m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

Signaling through Ca** Microdomains from
Store-Operated CRAC Channels

Pradeep Barak and Anant B. Parekh

Department of Physiology, Anatomy, and Genetics, Oxford University, Oxford OX1 3PT, United Kingdom

Correspondence: anant.parekh@dpag.ox.ac.uk

Calcium (Ca**) ion microdomains are subcellular regions of high Ca?* concentration that
develop rapidly near open Ca®* channels in the plasma membrane or internal stores and
generate local regions of high Ca®* concentration. These microdomains are remarkably
versatile in that they activate a range of responses that differ enormously in both their tempo-
ral and spatial profile. In this review, we describe how Ca** microdomains generated by store-
operated calcium channels, a widespread and conserved Ca®* entry pathway, stimulate
different signaling pathways, and how the spatial extent of a Ca** microdomain can

be influenced by Ca®* ATPase pumps.

ytosolic Ca** controls a plethora of impor-

tant physiological processes within cells, in-
cluding secretion, energy production, motility,
growth, and differentiation (Clapham 2007).
The versatility of Ca®* as an intracellular mes-
senger nevertheless belies its complexity. A fun-
damental challenge inherent to the use of the
pleiotropic Ca** message is to maintain speci-
ficity and thus ensure that only the intended
Ca®*-dependent processes are activated, and
not others, in response to a specific stimulus,
but also to allow different stimuli that use the
Ca’" signal to evoke distinct responses.

DECODING THE Ca** SIGNAL: AMPLITUDE
AND FREQUENCY MODULATION

Studies on many different cell types have estab-
lished that both the amplitude and the temporal
dynamics of the Ca®* signal contribute to spec-

ificity (Berridge et al. 2003). Ca** sensors have
different affinities for Ca®>* and, therefore, in a
homogenous system, will be recruited in a se-
quential manner dictated by the magnitude or
kinetics of the Ca®* signal. Antigen-driven se-
cretion in the RBL-2H3 mucosal mast cell line
correlated well with the amplitude of the Ca**
signal, suggesting an amplitude-driven response
(Kim et al. 1997). Similarly, in B cells, the tran-
scription factor nuclear factor (NF)-xB was
stimulated by a high-amplitude Ca** spike,
whereas another transcriptional regulator, nu-
clear factor of activated T cells (NFAT'), was ac-
tivated instead by a low-amplitude, but sus-
tained, cytosolic Ca** signal (Dolmetsch et al.
1997). For a given Ca®" increase, different Ca**
sensors can be recruited in a manner dependent
on the number of Ca®*-binding sites present.
Many Ca** sensors have multiple Ca**-binding
sites. Perhaps the best-known example is
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calmodulin, which has two classical EF-hands
on both the N- and C-lobes of the protein (Hoe-
flich and Ikura 2002). Increasing the number of
identical Ca**-binding sites on a sensor shifts
the Ca®" dependence by altering the relationship
between free Ca>* concentration and fractional
occupancy of the sensor (Parekh 2011). For a
sensor bearing one Ca®’-binding site with a
Kp of 1 pm, 50% saturation will occur in the
presence of 1 um Ca’*. In contrast, a sensor
harboring four identical binding sites, each
with a Kp, of 1 um, will show only 10% occupan-
cy at 1 pm. Therefore, simply increasing the
number of Ca®*-binding sites on a sensor pro-
vides an effective mechanism through which
different amplitudes of Ca®" signal activate dis-
tinct Ca®* sensors (Parekh 2011).

Specificity can also be imparted through the
ability of different sensors to respond to differ-
ent temporal patterns of Ca** signal. It has been
shown that the duration of the Ca** signal is an
important factor in contributing to specificity.
In dog pancreatic duct epithelial cells, Ca*" os-
cillations evoked by P2Y, receptor activation
were considerably less effective in driving
exocytosis than a nonoscillatory, but longer du-
ration Ca”" signal, but which had the same am-
plitude as that of the oscillatory response (Jung
et al. 2006). However, most studies that have
addressed the role of the temporal profile of
the Ca®" signal in driving specificity have fo-
cused on cytosolic Ca** oscillations.

Cytosolic Ca** signals in nonexcitable cells
often oscillate over time, both spontaneously
and following stimulation of Gq-coupled recep-
tors (Thomas et al. 1996; Parekh 2011). Recep-
tor-evoked cytosolic Ca®" oscillations, which
can have periodicities from <10 sec to >400
sec, have been implicated in a wide range of
cellular responses, including stimulation of exo-
cytosis (Tse et al. 1993), mitochondrial metab-
olism (Hajnoczky et al. 1995), activation of
different Ca**-dependent transcription factors
in a manner dependent on Ca®" oscillation fre-
quency (Dolmetsch et al. 1998), and neurite ex-
tension (Gu and Spitzer 1995). The frequency of
the Ca** oscillations are decoded by sensors that
change activity in response to the number of
Ca”" oscillations. Such sensors include conven-

tional (Ca®*-dependent) protein kinase Co, I,
BIL, v, and Ca**/calmodulin-dependent protein
kinase II (De Koninck and Schulman 1998;
Oancea and Meyer 1998).

