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2.1 Background

The calcium ion (Ca2+) is a universal messenger which controls a vast number of
cellular processes such as the prolonged regulation of transcription, cell division
and apoptosis, as well as more short-lived secretion and contraction (Berridge et al.
2000, 2003). The voltage-independent mode of store-dependent Ca** mobilization
is conserved among eukaryotic cells: agonist-induced stimulation of G-protein-
coupled or tyrosine kinase receptors activates phospholipase C f or y2, respec-
tively, leading to the hydrolysis of membrane-associated phosphoinositide
4,5-bisphosphate, yielding inositol 1,4,5-trisphosphate (IP3). IP; is a small diffus-
ible second messenger which binds to the IP; receptor (IP;R) on the ER membrane.
Binding of IP; allosterically opens this Ca”* release channel and Ca** moves down
the concentration gradient from the lumen into the cytoplasm. The endoplasmic
reticulum (ER) lumen can only transiently source the cytosol with Ca®* before it is
rapidly depleted. In excitable cells, ryanodine receptors (RyRs) play a larger role in
sarcoplasmic reticulum (SR) luminal Ca®* depletion than the IP3Rs. After dimin-
ishment of ER/SR stored Ca>*, highly Ca** selective and permeable store-operated
channels (SOC) on the plasma membrane (PM) open, providing sustained Ca**
influx into the cytosol from the virtually inexhaustible extracellular Ca** supply;
ultimately, the cytosolic influx of Ca** replenishes the luminal stores via the SR/ER
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Ca®* ATPase pump. This specific communicative interchange of Ca* between the
ER/SR lumen, cytosol and extracellular space is termed store-operated Ca** entry
(SOCE).

Although the model for SOCE was proposed over two decades ago (Putney
1986), the major molecular players have only been identified and characterized in
recent years with the stromal interaction molecules (STIMs) functioning as the ER/
SR Ca’* sensors and activators of PM SOCs (Liou et al. 2005; Roos et al. 2005;
Zhang et al. 2005), and the Orai proteins serving as the major PM channel
components (Feske et al. 2006; Prakriya et al. 2006; Vig et al. 2006a, 2006b;
Yeromin et al. 2006; Zhang et al. 2006). Orail-composed SOCs are termed Ca>*
release activated Ca®* (CRAC) channels due to the voltage-independent, highly Ca**
selective and inward-rectifying currents generated during activity, distinct from
other SOCs. SOCE via CRAC channels is the primary mode of augmenting
cytosolic Ca** in lymphocyte signaling. Prior to the identification of these molecu-
lar components, transient receptor potential (TRP) channels were thought to be
major players in CRAC activity (Draber and Draberova 2005; Parekh and Penner
1997; Parekh and Putney 2005; Varga-Szabo et al. 2009).

Human Orail is composed of 301 amino acids and has four predicted trans-
membrane segments (Cai 2007; Feske 2007). Both the amino and carboxy termini
of this PM protein reside in the cytoplasm, and each has been implicated as a
critical accessory region in Orail activation via direct (Ong et al. 2007; Park et al.
2009; Vig et al. 2006a; Yeromin et al. 2006; Yuan et al. 2009) and indirect
interactions (Gwack et al. 2007) with STIM1. Glutamate at position 106 in
transmembrane segment 1 and Glul90 in transmembrane segment 3 have been
identified as key acidic residues for Ca®* ion permeability (Prakriya et al. 2006)
and selectivity (Yeromin et al. 2006). Additionally, the Arg91Trp variant
associated with inheritable severe combined immunodeficiency (SCID) is located
on the first transmembrane segment (Feske et al. 2006). Humans encode three
isoforms (i.e. Orail, Orai2, Orai3) showing conservation in the predicted trans-
membrane domains, acidic residues involved in ion permeability and selectivity,
as well basic residue position associated with SCID. Transmission electron
microscopy images of Orail used to construct a topology model suggest that
Orail tetramers form a teardrop-shaped structure that extends into the cytosol
sufficiently for direct interaction with STIM1 at ER-PM junctions (i.e. ~10 nm)
(Maruyama et al. 2009). Upon ER/SR Ca** store depletion, STIMI moves from a
pervasive distribution to distinct puncta at ER-PM junctions (Liou et al. 2005;
Zhang et al. 2005). This cluster of Ca** -depleted STIM1 facilitates recruitment of
Orail to the same junctions, establishing sites of CRAC channel formation (Luik
et al. 2006; Varnai et al. 2007; Wu et al. 2006; Xu et al. 2006). For a more
comprehensive review on Orai and CRAC channels see Chaps. 3 and 4. The
present chapter focuses on the structural, biochemical and biophysical properties
of the human STIMI and STIM2 Ca”* sensing regions critical for the regulation
of SOCE and the differences between these isoforms that promote distinct regu-
latory activity between STIMs.
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2.2  Stromal Interaction Molecule Domain Organization

