excludes the homolo-
gous residues (i.e. His99 and Trp124). Second, the STIM2 SAM
domain is further rotated away from the cEF compared to the SAM
domain in STIM1. Third, oppositely charged Asp200 and Lys108 are
in proximity and interact with each other in the STIM2 EF-SAM
structure. Finally, the SAM domain of STIM2 has a more hydro-
phobic core compared to STIM1 due to the presence of [le180 which
is not conserved in STIM1 (i.e. Gly176 in STIM1); moreover, a
rearrangement of the STIM2 SAM domain side chains to accom-
modate [1e180 results in the inclusion of Phe158 and Lys193
compared to Phe154 and Lys189, which are not included in the
STIM1 SAM domain [173,200].

To assess the impact of the aforementioned EF-SAM structural
distinctions on the Ca®* sensing function of the luminal domains, a
series of STIM1/STIM2 EF-SAM chimeras were engineered and
characterized in vitro and in live cells after incorporation in the full-
length STIM1 context. Compared to STIM1, wild-type STIM2 EF-
SAM shows a decreased tendency to dimerize and oligomerize,
consistent with an increased overall stability in both the Ca®*-
loaded and —depleted states [173,201]. Remarkably, both ‘super-
stable’ and ‘superunstable’ STIM1/STIM2 EF-SAM chimeras were
created; moreover, a fusion consisting of the STIM2 cEF, the STIM1
ncEF and the STIM1 SAM domain (i.e. ES211) showed markedly
decreased stability in the respective Ca’*-loaded and -depleted
states compared with wild-type STIM1 or STIM2 EF-SAM. On the
other hand, a fusion comprised of the STIM1 cEF, STIM2 ncEF and
STIM2 SAM domain (i.e. ES122) was more stable than wild-type
STIM1 or STIM2 EF-SAM in the respective Ca**-loaded and
—depleted states [173]. The replacement of EF-SAM with ES211 (i.e.
superunstable) in full-length STIM1 resulted in constitutive puncta
(i.e. oligomerized STIM1 at ER-PM junctions) and open CRAC
channels; moreover, incorporating ES122 (i.e. superstable) in the
place of wild-type EF-SAM resulted in a STIM1 molecule with a
significantly delayed time to maximal activation and highly sup-
pressed maximal CRAC activity [173]. These data were instrumental
in unequivocally linking the stability of the EF-SAM region to the
activation of the full-length molecule.

11. Disease-associated STIM1 mutations

The PM protein subunit Orail that makes up the CRAC channel
was identified through a gene linkage analysis of a family carrying a
heritable form of severe combined immunodeficiency disease
(SCID) characterized by a lack of SOCE; moreover, the analysis
identified Orail as a major protein component of SOCE machinery
and the R91W as the mutation within Orail responsible for the
SCID phenotype [202]. There is no alteration in the expression
levels of Orail R91W in immune cells from human patients, but
these cells show no detectable SOCE, a phenotype which can only
be rescued by overexpression of wild-type Orail [202]. Since the
identification of Orail R91W, several other germline mutations in
both Orail and STIM1 have been found associated with immuno-
deficiency diseases. The deficiency occurs in both the innate and
adaptive immune systems and patients exhibit a high susceptibility
to bacterial, viral and fungal pathogens [203,204]. Within Orail, a

frameshift mutation (A88SfsX25) as well as the missense A103E
and L194P have been shown to abolish protein levels and CRAC
activity [205—207] in families exhibiting immunodeficiency dis-
ease [203]. Two classes of heritable mutations in STIM1 have also
been found in human immunodeficient patients. In the first class,
STIM1 protein expression is abrogated due to frameshift
(E128RfsX9) or splice site (1538—1 G to A) mutations, resulting in a
loss of SOCE [208,209]. In the second class, missense mutations do
not alter STIM1 protein levels compared to normal individuals, but
STIM1 function is lost nonetheless as cells from patients with these
mutations also show no SOCE and develop immunodeficiency-like
disease (i.e. R429C) [210,211].

Remarkably, whereas the above described mutations result in a
loss of SOCE and immunodeficiency, recently two independent
groups identified an autosomal dominantly inherited STIM1 mu-
tation (R304W) which causes Stormorken syndrome, a condition
characterized by bleeding dysfunction, tubular aggregates, intel-
lectual disability and skin abnormalities; however, SOCE is consti-
tutively active in cells expressing STIM1 R304W [212,213]. Thus,
both loss- and gain-of-function mutations in STIM1 can lead to
diseases acquired through a Mendelian-inheritance pattern which
causing a range of abnormal phenotypes. Note that somatic STIM1
coding point mutations (i.e. currently 80 listed in the COSMIC
database [214]) have also been identified associated with various
cancers, although the functional consequences of these mutants are
not well understood.