SPATIAL PROFILE: THE THIRD SOURCE OF
INFORMATION IN A Ca®* OSCILLATION

Cytosolic Ca** oscillations in response to recep-
tor stimulation require activation of phospholi-
pase CPB by Gq-coupled receptors, or phospho-
lipase Cy by growth factor receptors (Berridge
et al. 2003). Increased phospholipase C activity
results in the hydrolysis of the membrane phos-
pholipid phosphatidylinositol 4,5-bisphosphate
(PIP,) in the inner leaflet of the plasma mem-
brane (PM). PIP, hydrolysis generates the sec-
ond messenger inositol 1,4,5-trisphosphate
(InsP5), which releases Ca** from the endoplas-
mic reticulum (ER) through opening of InsP;-
gated Ca®* channels, and diacylglycerol, which
activates protein kinase C isoforms (Berridge
1987). The mechanisms that generate Ca** os-
cillations might be both cell-type- and agonist-
dependent (Parekh 2011). In some cell types,
InsP5 levels oscillate because of either feedback
pathways that uncouple the receptor from phos-
pholipase C (Woods et al. 1987; Kawabata et al.
1996) or because of the Ca*" dependency of
phospholipase C (Meyer and Stryer 1988). In
other cell types, Ca®" oscillations are thought
to arise from coregulation of InsP; receptors
by both InsP; and cytosolic Ca®" (Bezprozvan-
ny et al. 1991; Finch et al. 1991; Ivorra and Par-
ker 1992). Low cytosolic Ca®" concentrations
(~200 nm) facilitate InsP;-dependent Ca* re-
lease, whereas high concentrations (~1 pm) in-
hibit it (Bezprozvanny et al. 1991). Irrespective
of the mode of generation, in most cell types,
cytosolic Ca®* oscillations can be maintained,
if only for a few minutes, in the absence of
external Ca**, showing that the primary mech-
anism for generating a Ca>" oscillation is intra-
cellular in origin (Thomas et al. 1996). However,
Ca®" oscillations do run down over time in
Ca’'-free solution. This is because a fraction
of Ca" released from the ER is extruded from
the cell by the PM Ca®" ATPase (PMCA) pump.
This was nicely shown in a study by Tepikin and
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colleagues (1992), who measured simultane-
ously cytosolic and extracellular Ca®" after plac-
ing pancreatic acinar cells in a small microdrop-
let. Stimulation with the physiological agonist
cholecystokinin elicited oscillations in cytosolic
Ca®" and this was followed by pulsatile Ca**
extrusion. The amount of Ca** extruded during
the first Ca>* oscillation was, on average, 39% of
the total intracellular pool of mobilizable Ca**
(Tepikin et al. 1992). Therefore, a sizeable frac-
tion of Ca®* released from the InsP;-sensitive
store is exported by the PMCA pumps. The cy-
tosolic Ca®" oscillations in Ca®*-free solution
run down over time because, after each spike,
some Ca”" is extruded from the cell and less
Ca’" is therefore available to refill the stores.
To sustain oscillations requires Ca** influx and
this is typically achieved through store-operated
Ca’* channels (Bird and Putney 2005).

Store-operated Ca®" channels open follow-
ing the loss of Ca** from within the ER, and the
subsequent Ca** influx ensures the store is re-
filled with Ca** to support the next Ca®" oscil-
lation. The best understood store-operated
channel is the Ca®" release-activated Ca>"
(CRAC) channel (Hoth and Penner 1992; Pa-
rekh and Putney 2005). The molecular basis of
the CRAC channel has been identified with the
discoveries of STIM (Liou et al. 2005; Roos et al.
2005) and Orai proteins (Feske et al. 2006; Vig
etal. 2006a,b; Zhang et al. 2006). STIM proteins
are Ca®* sensors that span the ER membrane
(Lewis and Prakriya 2015). On store depletion,
STIM proteins form multimers, which then mi-
grate within the ER membrane to reach special-
ized ER-PM junctions located <20 nm below
the PM (Wu et al. 2006). At these sites, STIM
proteins capture and then gate open Orai pro-
teins, which are the pore-forming subunit of the
CRAC channel (Prakriya et al. 2006; Yeromin
et al. 2006; Vig et al. 2006a).

Under physiological conditions of external
Ca’", Ca** entry through CRAC channels is re-
quired to counter PMCA pump-driven extru-
sion of cytosolic Ca®" that has been released
from the InsP;-sensitive Ca®* store. Store-
operated Ca®* channels therefore sustain cyto-
solic Ca®" oscillations in response to continual
agonist stimulation. Consistent with this, inhi-