Human STIM1 is a type I transmembrane protein of 685 amino acids localized
on ER/SR membranes or on the PM following post-translational glycosylation
of Asnl31 and Asnl71 (Manji et al. 2000; Williams et al. 2001, 2002). Humans
encode a second isoform, STIM2, with specific homologous regions to STIM1
within both the luminal and cytosolic domains. Unlike STIM1, STIM2 (i.e. open
reading frame of 833 amino acids) does not appear to localize on the PM, despite
conservation of the STIM1 Asn131 residue. The most homologous regions between
STIM1 and STIM2 include an EF-hand pair, sterile o motif (SAM) domain as well
as two cysteines within the luminal domains and three putative coiled-coil domains,
a Lys-rich and a Pro/Ser-rich segment within the cytosolic region of the protein
(Fig. 2.1a). Both proteins encode a single-pass transmembrane region of 21 amino
acids identifiable in bioinformatic hydropathy plots. ER localization of STIMI is
signaled through the first 22 amino acids. STIM2, on the other hand, encodes an
additional 87 residues distally toward the N-terminus outside of the homologous
ER signal peptide sequences. Early studies suggested that translation initiation of
STIM2 occurs at a non-AUG site; however, recently it has been suggested that
the much longer signal sequence of STIM?2, upstream of and including the homo-
logous STIM1 signal peptide (i.e. residues 1-101) (Fig. 2.1b), is necessary for
appropriate ER localization of STIM2 proteins (vide infra) (Graham et al. 2011).
Phosophorylation of various STIM1 Ser and Thr residues within the Ser/Pro-rich
region has been described (Pozo-Guisado et al. 2010; Smyth et al. 2009).

The activation of CRAC by STIM1 is better resolved than STIM2 due to less
ambiguous and considerably more cell biology data. The process of CRAC activa-
tion by ER/SR-residing STIMI1 is a multi-step process: first, STIM1 oligomeriza-
tion on the ER membrane occurs in response to ER/SR luminal Ca** depletion;
second, STIM1 homotypic oligomers translocate to ER/SR-PM junctions; third,
CRAC channels are recruited and open at these junctions (Liou et al. 2007). The
cytosolic regions of STIMs play a role in oligomerization of Ca**-depleted STIM1
(Covington et al. 2010), in targeting the molecule to ER/SR-PM junctions and in
interactions with Orail pore subunits (Baba et al. 2006; Huang et al. 2006; Li et al.
2007; Liou et al. 2007). Critical regions required for STIM1-Orail coupling and
CRAC activation have been mapped using live cell experiments. Three separate
investigations identified cytosolic STIM1 residues 233-450 (i.e. Orail activating
small fragment, OASF) (Muik et al. 2009), 342448 (Park et al. 2009) (i.e. CRAC
activating domain, CAD) and 344-443 (Yuan et al. 2009) (i.e. STIM1-Orail
activating region, SOAR) as critical amino acid stretches through the conserved
coiled-coil domains for induction of Orail channels. STIM1 likely interacts with
both the N- and C-terminal domains of Orail in the formation and activation of
CRAC channels (see also Chap. 4).

The essential role of STIMI in the activation of CRAC channels is evident from
inhibiting RNA studies which demonstrate a significant attenuation in CRAC entry
after STIM1 knockdown (Liou et al. 2007; Roos et al. 2005) and from STIM1/Orail
co-overexpression data which show very large augmentations in ER Ca**-depletion
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Fig. 2.1 Primary sequence and domain architecture of STIM1 and STIM2. (a) Conserved
domains in human STIM1 and STIM2. Upstream of the signal peptides, S (yellow), the luminal
domains include the canonical EF-hand, EF1 (violet), the non-canonical EF-hand, EF2 (beige),
and the SAM domain (green). A single transmembrane pass, T, separates the cytosolic portion that
include three putative coiled-coil domains (blue), a serine/proline-rich region, SP, and a lysine-
rich region, K. Residue boundaries are indicated above and below STIMI1 and STIM2, respec-
tively. STIM2 contains a second set of numbering (italics) corresponding to the entire STIM2 open
reading frame. (b) Sequence conservation between human STIM1 and STIM2 luminal regions.
Amino acids through the domain boundaries are colored as described in a. The canonical EF-hand
loop residues involved in Ca®* coordination are bounded by a box (red, broken lines). Residues
shown in italics are upstream of the non-AUG start site for STIM2. Alignment was performed
using ClustalW (Larkin et al. 2007)

dependent SOCE (Mercer et al. 2006; Soboloff et al. 2006). Along with a role in
store-operated Ca* entry, STIM2 more prominently controls basal Ca** homeosta-
sis (Bird et al. 2009; Brandman et al. 2007). A fraction of STIM2 is coupled to
Orail at resting ER Ca?* levels, probably due to a somewhat lower affinity for Ca**
(Brandman et al. 2007). Both STIM1 and STIM2 are indispensible in CRAC-
induced immune cell activation, even though STIM2 knockout (_/ 7) affects
SOCE in T-cells and fibroblasts to a lesser extent than STIM1 (~/7) (Bird et al.
2009; Oh-Hora and Rao 2008). Although both isoforms are expressed in a variety
of cell types, a vital role for STIM2 has been emphasized in neuronal Ca** signaling
(Berna-Erro et al. 2009). Overall, the present literature suggests that STIM1
is critical for stimulus-induced, SOCE, whereas STIM2 regulates both Ca®*
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store-dependent and -independent entry involved with basal Ca** homeostasis as
well as stimulated Ca** signaling.