12. Concluding remarks

The structural versatility of CaM involves the presence of a
flexible linker between the N- and C-terminal EF-hand domains
permitting CaM to change its global shape and adapt to the binding
sites of different target proteins; further, the hydrophobic cleft of
each EF-hand domain is highly enriched with methionine which
has electrostatically semi-polar and structurally flexible properties.
Thus, not only does the dynamic linker facilitate a global confor-
mational adaption, but the individual side chains making up the
cleft are capable of local adjustments to the precise positions and
properties of target anchor residues. Taken together with a Ca®*
binding affinity which is specifically tuned to the range of Ca®*
levels experienced by the cytoplasm (i.e. 0.1-1 pM), CaM can
regulate diverse, spatio-temporally distinct signalling processes in
response to global and local changes in cytoplasmic Ca?* levels. In
the ER, another class of Ca?* sensors has been identified in the
STIMs, which have adapted to the much higher Ca* level of the ER
lumen (i.e. 0.1—1 mM). The balance between Ca®" affinity and SAM
stability make STIM1 well suited to SOCE regulation and STIM2 to
basal Ca?* homeostatis.

Although the general EF-hand cleft:hydrophobic anchor mech-
anism of target recognition is conserved between STIM1, STIM2 and
CaM, STIMs and CaM exhibit several intriguing variations in
mechanisms of action (see Table 1 in Ref. [215]). STIMs possess 1
canonical Ca®* binding EF-hand paired with 1 non-canonical EF-
hand, while CaM has evolved 4 canonical EF-hands, each of which
are capable of binding Ca®* with differing levels of affinity (i.e. weak
affinity STIMs versus high affinity CaM). In the Ca?*-loaded state,
STIMs and CaM maintain open EF-hand conformations. Remark-
ably, however, open EF-hands maintain STIM in a monomeric state,
while CaM with open EF-hands habitually binds to targets, thereby
forming heteromeric complexes. In the Ca®*-depleted state, STIMs
show increased hydrophobicity associated with oligomerization,
while the closed EF-hand motifs of CaM exhibit decreased hydro-
phobicity. Most fascinatingly, the origin of regulatory diversity for
STIMs occurs through genetic polymorphism, while CaM employs a
conformational plasticity.
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Despite the intriguing variations, the function of STIMs and CaM
are not totally mutually exclusive. CaM can bind to the cytosolic
domains of both STIM1 and STIM2 and may play a role in targeting
of STIMs to ER-PM junctions or in disassembling STIMs from Orai
proteins during inactivation [216]. The binding sites on STIM1 and
STIM2 are located at the far C-terminus of the molecules (i.e. resi-
dues 667—685 and residues 730—746, respectively) [216] and each
contain potential hydrophobic anchor residues. Additionally, CaM
has been shown to bind to the N-terminal gating helix of Orail and
is associated with Ca**-dependent inactivation of SOCE [217]. A
crystal structure of Ca>*—CaM shows the Orail N-terminal domain
peptide localized in the CaM C-terminal domain hydrophobic cleft,
and additional solution studies reveal that the CaM N-terminal
domain is also capable of separately binding the Orail N-terminal
domain peptide with lower affinity; hence, CaM binds to Orail in
1:2 stoichiometry, respectively, which has implications for con-
trolling the functional oligomerization state of Orail [218].

Additionally, a cooperative role between STIM1 and STIM2 in
transducing ER Ca®* signals cannot be discounted and is likely
considering the co-localization within various cell types. However,
precisely how STIM1 and STIM2 may cooperate as ER Ca®* sensors
in luminal-dependent signalling processes requires further studies
on the ability of these proteins to interact, the physicochemical
basis for the interactions and the influence of the communication
on the function of each respective protein.

A decade ago CaM mutations associated with human disease
were believed to be unlikely as this regulator was considered to be
too essential to be functionally altered in the cell. Remarkably,
recent DNA sequencing efforts have uncovered a number of mu-
tations in CaM which result in dangerous cardiac arrhythmias.
Cancer sequencing projects have also revealed numerous missense
mutations in CaM that occur at the somatic level. Similarly, STIM1
has been shown to be mutated in familial immunodeficiency-
associated diseases and Stormorken syndromes and somatically
in cancers. Clinical studies which identify disease-related muta-
tions are invaluable to understanding the structure-function re-
lationships of these Ca®* sensor proteins, and as further mutational
data are collected from patients and this genomic information is
linked to cellular, molecular and structural biological data, a better
understanding of the mechanisms of Ca®*-signalling malignancies
will come to light and lead to important new therapeutic strategies
for treatments.
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