Signaling through Ca** Microdomains

bition of the channels or knockdown of Orail
accelerates the rundown of Ca** oscillations in
the presence of external Ca** (Wedel et al. 2007;
Kar et al. 2012). If PMCA pumps export Ca>*
released during Ca®" oscillations, then inhibi-
tion of Ca®" extrusion even in the absence of
Ca’" entry, should support sustained oscillatory
Ca®" signals because any released Ca>* would no
longer be extruded from the cell and therefore
would now be taken back into the stores by the
Ca®" ATPase pumps in the ER membrane. Bird
and Putney (2005) developed a neat approach to
show this. Rare-earth metal ions, such as Gd>*
and La**, inhibit CRAC channels at low micro-
molar concentrations and block the PMCA
ATPase pump at millimolar levels. In the pres-
ence of a low dose of Gd**, cytosolic Ca** oscil-
lations following muscarinic receptor activation
in HEK293 cells ran down quickly as Ca®* entry
was suppressed. However, when a high dose of
Gd** was used to block additionally the PMCA
pumps, Ca>" oscillations were maintained de-
spite the full inhibition of CRAC channels
(Bird and Putney 2005). Under these condi-
tions, the PM is “tight” to Ca** flux; Ca** cannot
enter through CRAC channels nor be extruded
by the PMCA pump. Therefore, Ca®" released
from the ER can no longer be exported from the
cell and is therefore returned to the organelle, in
readiness for the next oscillatory cycle.

Di Capite et al. (2009) exploited PMCA
pump inhibition to address whether Ca** oscil-
lations of the same amplitude and frequency,
regardless of how they were generated, were
equally effective in activating downstream gene
expression. Stimulation of cysteinyl leukotriene
type I receptors in RBL-1 mast cells with the
agonist leukotriene C4 (LTC,) evoked cytosolic
Ca®" oscillations that ran down either in the ab-
sence of external Ca** or after block of CRAC
channels. However, the Ca®" oscillations were
sustained in the absence of external Ca”,
when the PMCA pump was inhibited by a high
dose of La>". These latter Ca®" oscillations in-
volve Ca** release from the ER but without any
accompanying Ca®" influx, whereas the oscilla-
tions in the presence of functional CRAC chan-
nels are comprised of Ca>" release followed by
Ca®" influx. Only the latter situation results in
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elevation of the subplasmalemmal Ca®* concen-
tration, spatially restricted to the vicinity of the
CRAC channels. A range of agonist concentra-
tions was tested and it was found that, for any
given concentration, the amplitude and frequen-
cy of the oscillations were indistinguishable be-
tween cells stimulated in the presence of external
Ca®" or in its absence (with PMCA pump in-
hibited to prevent loss of Ca*>* from the cell).
However, Ca**-dependent expression of the
immediate early gene c-fos occurred only in re-
sponse to those Ca®" oscillations in which Ca**
entry through CRAC channels was active (Di
Capiteetal. 2009). Activation of the Ca**-depen-
dent transcription factor NFAT also showed a
similar dependency on CRAC channel activation
during oscillatory Ca™ signals evoked by LTC,
(Karetal. 2011). These results identified a major
role for the spatial profile of the Ca** oscillation
in excitation—transcription coupling driven by
Ca®" microdomains near open CRAC channels.

Very close to the mouth of an open Ca**
channel, intracellular Ca®" chelators are not
fast enough to prevent the increase in the local
Ca®" concentration but reduce the lateral spread
of the microdomain to an extent determined by
the on-rate of the chelator for Ca>* (Neher 1998)
The chelator EGTA binds Ca®" considerably
more slowly than BAPTA. Although both re-
duce the bulk increase in Ca®" similarly (as
they have comparable equilibrium affinities for
Ca"), only BAPTA is fast enough to reduce the
extent of the Ca®>* microdomain (Neher 1998;
Parekh 2008). Loading the cytosol of RBL cells
with EGTA had no inhibitory effect on LTC,-
driven c-fos expression, whereas BAPTA sup-
pressed c-fos induction (Di Capite et al. 2009).
Because BAPTA is fast enough to constrain Ca*"
entry to within a few nanometers of the pore,
these results support a central role for local Ca**
entry, and not global Ca*" oscillations, in acti-
vation of gene expression. An important factor
in determining the size of a Ca>* microdomain
is the unitary current through the Ca** channel.
The single channel flux depends on the electro-
chemical gradient for Ca®*. Manipulation of ei-
ther the electrical or chemical driving forces for
Ca®" entry through CRAC channels impaired c-
fos expression, despite such maneuvers having

little effect on the bulk cytosolic Ca®" increase
(Ng et al. 2009). In addition to c-fos and NFAT,
several other pathways are activated by local
Ca®" entry through CRAC channels. These are
described below.

In Madin-Darby canine kidney cells, brady-
kinin-induced oscillations in cytosolic Ca**
concentration were dependent on Ca2+—per—
meation through connexin 43 hemichannels
expressed in the PM (De Bock et al. 2012). In
contrast, ATP-evoked oscillations in cytosolic
Ca®" concentration were unaffected by manip-
ulations that inhibited connexin function.
Therefore, in some cell types, connexin hemi-
channels might contribute to Ca** oscillations
in an agonist-specific context.