The EF-hand and SAM domains located in the luminal region of STIMs are
conserved from roundworms to vertebrates (Collins and Meyer 2011; Stathopulos
et al. 2009). In humans, the EF-hand together with the SAM domain (i.e. EF-SAM)
exhibit greater than 85% sequence similarity (Fig. 2.1b). The conservation of the
EF-SAM domain among all phylogeny which express STIM proteins is a testament
to the significance of this region in Ca”* signaling by STIMs (Collins and Meyer
2011). Live cell studies demonstrate that EF-SAM provides the machinery neces-
sary to sense changes in luminal Ca”* levels. Specifically, disruption of Ca®*-
binding via mutations in the canonical EF-hand causes STIMI to constitutively
form puncta independent of ER Ca®* levels (Liou et al. 2005; Mercer et al. 2006;
Roos et al. 2005; Spassova et al. 2006). Furthermore, deleting the SAM domain
from STIMI abrogates the ability of the protein to form inducible puncta (Baba
et al. 2006), and exchanging EF-SAM with a rapamycin-inducible oligomerization
domain allows control of STIM1 puncta formation via rapamycin treatment, inde-
pendent of ER Ca®" levels (Luik et al. 2008). Finally, fluorescent protein-tagged
STIM1 constructs engineered without the cytosolic domains exhibit very low
intermolecular fluorescence resonance energy transfer (FRET) levels at resting
ER Ca®* (i.e. consistent with non-interacting EF-SAM domains) that are largely
augmented upon Ca®*-store depletion (Covington et al. 2010). In addition to the
aforementioned cell biology work, recombinant expression and isolation of STIM1
and STIM2 EF-SAM domains has been a valuable approach in garnering unambig-
uous biochemical and structural data on this critical sensing region.

2.3  Folding and Ca®* Sensitivity of Isolated EF-SAM Domains

Individual EF-hand and SAM domains have been biochemically and structurally
characterized extensively for numerous proteins over the past decades (Ikura 1996;
Ikura and Ames 2006; Qiao and Bowie 2005). Throughout nature, EF-hand motifs
are found as pairs of helix-loop-helix motifs comprising single domains, and these
EF-hand domains are fully capable of folding and cation binding. Similarly, SAM
domains have been purified and characterized, folding into compact five-helix
bundles, often showing a tendency for intermolecular association. The identifica-
tion of STIMs as important regulators of CRAC entry inspired the recombinant
expression, purification and characterization of these domains, in cis, on the same
polypeptide chain, as they occur in STIMs. Remarkably, recombinant STIM1 EF-
SAM unfolds through a single, highly cooperative transition using temperature or
chemical denaturation (Stathopulos et al. 2006). Similarly, a single and cooperative
transition is observed for STIM2 EF-SAM (Zheng et al. 2008), suggesting that the
EF-hand and SAM domains of STIMs are co-dependent in overall stability and
folding (Fig. 2.2a). The Ca**-depleted forms (i.e. apo) of STIMI and STIM2
EF-SAM are markedly less stable than the Ca’*-loaded counterparts (i.e. holo),
but also exhibit single, cooperative unfolding curves. The temperature midpoint of
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Fig. 2.2 In vitro Ca®* sensing characteristics of STIMI and STIM2 EF-SAM. (a) Thermal
stability of EF-SAM proteins. The change in far-UV CD at 225 nm is plotted as a function of
temperature. Proteins in the presence of excess Ca”* (i.e. holo) are plotted with black symbols and
proteins in the absence of Ca®* (i.e. apo) are plotted with red symbols. Circles and squares
represent STIM1 and STIM2 EF-SAM, respectively (Adapted from Stathopulos et al. (2006)
and Zheng et al. (2008)). (b) Secondary structure of EF-SAM proteins. The far-UV CD spectra of
holo and apo STIM1 are shown as solid black and red lines, respectively. The CD spectra of holo
and apo STIM2 are shown as broken black and red lines, respectively. Apo STIM?2 only exhibits a
spectrum resembling apo STIM1 EF-SAM at 25°C, shown as a broken blue line (Adapted from
Stathopulos et al. (2006) and Zheng et al. (2008)). (c) Ca>* binding to EF-SAM proteins. Binding
to STIM1 EF-SAM monitored by the fractional increase in negative ellipticity at 222 nm is plotted
in circles. Binding to STIM2 EF-SAM is plotted in squares. The Hill equation fitted lines are
shown in solid and broken red lines for STIM1 and STIM2, respectively (Adapted from Zheng
et al. (2011)). (d) Quaternary structure of EF-SAM proteins. The STIM1 EF-SAM elution profiles
in the presence (black line) and absence (red line) of Ca>* are shown (upper panel). The MALS-
determined monomeric molecular weight of holo and the dimeric molecular weight of apo STIM1
EF-SAM are shown above the elution peaks. The STIM2 EF-SAM elution profile in the presence
(black line) and absence (red line) of Ca®* is shown (lower panel). The MALS-determined
monomeric molecular weights for holo and apo STIM2 EF-SAM at 4°C are shown above the
corresponding elution peaks. The 25°C elution profile of apo STIM2 EF-SAM is shown as a
broken blue line. The vertical black line intersects the S200 void volume showing that only apo
STIM1 and STIM2 EF-SAM access the oligomerized state (Adapted from Stathopulos et al.
(2008) and Zheng et al. (2008))