TARGETS FOR LOCAL Ca** ENTRY
THROUGH CRAC CHANNELS

Adenylyl Cyclase

The first signaling pathway that was shown to be
activated by local Ca®>* microdomains arising
through store-operated Ca®" channels was the
adenylyl cyclase/cAMP (Fig. 1). Four isoforms
of membrane-bound adenylyl cyclase are regu-
lated by cytosolic Ca>*; adenylyl cyclases 1 and 8
are activated by Ca>"-calmodulin, whereas iso-
forms 5 and 6 are directly inhibited. In C2-2B
glioma cells, Ca®" entry was evoked following
store-depletion with thapsigargin, a sesquiter-
pene lactone extracted from the plant Thapsia
garganica, which potently inhibits the Ca**
ATPase pump of the ER Ca”" store. When the
pump is inhibited, Ca>* can no longer be taken
back into the store and, in the presence of con-
tinuous flux of Ca** out of the ER through poor-
ly characterized leak channels, the store gradu-
ally depletes of Ca®* and this leads to the
opening of CRAC channels. Application of
thapsigargin in the glioma cells led to stimula-
tion of type I adenylyl cyclase and inhibition of
the type 6 isoform (Chiono et al. 1995; Fagan
et al. 1996). In contrast, Ca** release evoked by
thapsigargin, Gq-coupled receptor agonist or
ionomycin all failed to alter adenylyl cyclase ac-
tivity despite raising bulk Ca®" to a higher level.
Regulation of adenylyl cyclase activity by store-
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Figure 1. Cartoon summarizes various responses activated by local calcium (Ca>") entry through Ca®" release-
activated Ca>* (CRAC) channels. PMCA, Plasma membrane Ca®" ATPase; ER, endoplasmic reticulum; LTC,,

leukotriene C4; NFAT, nuclear factor of activated T cells.

operated Ca®" entry was suppressed by cytosolic
BAPTA but not EGTA (Fagan et al. 1998), con-
sistent with local regulation by Ca**. Opening of
a different type of Ca”*-permeable ion channel,
a transient receptor potential canonical (TRPC)
channel, increased subplasmalemmal Ca** and
thereby bulk Ca®* but failed to alter enzyme
activity (Shuttleworth and Thompson 1999).
Therefore, local Ca** entry through CRAC
channels regulates adenylyl cyclase, suggesting
the channel and enzyme colocalize. Strong evi-
dence in support of this has been provided by a
combination of pull-down and Forster reso-
nance energy transfer (FRET) studies, which
show close association between adenylyl cyclase
8 and Orail (Willoughby et al. 2012). Mutagen-
esis studies identified an arginine-rich sequence
in the amino terminus of Orail (R28-R29, R31-
R32-R33) that was required for binding to ad-
enylyl cyclase 8 (Willoughby et al. 2012). The
enzyme is therefore located close to the mouth
of the channel, enabling it to respond rapidly
and with high fidelity to the local Ca** increase.

Adenylyl cyclases can also be activated fol-
lowing store depletion in a STIM1-dependent
manner independent of Ca®" influx (Lefkim-
miatis et al. 2009). Store depletion with ionomy-
cin or chelation of free Ca®" within the store by
TPEN both raised cAMP levels in the absence of

external Ca”* or after strongly buffering cyto-
solic Ca** with BAPTA. STIMI has also been
found to activate adenylyl cyclase in an Orail-
independent manner during melanogenesis
(Motiani et al. 2018). In this study, STIM1 was
found to interact with adenylyl cyclase 6 at ER-
PM junctions after store depletion.

Ca”*-Dependent Phospholipase A, and
Metabolic Coupling

In several types of immune cell, Ca** influx
stimulates de novo synthesis of the proinflam-
matory LTC,, LTD,, and LTE,. Leukotrienes are
produced from metabolism of arachidonic acid
by 5-lipoxygenase enzyme. Ca>" entry through
CRAC channels increased arachidonic acid lev-
els through stimulation of Ca**-dependent cy-
tosolic phospholipase A, (cPLA,) and this led to
an increase in leukotriene production (Chang
and Parekh 2004). Ca®" release from the stores
was unable to activate this pathway. Stimulating
cells with thapsigargin in the absence of external
Ca®" and when PMCA pump activity was sup-
pressed raised bulk cytosolic Ca>* to levels high-
er than that achieved following store-operated
Ca®" entry, but the former was still unable to
stimulate arachidonic acid production (Chang
et al. 2008). Therefore, cPLA, is activated by
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local Ca®" entry. Manipulations that signifi-
cantly reduced the unitary flux through CRAC
channels, but which had little effect on bulk
cytosolic Ca**, impaired arachidonic acid pro-
duction, as predicted for a pathway stimulated
by Ca®* microdomains. Consistent with this,
loading the cytosol with the slow Ca** chelator
EGTA had little effect on cPLA, activated by
CRAC channels (Chang et al. 2008). The under-
lying signal transduction pathway linking local
Ca®" entry to cPLA, and 5-lipoxygenase in-
volved recruitment of Ca**-dependent protein
kinases o and B1, which in turn activated the
MAP kinase ERK (Chang et al. 2006). Activated
ERK metabolically coupled the cPLA, and 5-
lipoxygenase pathways. ERK phosphorylated
serine 505 of cPLA,, increasing its activity and
thus generating more arachidonic acid. At the
same time, ERK increased translocation of 5-
lipoxygenase to the nuclear membrane, where
it bound to, and was activated by, the nuclear
membrane protein 5-lipoxygenase-activating
protein. Through ERK activity, local Ca®" entry
through CRAC channels is therefore able to co-
ordinate production of arachidonic acid with
its subsequent metabolism to cysteinyl leuko-
trienes (Chang et al. 2006).