unfolding (i.e. T,,) in single transition unfolding curves is a good indicator of
stability. Apo STIM1 EF-SAM shows a T, of ~19°C compared to holo STIM1
EF-SAM with a T,, of ~45°C at physiological-like pH (Stathopulos et al. 2006).
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The holo and apo states of STIM2 EF-SAM are more stable than STIM1 with T,
values of ~50 and 36°C, respectively (Fig. 2.2a) (Zheng et al. 2008).

The considerable destabilization of STIM EF-SAM domains in response to Ca**-
depletion is the result of a structural allostery. In the case of STIM1 EF-SAM, the
protein undergoes a conformational change from a highly a-helical state in the
presence of Ca®* to a less well-folded state in the absence of Ca** (Fig. 2.2b).
STIM2 EF-SAM also loses a-helicity in response to Ca>* depletion; however, the
structural transition is less striking, with apo STIM2 EF-SAM retaining consider-
able a-helicity, even in the absence of Ca** (Fig. 2.2b) (Zheng et al. 2008). The
ability of STIM2 EF-SAM to preserve a high degree of a-helicity in the absence of
Ca” is consistent with the lesser destabilization observed in temperature denatur-
ation experiments.

Only one canonical Ca** binding EF-hand is identifiable in the primary sequence
of STIMs (Fig. 2.1b). Consistent with the presence of a single canonical binding
loop, STIM1 EF-SAM becomes saturated with Ca®" at a molar ratio of ~1. The
equilibrium dissociation constant (i.e. Kq) indirectly calculated using Ca**-induced
changes in tertiary via intrinsic aromatic fluorescence or changes in secondary
structure via far-UV circular dichroism, as well as directly measured via BCat
titration is high (i.e. K4 between ~0.2 and 0.6 mM) compared to most vertebrate EF-
hand proteins (Fig. 2.2c) (Stathopulos et al. 2006). The K4 of Ca** binding for
STIM1 is temperature-dependent, with higher affinities (i.e. lower K,) at lower
temperatures. This temperature trend probably reflects a higher fraction of folded
apo STIM1 EF-SAM molecules at lower temperatures. There is a high preference of
the EF-hand for Ca** over Mg?" since inclusion of Mg" in the experiments does
not alter the binding curves. Grafting of the canonically defined EF-hand motif onto
a stabilizing CD2 domain, and nuclear magnetic resonance (NMR) titration with
Ca”* independently shows a K4 of ~0.5 mM for the STIM1 EF-hand motif in
pseudo-isolation (Huang et al. 2009). Considering the high sequence similarity
between the STIM1 and STIM2 canonical EF-hand binding loops (Fig. 2.1b), it is
not surprising that STIM2 EF-SAM also exhibits a low affinity for Ca®* in the same
range as that determined for STIM1 (Fig. 2.2¢c). Nonetheless, it is important to note
that similar probes of Ca** binding (i.e. fluorescence, CD, **Ca”*) applied to the
STIM2 EF-SAM system produced considerably higher variability in the curves.
This increased error and uncertainty is probably due to a somewhat lower Ca>*
affinity, albeit in the same sub-mM K4 range.

The inherent low affinity Ca®* binding EF-hand motifs that STIMs encode are
well suited to the relatively high Ca®* levels in the ER/SR lumen. In resting, non-
excitable cells the ER luminal Ca®" level is typically between 0.6 and 0.8 mM
(Berridge et al. 2000; Berridge et al. 2003). Following agonist-induced stimula-
tion, the luminal Ca®* level may decrease, at least locally, to ~0.2-0.4 mM;
moreover, with a Ca** binding K4 of ~0.2-0.6 mM, STIM1 has evolved to
proficiently undergo a shift in the Ca**-loaded to -free equilibrium in response
to these fluctuations in ER Ca*. The in vitro Ca>* binding data for STIM?2, at least
qualitatively, suggest a decreased affinity compared to STIM1 (Fig. 2.2c¢).
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Consistent with this in vitro work, full-length STIM2 forms puncta in response to
slighter decreases in ER Ca?* (i.e. at higher ER Ca** levels) compared to STIM1
(Bird et al. 2009; Brandman et al. 2007). This Ca®* binding property of STIM2
facilitates a role for the ER-localized protein in basal Ca®* homeostasis, since at
resting ER Ca®* a significant fraction of STIM2 may be Ca®*-depleted and
coupled to Orail. Contributory to the Ca** store-independent regulatory mode
of STIM2, may be cytosolic STIM2 that is not anchored to the ER membrane
(Graham et al. 2011). In the cytosol, the vast majority of STIM2 molecules would
be maintained in a Ca”*-depleted state due to the several orders of magnitude
lower Ca®* level than the ER lumen (Feske 2007).

24  Auto-Inhibition of EF-SAM Oligomerization

Homotypic oligomerization of STIM proteins following ER luminal Ca®* depletion
is a decisive initiation step in the activation of SOCE (Liou et al. 2007). In excess
Ca”* concentrations, STIM1 EF-SAM strictly exists as a monomer at physiological-
like pH and temperatures below the thermal unfolding transition (Fig. 2.2d). In
concert with the marked destabilization and partial unfolding accompanying Ca>*
depletion, STIM1 EF-SAM undergoes a change in quaternary structure, forming
dimers and oligomers at low (i.e. 4°C) and ambient temperatures (Stathopulos et al.
2006). On the other hand, STIM2 EF-SAM exhibits a resistance to oligomerization
at low temperature, despite undergoing Ca**-depletion-induced destabilization, as
observed for STIM1 (Fig. 2.2d) (Zheng et al. 2008). At ambient temperature,
however, STIM2 EF-SAM oligomerizes, albeit with distinct kinetics compared to
STIM1 EF-SAM.

STIM2 EF-SAM exhibits protein concentration dependent oligomerization;
higher protein concentrations result in markedly faster oligomerization of apo
STIM2 EF-SAM through a concentration range of ~1-10 mg mL ™" (Stathopulos
et al. 2009). This oligomerized STIM2 EF-SAM is coupled with a partial unfolding
event; however, the degree of unfolding, based on far-UV CD spectra is less than
that observed for STIM1, even at high protein concentrations (Stathopulos et al.
2009; Zheng et al. 2008). The apo form of STIM1 EF-SAM is persistently dimer-/
oligomerized, irrespective of protein concentration. STIM1 EF-SAM, despite the
high degree of sequence conservation, has an inherent ability to unfold faster
compared to STIM2. This ability is evident in urea-induced unfolding curves
which demonstrate single exponential kinetics for both domains, but greater than
threefold faster unfolding for STIM1 compared to STIM2 EF-SAM (Stathopulos
et al. 2009). The two-state kinetics is in line with the cooperative unfolding of the
EF-hand together with the SAM domain and equilibrium denaturation observations.
Considering the coupling of partial unfolding to oligomerization, STIM1 EF-SAM
is capable of accessing an oligomerization-competent state faster than STIM2
EF-SAM.
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2.5 Atomic Three-Dimensional (3D) Structures
of Ca?*-Loaded EF-SAM Domains

NMR spectroscopy has been an invaluable tool for teasing out the precise atomic
basis for the differences in the physicochemical properties between STIM1 and
STIM2 EF-SAM. The Ca**-loaded form of STIM1 EF-SAM folds into a compact
10-helix structure (Fig. 2.3a, left panel) (Stathopulos et al. 2008). A second EF-
hand, not identified in the primary sequence of STIMI, is adjacent to the canonical
EF-hand, stabilizing the Ca**-binding loop through hydrogen bonding. This hydro-
gen bonding between the canonical and non-canonical EF-hand loops forms a short
B-sheet. The 3D structure also exposes a short a-helix, not apparent in the primary
sequence, which links the EF-hand pair to the five-helix bundle SAM domain.
Overall the majority of the compact structure exhibits an acidic surface charge at
neutral pH, particularly concentrated over the EF-hand domain; however, a smaller
patch of basic electrostatic potential exists over the SAM domain (Stathopulos
et al. 2008).