Regulation of PIP; Kinase

InsP; has a relatively short lifetime in the cyto-
sol, as it is sequentially dephosphorylated within
a few seconds via a series of inositol phospha-
tases to myoinositol monophosphate (Allbrit-
ton et al. 1992). The latter is metabolized to
inositol by inositol monophosphatases and
this step is inhibited by Li* (Berridge et al.
1982). Inositol then combines with cytidine di-
phosphate diacylglycerol to form phosphatidyl-
inositol (PI), which is phosphorylated by PIP,
and PIP; kinases to make PIP,. Blocking inositol
monophosphatases by elevating intracellular Li*
depletes PIP, levels and therefore impairs the
production of InsP;, and this has been proposed
as a possible mechanism to explain the mood-
stabilizing effect of Li* treatment on bipolar dis-
order (Berridge et al. 1982). Ca* oscillations
evoked by LTC, in RBL cells ran down in the
presence of Li', indicating depletion of PIP,

during continuous exposure to agonist (Alswied
and Parekh 2015). In the blowfly salivary gland,
a seminal study by Berridge and Fain (1979)
showed that the decline in Ca** flux to contin-
uous exposure to serotonin could be overcome
by addition of exogenous inositol. In Li*-treated
RBL cells, exposure to inositol prevented run-
down of Ca®* oscillations to LTC, (Alswied and
Parekh 2015). Application of exogenous phos-
phatidylinositol 4-phosphate (PI4P) also sus-
tained the cytosolic Ca®" oscillations in Li*-
treated cells, consistent with the need to replen-
ish PIP, under these conditions. Sustained Ca>"
oscillations were evoked by LTC, in the absence
of external Ca** provided PMCA pumps were
blocked. These oscillations also ran down in the
presence of Li* but could no longer be rescued
by inositol or PI4P (Alswied and Parekh 2015).
Therefore Ca** influx is required to replenish
the PIP, pool used by LTC,. In support of this,
block of CRAC channels prevented exogenous
inositol and PI4P from sustaining Ca** oscilla-
tions in Li'-treated cells. PI4P is converted to
PIP, by PIPs kinases. In cells in which PI5P
kinase 1o or 1y had been knocked down, Ca**
oscillations ran down quickly and could not be
rescued by PI4P (Alswied and Parekh 2015).
Therefore, Ca®" entry through CRAC channels
replenishes PIP, levels by enhancing PIPs kinase
activity. This was a local effect because oscilla-
tory Ca>" release in the absence of external Ca®*
was unable to replenish PIP, levels despite rais-
ing cytosolic Ca** to levels that matched those
seen in the presence of external Ca®".

Ca”*-Dependent Transcription Factors c-fos
and NFAT

As described in an earlier section, local Ca®*
entry through CRAC channels during cytosolic
Ca®" oscillations leads to expression of c-fos and
activates NFAT. The molecular mechanisms
driving these responses have been teased apart
in mast cells. For induction of c-fos expression,
Ca®* microdomains near open CRAC channels
activate the nonreceptor tyrosine kinase Syk (Ng
et al. 2008, 2009). Immunocytochemical and
pull-down experiments have shown that Syk as-
sociates with Orail and remains so after acti-
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vation of Ca®* entry (Samanta et al. 2015). Syk
phosphorylates, and thereby activates, the tran-
scription factor Stat5 (Ng et al. 2009), mainly
Stat5a (Yeh and Parekh 2015). Phosphorylated
Stat5 dimerizes and then migrates into the nu-
cleus to increase c-fos transcription.

A slightly different mechanism couples
CRAC channel Ca** microdomains to NFAT1-
4 activation. In resting cells, these NFAT proteins
are extensively phosphorylated and trapped
within the cytosol (Hogan et al. 2003). Dephos-
phorylation is mediated by the Ca®*-dependent
protein phosphatase 2B, calcineurin, the target
for immunosuppressants cyclosporine and ta-
crolimus. Following a local increase in cytosolic
Ca®* near CRAC channels, Ca®"-calmodulin
binds to calcineurin to increase enzyme activity.
Dephosphorylation of NFAT by active calci-
neurin exposes a nuclear localization sequence,
which enables NFAT to migrate into the nucleus.
As in some other cell types (Li et al. 2012), a
fraction of the cellular pools of calcineurin and
NFAT are associated with the PM through bind-
ing to the anchoring protein AKAP79 in RBL
cells (Kar et al. 2014). Under nonstimulated con-
ditions, Orail and AKAP79 do not coimmuno-
precipitate but do so after store depletion (Kar
et al. 2014). In this way, calcineurin is brought
close to the Ca®" microdomain and, once acti-
vated, has immediate access to its target NFAT.

CLUSTERING OF CRAC CHANNELS
ENHANCES SIGNALING STRENGTH OF
LOCAL Ca**

As the preceding examples show, Ca** micro-
domains near open CRAC channels activate a
diverse range of downstream signaling path-
ways. In resting cells, the channel pore-forming
subunit Orail is distributed throughout the PM.
However, after store depletion, STIM1 proteins
oligomerize and migrate to peripheral ER lo-
cated just below the PM. At these specialized
ER-PM junctions, STIM1 proteins bind to and
gate Orail, resulting not only in channel activa-
tion but also a clustered distribution of the chan-
nels (Lewis and Prakriya 2015). This spatial
rearrangement of the CRAC channels raises
further questions; first, what is the signaling ad-

Signaling through Ca** Microdomains

vantage conferred by such clustering of CRAC
channels? Second, how high can local Ca**
reach at these regions? Finally, what is the role
of Ca®" extrusion in controlling the size of the
local Ca** signal?