The NMR structure reveals a basis for the compact nature of STIM1 EF-SAM.
Internally within EE-SAM, the EF-hand pair forms a hydrophobic pocket in the Ca**-
loaded state through the side chain orientation of at least 12 amino acids (i.e. Val68,
Ile71, His72, Leu74, Met75, Val83, Leu92, Leu96, Lys104, Phel08, Ilel15,
Leul20) (Fig. 2.3b, left panel). This hydrophobic cleft serves as a dock for non-
polar side chains protruding on the distal end of the o10 helix on the SAM domain
(i.e. Leul95 and Leul99) (Fig. 2.3a, left panel) (Stathopulos et al. 2008). These
intimate hydrophobic contacts between the EF-hand pair and the SAM domain lock
STIMI EF-SAM into a compact fold in the presence of Ca** which auto-inhibits
homotypic association of these domains and keeps STIM1 in a quiescent signaling
state. Disruption of the EF-hand:SAM domain interaction via mutation (i.e.
Phe108Asp/Gly110Asp or Leul95Arg) facilitates oligomerization of STIM1 EF-
SAM in vitro, and in live cells within the full-length STIM1 context independent of
Ca** levels. In vitro, these EF-hand or SAM mutations cause the protein to adopt an
apo-like structure, based on far-UV CD data, but do not alter the Ca** binding
properties of EF-SAM. In live cells, these mutations result in a constitutive puncta
formation of STIMI and activation of SOCs even when the ER luminal Ca”* stores
are full (Stathopulos et al. 2008).

As expected from the high sequence conservation between STIM1 and STIM2
EF-SAM, the 3D NMR structure of Ca®**-loaded STIM2 EF-SAM is structurally
homologous to STIMI [i.e. backbone Ca, NH, CO root mean square deviation
(rmsd) of 2.7 A] (Fig. 2.3a, right panel) (Zheng et al. 2011). STIM2 EF-SAM also
possesses a second, non-canonical EF-hand motif, suggesting that the EF-hand
pair is an important structural feature of all STIMs. In conjunction with the
canonical EF-hand, the non-ion-coordinating helix-loop-helix motif forms a
hydrophobic pocket, more extensive than that observed for Ca**-loaded STIM1
EF-SAM. The STIM2 EF-hand non-polar cleft is created by 13 side chains with
hydrophobic character (i.e. Leu72, Ile75, His76, Met79, 11e87, Phe95, Met100,
Lys103, Lys108, Leull2, Ile119, Leul24, Trp128) (Fig. 2.3b, right panel).
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Fig. 2.3 Atomic-resolution NMR structures of STIM1 and STIM2 EF-SAM. (a) Structural
features of holo EF-SAM proteins. The backbone atoms of Ca**-loaded STIM1 and STIM2 EF-
SAM are traced in blue (left structure) and green (right structure), respectively. The canonical EF-
hand helices are shown in violet, the non-canonical EF-hand helices are in beige, and the linker and
SAM helices are shown in green cylinders. The Ca®* ions coordinated in the canonical loop are
shown as yellow spheres and the carboxy (C) and amino (N)-termini are indicated. The critical o.10
SAM anchor side chains are shown in red sticks. Unique to the STIM2 EF-SAM structure is the
complementary positioning of the basic Lys103 (cyan sticks) and acidic Asp200 (orange sticks)
side chains. (b) EF-hand cleft architecture of EF-SAM proteins. A surface representation of the
EF-hand domains is shown for STIM1 (left) and STIM2 (right) where coloring is consistent with
panel a. Residues (sticks) and associated surface forming the non-polar clefts are shown as yellow.
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The Lys103 of STIM2 EF-SAM occurs as an aligned His (i.e. amino acid 99) in
STIMI, and the Trp128 occurs as a conserved Trp124 in STIM1; moreover, His99
and Trp124 are directed away from the cleft in the STIM1 EF-SAM structure. The
EF-hand domain Lys103 of STIM2 EF-SAM is oriented in close proximity with
Asp200 on the a10 helix of the SAM domain, stabilizing the EF-hand:SAM
domain interaction via charged interactions (Fig. 2.3a, right panel). The electro-
static surface potential of STIM2 EF-SAM is primarily acidic at neutral pH, with
most surface acidic residues clustering in the EF-hand region of the protein
(Zheng et al. 2011).

The SAM domain of STIM2 EF-SAM adopts the typical five-helix bundle
topology characteristic of these protein-interaction domains (Qiao and Bowie
2005). Twelve residues within the STIM2 SAM domain are greater than 95%
inaccessible to solvent (i.e. Leul42, Leul45, Vall49, Phel58, Vall63, Leul68,
Met179, 1le180, Leul83, His190, Lys193, and Leul94) (Fig. 2.3c, right panel).
In comparison, STIM1 buries 9 residues within the SAM domain core (Vall37,
Leul41, Vall45, Leul59, Leul67, Met174, His186, Leul90, and Ala194) (Fig. 2.3c,
left panel). The hydrophobic STIM2 I1e180 is not conserved in STIM1. This bulky Ile
side chain facilitates a rearrangement of residues resulting in the insertion of Phe158
and Lys193 into the STIM2 SAM core (Zheng et al. 2011). These conserved Phe
(i.e. amino acid 154) and Lys (i.e. amino acid 189) residues are excluded from the
core in STIMI1. The STIM2 SAM domain protrusion residues for interaction with
the EF-hand pocket include the conserved Leul99 and Leu203 of o10 (Fig. 2.3a,
right panel). The enlarged EF-hand hydrophobic cleft, the orientation of basic Lys103
on the EF-hand domain in close proximity to acidic Asp200 on the SAM domain, and
the enhanced hydrophobic core of the SAM domain contribute to the augmented
stability and attenuated oligomerization propensity observed for STIM2 EF-SAM
compared to STIMI (see above).