Samanta et al. (2015) compared the ability of
mutant CRAC channels that did not redistribute
to ER-PM junctions, with a similar number of
wild-type channels that did relocate, to activate
c-fos and NFAT. Both mutant and wild-type
channels evoked similar increases in bulk cyto-
solic Ca?" (Samanta et al. 2015). Channel relo-
calization to ER-PM junctions led to more robust
transcription factor activation and subsequent
gene expression, identifying a significant benefit
to CRAC channel clustering.

Calculations suggest that about five endoge-
nous CRAC channels occupy each ER-PM junc-
tion in a T lymphocyte or RBL cell after store
depletion, assuming all the junctions are occu-
pied and contain a similar number of channels
(Hogan 2015; Samanta et al. 2015). Assuming
the channels are noncoupled, the mean distance
between any one CRAC channel picked at ran-
dom and its nearest neighbor in a junction is
~47 nm. Simulations suggest, for channels
spaced 47 nm apart, that the spatial profile of
local Ca*" is elevated in the mid-range of the
junction and shows two peaks; a large one of
~6 um corresponding to a single channel and
a second, smaller peak that represents spillover
from a couple of proximal channels (Samanta
et al. 2015). If CRAC channels colocalize at a
junction then the minimum distance between
two adjacent pores would be ~6.3 nm, based
on a lineal measure from juxtaposition of the
crystal structures of the hexameric channel.
The spatial profile for five such colocalized
channels was considerably altered; now, local
Ca®" concentration increased to ~13 um, almost
30-fold higher than the corresponding bulk cy-
tosolic Ca®* concentration (Samanta et al. 2015).

The narrow gap between peripheral ER and
the PM excludes mitochondria from being lo-
calized adjacent to CRAC channels at the junc-
tions. Therefore, other Ca®" clearance pathways
have the potential to regulate directly the size
and expanse of the local Ca®" signal. In many
nonexcitable cells that rely heavily on store-op-
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erated Ca>* entry such as lymphocytes and mast
cells, PM Na*-Ca®" exchangers are either absent
or weak. Therefore, the PMCA pump would be
a potentially important candidate for shaping
local Ca** signals that arise from open CRAC
channels.

CROSS TALK BETWEEN CRAC CHANNELS
AND PMCA PUMPS

Studies on Ca** clearance pathways in Jurkat T
lymphocytes identified important functional in-
teraction between Ca®" entry through CRAC
channels and PMCA pump activity (Bautista
et al. 2002). In cells kept in Ca**-free solution
in the presence of thapsigargin, readmission of
external Ca** led to a cytosolic Ca®" increase
caused by Ca** entry through CRAC channels.
Subsequent removal of external Ca** resulted in
a bi-exponential decay of the Ca®" signal. Infor-
mation on Ca®" clearance rates could be extract-
ed from the decay phase of the Ca®* by applying
linear fits to the initial phases or exponential fits
to the whole process. Following exposure to the
combination of antimycin A and oligomycin (to
depolarize mitochondria and thus suppress mi-
tochondrial Ca** buffering), brief readmission
of external Ca" to thapsigargin-treated cells led
to an increase in cytosolic Ca>", which then fell
mono-exponentially caused by PMCA pump
activity with a time constant of ~40 sec for small
Ca®" increases less than ~0.5 um and this de-
creased to ~25 sec when cytosolic Ca** rose to
>1.5 um. The rate of Ca®" clearance rose as the
duration of the Ca** pulse was prolonged, in-
creasing approximately fivefold when Ca®*
pulses lasted >60 sec, a process that was termed
modulation (Bautista et al. 2002). Recovery from
modulation was considerably slower than its
onset, with a time constant of ~240 sec, thereby
imparting a form of memory to the PMCA
pump of the previous Ca** elevation. By apply-
ing a Michaelis-Menten type model, it was
found that modulation increased both the max-
imal rate of the PMCA pump and reduced the
K. Subsequent experiments established a ma-
jor role for local Ca** influx through CRAC
channels and not an increase in bulk Ca** in
driving development of the modulation process

(Bautista and Lewis 2004). Modulation there-
fore increases Ca®" efflux rate to counter pro-
longed Ca** influx through CRAC channels and
thus plays an important role in shaping the spa-
tiotemporal profile of the Ca>" signal.

The mechanism underlying modulation of
the PMCA pump in T cells was not identified
but two possibilities were considered (Bautista
and Lewis 2004). One involved physical cou-
pling between PMCA pumps and CRAC chan-
nels perhaps involving the PDZ domain of the
PMCA4b (the major isoform expressed in T
cells) and Dlg proteins. Physical tethering of
the pump to the CRAC channel would expose
the pump directly to the Ca** microdomains
that enhance modulation. The second possibil-
ity was that coupling between the channels and
the pumps was indirect, mediated by a diffusible
molecule. In this scenario, a Ca** sensor would
detect the local Ca®" near CRAC channels and
then diffuse to more remote PMCA pumps to
induce modulation.