2.6 EF-SAM Motif Contribution to STIM Ca®* Sensing

Although composed of separately definable EF-hand and SAM domains, EF-SAMs
exhibit a high degree of cooperativity in Ca”*-binding, folding and stability.
Despite this mutual dependence, the motifs making up EF-SAM are interchange-
able in STIM1/STIM2 chimeras (Zheng et al. 2011). Chimeras designed by swap-
ping the canonical EF-hand, non-canonical EF-hand or the SAM domain encoded
by STIM1 and STIM?2 provide valuable data on the determinants of distinct sensory

<
«

Fig. 2.3 (Continued) (¢) SAM domain hydrophobic core packing within EF-SAM proteins. The
STIM1 and STIM2 SAM backbones are shown as blue (leff) and green (right) ribbon
representations within the SAM domain surface, respectively. Side chains that are greater than
95% inaccessible to solvent are indicated with yellow sticks. STIM1 EF-SAM pdbID: 2K60.pdb;
STIM2 EF-SAM pdbID: 2L5Y.pdb. Structural images were rendered using PyMol
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functions of these proteins. In vitro, every combination of STIM1/STIM2 chimeric
EF-SAM yields a significant amount of protein with the exception of a combination
of the STIM2 canonical EF-hand, STIM2 non-canonical EF-hand and the STIM1
SAM domain (i.e. denoted ES221) (Zheng et al. 2011). All expressible EF-SAM
chimeras are sensitive to the presence and absence of Ca**defined by changes in
secondary structure and marked differences in stability. The least stable chimera,
aside from the unobtainable ES221, is ES211 while the most stable chimera is
ES122. The super-unstable ES211 has apo T,, values ~4 and 19°C lower than wild-
type STIM1 and STIM2 EF-SAM, respectively; furthermore, the super-stable
ES122 exhibits apo T, values ~20 and 5°C higher than wild-type STIM1 and
STIM2, respectively.

In vitro, the super-unstable ES211 protein is oligomeric, while the super-stable
ES122 chimera is monomeric, independent of Ca** (Zheng et al. 2011). Insertion
of these EF-SAM chimeras in place of wild-type within the full-length STIM1
context demonstrates the importance of EF-SAM stability to CRAC regulation.
STIM1 with a super-unstable EF-SAM (i.e. ES211), exhibits constitutive puncta
in live cells (Fig. 2.4a—c); further, the puncta persistently activate CRAC
channels, as the inward rectifying currents generated from Ca** entry are maximal
independent of ER luminal Ca®" levels. On the other hand, STIM1 with a super-
stable EF-SAM (i.e. ES122) shows a significant delay in the time to maximal
inward rectifying current compared to wild-type STIM1, following passive deple-
tion of ER luminal Ca®* stores (Fig. 2.4a—c) (Zheng et al. 2011). Overall, the
chimera observations bring to light two vital characteristics regarding Ca®*
sensing by STIMs. First, Ca®* binding affinity endowed by the canonical EF-
hand as well as the specific composition of the non-canonical EF-hand and SAM
domain are critical contributors to STIM sensory function. Second, nature has
selected for STIM isoforms which encode metastable EF-SAM regions that are
functionally optimized rather than domains that are stability maximized. By
varying EF-SAM stability, STIM1 and STIM2 are able to respond distinctly to
similar environmental stimuli.