Subsequent studies in T cells do not support
physical coupling between the PMCA pump
and CRAC channels, at least under physiological
conditions (Quintana et al. 2011). Stimulation
of T cells by engaging the T-cell receptor induces
the formation of the immunological synapse,
which reflects tight apposition of a T cell with
an antigen-presenting cell. The synapse is the
site where the T-cell receptor is triggered by its
antigen ligand and where Orail channels relo-
calize and cluster. Analysis of the distribution of
Orail and PMCA4b in T cells using total inter-
nal reflection microscopy revealed that the two
proteins did not colocalize (Quintana et al.
2011). Orail was found within the immunolog-
ical synapse, whereas PMCA4b was confined to
the periphery of the synapse. Despite this spatial
separation, Ca®* entry though CRAC channels
was still able to induce pump modulation
(Quintana et al. 2011).

A plausible diffusible signal linking
CRAC channels to PMCA pumps is calmodulin.
Several PMCA pump isoforms including
PMCA4b bind calmodulin, and Ca**-calmodu-
lin reduces K|, and increases V., mirroring the
changes observed in modulation. Studies with a
fluorescent calmodulin protein showed that cal-
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modulin binding to PMCA pump was slow, de-
veloping over several tens of seconds (Penheiter
et al. 2003). This is consistent with the observed
temporal induction of modulation in T cells,
where modulation developed over tens of sec-
onds (Bautista et al. 2002).

Can calmodulin regulation account for
modulation of PMCA pumps by CRAC chan-
nels? Interestingly, an earlier study by Caride
et al. (2001) reported Ca**-dependent memory
to PMCA4b and that this modulation involved
calmodulin. In their study, they expressed
PMCA pump isoforms in Sf9 insect cells and
measured ATPase activity in microsomal mem-
branes. These investigators used a two-pulse
protocol to show induction of Ca**-dependent
memory. Microsomes were first exposed to 500
nm Ca** for 300 sec and then rapidly perfused
with 50 nm Ca**. PMCA2b showed prolonged
memory of the high Ca** pulse in that pump
activity declined in low Ca®" with a time con-
stant of ~80 sec. In contrast, PMCA4b activity
declined considerably more quickly, with a time
constant of ~30 sec (Caride et al. 2001). Studies
with a calmodulin-binding peptide suggested
that the memory process was a consequence of
calmodulin remaining bound to the PMCA
pump for several seconds after switching
from high (500 nm) to low (50 nm) Ca>*. How-
ever, the kinetics of calmodulin regulation
of PMCA4b in microsomes do not match the
time course of modulation in T lymphocytes.
Although both have a broadly similar activation
time course, reversal of modulation because of
calmodulin dissociation is almost an order of
magnitude faster in microsomes (Caride et al.
2001) than in T cells (Bautista et al. 2002). One
possible explanation for this mismatch is that
interaction between PMCA pumps and the cy-
toskeleton or other regulatory proteins is lost in
the microsomal system and such interactions
might affect calmodulin dissociation from
PMCA pumps. Another possibility is that in
intact cells calmodulin binding might render
the pump susceptible to some form of posttrans-
lational modification, trapping it in place. Final-
ly, modulation might not involve calmodulin
but another protein that regulates PMCA pump
activity. One possible candidate is neuroplastin,

Signaling through Ca** Microdomains

an immunoglobulin superfamily protein. In
T cells, neuroplastin was found to associate with
both PMCA1 and PMCA4 isoforms as well as
regulate the levels of pump expression (Korthals
etal. 2017). Using cryo-electron microscopy, the
structure of PMCA1 in complex with neuroplas-
tin was reported to 4.1 A resolution (Gong et al.
2018). The transmembrane domain of neuro-
plastin interacted with transmembrane domain
10 of PMCAL as well as the linker region be-
tween transmembrane domains 8 and 9. Neuro-
plastin binding induces a marked structural
rearrangement of the pump, exposing the cyto-
solic Ca®*-binding site. An interesting hypoth-
esis has been put forward that suggests binding
of PMCA interacting proteins such as STIM1
and POST might alter the association between
neuroplastin and the pump (Go and Soboloff
2018). Such a rearrangement could mask or im-
pair access to the cytosolic Ca**-binding site,
reducing pump activity. Whether the PMCA
modulation seen in T cells involves neuroplastin
is at present unclear.