2.7 Extraneous Luminal Regions Involved in STIM
Ca?* Sensing

Considerable primary sequence variability exists within the luminal-oriented
regions of STIM1 and STIM2 outside the EF-SAM domains (Fig, 2.1b). These
extraneous residues influence Ca”* sensing and regulation of CRAC entry by
STIMs. The extension of STIM1 EF-SAM to include all luminal residues outside
the signal peptide (i.e. amino acids 23-213) enhances the stability in the presence
and absence of Ca®* (Stathopulos et al. 2009). A STIM2 construct engineered with
similar aligned boundaries is susceptible to C-terminal degradation; however, a
somewhat shorter, degradation-resistant STIM?2 protein (i.e. amino acids 15-205)
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Fig. 2.4 Function of EF-SAM in full-length STIM1 and STIM2. (a) Puncta formation by STIM
proteins. Total internal reflective fluorescence (TIRF) microscopy shows an ER Ca®* store
dependence [i.e. stores must be depleted with thapsigargin (TG)] in the localization of mCherry-
STIM1 at ER-PM junctions in HeLa cells. STIM2 exhibits a store-dependent and -independent
puncta formation. STIM1 harboring a super-unstable EF-SAM (i.e. ES211) form puncta, indepen-
dent of ER Ca** levels, and STIM1 harboring a super-stable EF-SAM (i.e. ES122) exhibit an ER
Ca®* dependence in puncta formation similar to wild-type STIM1(Adapted from Zheng et al.
(2011)). (b) CRAC channel gating by STIM proteins. The Mn>*-induced quench rates of fura-
2 loaded into the cytosol of HeLa cells over-expressing STIM proteins are shown. Since CRAC
channels are permeable to Mn>* ions the quench rates are an indicator of the open or closed states
of Orail channels. The quench rates of STIM1 and a fraction of the STIM2 over-expressing cells
are significantly increased after treatment with TG. The remaining fraction of STIM2 over-
expressing cells show enhanced quench rates independent of ER Ca”" levels (i.e. TG treatment).
STIM1 harboring a super-unstable EF-SAM (i.e. ES211) show constitutively open CRAC
channels, while proteins harboring the super-stable EF-SAM (i.e. ES122) showed wild-type-like
quench rates before and after TG treatment. (¢) CRAC activation kinetics by STIM proteins.
Whole cell inward current density plots of HEK-293 cells co-over-expressing STIM and Orail
proteins demonstrate that stabilization of the luminal domains via engineering of a super-stable
EF-SAM (i.e. ES122) results in an increase in the time to maximal inward current density (i.e.
maximal Ca>* influx) (Adapted from Zheng et al. (2011))

also shows an enhanced stability compared to EF-SAM in vitro. Far-UV CD data of
these extended EF-SAM constructs show less a-helicity per residue in the presence
of Ca®* compared to the minimal EF-SAMs, suggesting that the extraneous residues
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may have a more prominent affect on the unfolded states of EF-SAM (Stathopulos
et al. 2009). In live cells, swapping STIM1 residues 1-65 (i.e. including the STIM1
signal peptide) with STIM2 residues 1-69 and vice versa exchanges the CRAC
activation phenotype, where full-length STIM1 harboring the STIM2 N-terminal
residues exhibits a delay in Orail activation and STIM2 fused to the STIM1
N-terminal residues demonstrates wild-type STIM1 CRAC activation kinetics
(Zhou et al. 2009).

Two conserved cysteine residues (i.e. Cys49 and Cys56 in STIM1) are encoded
in the N-terminal residues extraneous to EF-SAM. Oxidant-induced S-glutathio-
nylation of Cys56 in STIMI results in constitutive puncta and CRAC entry,
suggesting that this Cys residue may afford STIM1 with an additional Ca**-
independent, oxidant-dependent sensory function (Hawkins et al. 2010).

The open reading frame of STIM2 extends 87 residues upstream of the previ-
ously determined non-AUG translational start site (Fig. 2.1b) (Williams et al.
2001). Recent data suggests that these 87 upstream residues in addition to the
predicted STIM2 ER signal peptide downstream of the non-AUG start site (i.e.
residues 88—101; numbering 1-14 downstream of the non-AUG start site) are
required for STIM2 to insert into the ER membrane (Graham et al. 2011). With
this exceedingly long 101 residue signal peptide, a fraction of STIM2 remains
cytosolic, activating PM Orail CRAC channels associated with basal Ca** homeo-
stasis. Interestingly, the 101 amino acid signal peptide that is cleaved from the ER-
inserted STIM2 pre-protein may have a function in Ca®*- and SOCE-independent
regulation of gene transcription (Graham et al. 2011).

Conclusions

The biochemical, structural and functional data discussed in this chapter delin-
eate four fundamental features contributing to the Ca>* sensing function of EF-
SAM domains: (i) the binding affinity of the canonical EF-hand, (ii) the nature of
the EF-hand hydrophobic cleft mutually formed by the canonical and non-
canonical EF-hand motifs, (iif) the stability of the EF-hand:SAM domain inter-
action, and (iv) the local stability of the SAM domain core. These four elements
are not mutually exclusive, but are inter-dependent during Ca** sensing. Upon
Ca®* dissociation from the canonical EF-hand loop, the EF-hand:SAM domain
interaction which auto-inhibits oligomerization of this domain is destabilized
resulting in partial unfolding-coupled oligomerization. The size of the EF-hand
hydrophobic cleft, the complementarity of charged residues between the EF-
hand and SAM domains and the local stability of the SAM domain control the
extent of destabilization and the distinct oligomerization kinetics observed for
STIM proteins. Further structural and biochemical data are required to elucidate
the precise mechanism by which luminal residues extraneous to EF-SAM
modulate the EF-SAM function.
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