Can PMCA pump modulation itself be reg-
ulated? An elegant study in T cells showed that
PMCA pump modulation was suppressed by
mitochondrial Ca®* buffering under physiolog-
ical conditions (Quintana et al. 2011). Following
induction of the immunological synapse, Orail
accumulated at the synapse, as observed by oth-
ers (Barr et al. 2008; Lioudyno et al. 2008),
whereas mitochondria and PMCA pumps were
confined to the fringes. There was little colocal-
ization between Orail channels and either mi-
tochondria or PMCA pumps, but considerably
more overlap between mitochondria and PMCA
protein (Quintana et al. 2011). In contrast, fol-
lowing stimulation with thapsigargin, which
does not induce synapse formation, PMCA
pumps showed a homogeneous distribution
through the PM and areas of colocalization be-
tween the pumps and Orail clusters were ob-
served (Quintana et al. 2011). This might reflect
the fact that both proteins are abundant in T cells
and so some colocalization might occur by
chance owing to random positioning of the pro-
teins in the membrane. Collectively, these data
show that PMCA pumps redistribute away from
Orail after synapse formation and instead are
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positioned close to mitochondria. Mitochondria
are rapid and high-capacity Ca** buffers and
their juxtaposition with PMCA proteins raises
the possibility that mitochondrial Ca** uptake
might siphon Ca** away from the PMCA pump,
suppressing the development of modulation.
This turned out to be the case; no modulation
occurred following Ca** entry through Orail
channels, provided mitochondria were able to
take up local Ca®*(Quintana et al. 2011). Mito-
chondrial depolarization, which inhibits Ca*"
uptake into the organelle, enabled PMCA pump
modulation to occur. In contrast, in thapsigar-
gin-treated cells, modulation developed nor-
mally. Therefore, the rearrangement of Orail
channels, PMCA pumps, and mitochondria at
the immunological synapse enables mitochon-
dria to remove Ca** from the vicinity of the
pumps and thereby suppress the development
of modulation.

A further twist to how CRAC channels and
PMCA pumps interact has been provided by the
report that STIM1 suppresses pump activityin T
cells (Ritchie et al. 2012). Activation of Jurkat
T cells with the agonist PHA led to strong up-
regulation of STIM1 and PMCA4 proteins.
These investigators adopted the protocol for
measuring PMCA pump activity previously de-
scribed (Bautista et al. 2002), wherein CRAC
channels were activated by exposure to thapsi-
gargin and pump activity was measured follow-
ing removal of external Ca**, and found that
Ca®" decay was a double exponential process,
as also shown in previous reports from T cells
(Ritchie et al. 2012). Ca** clearance was initially
fast, with a half-time of ~12 sec and this was
followed by a much slower clearance phase,
with a half-time of ~80 sec. Increased levels of
STIM1, either by PHA activation or simply by
transfection of STIMI1 plasmid, slowed Ca®*
clearance with a pronounced effect on the sec-
ond phase. Whereas the half-time of the first
phase increased slightly from 12 sec to 18 sec
after PHA treatment, the second phase in-
creased from 80 sec to 142 sec. Studies with
truncated constructs identified the carboxy-ter-
minal domain of STIMI close to the poly lysine
tail as being responsible for this inhibitory ac-
tion (Ritchie et al. 2012). It is unclear whether

STIM1 directly binds to the PMCA pump but
immunoprecipitation experiments in the ab-
sence of PHA revealed significant interaction
of STIM1 and PMCA under resting conditions,
and this was not altered much by PHA stimula-
tion (Ritchie et al. 2012). The amount of coloc-
alization between STIM1 and PMCA pump was
measured using fluorescence microscopy and
only minimal overlap was observed in cells un-
der resting conditions, but strong colocalization
was seen after PHA-induced activation. Thapsi-
gargin had no effect on STIM1/PMCA colocal-
ization, suggesting STIMI regulation of PMCA
pump was independent of store depletion. Col-
lectively, these results suggest that STIM1 im-
pairs PMCA pump activity and therefore serves
to sustain Ca>" entry through CRAC channels
independent of store depletion.

Interestingly, in the study by Ritchie et al.
(2012), Ca®*" clearance kinetics was biphasic
even after inhibition of mitochondrial Ca®" up-
take. This is different from previous reports in T
cells that showed inhibition of mitochondrial
Ca®" uptake by depolarization with antimycin
A and oligomycin to impair flux through the
uniporter channel switched the biphasic decay
to amonophasic event (Bautista et al. 2002; Bau-
tista and Lewis 2004; Quintana et al. 2011). The
slow second-phase reflected slow release of Ca®*
from mitochondria after the organelle had
been loaded with Ca®" during store-operated
Ca®* influx (Bautista et al. 2002). In contrast,
RU360, considered a membrane permeable in-
hibitor of the uniporter channel, had no effect
on Ca®" clearance kinetics compared with con-
trol cells (Ritchie et al. 2012).

In T cells, there are therefore two models for
how PMCA pumps impact on local Ca** con-
centration at the immunological synapse (Fig.
2). The models yield the same output, namely,
PMCA activity is reduced after CRAC channel
activation, but differ mechanistically in how this
is accomplished. The Quintana et al. model (Fig.
2A) proposes that PMCA pump activity is low
because mitochondria buffer Ca®" at the edges
of the synapse, in which the pumps are located,
and the reduction in local Ca*" both directly
reduces PMCA pump activity and suppresses
modulation from developing (Quintana et al.
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Figure 2. The cartoon summarizes two models (A,B) for how the plasma membrane Ca** ATPase (PMCA) pump
activity is regulated at the immunological synapse in T cells (see text for further details). CRAC, Ca>* release-

activated Ca>*; ER, endoplasmic reticulum.

2011). The Ritchie et al. model (Fig. 2B) posits
that PMCA pump activity is low because of
STIM1 inhibition of the transporter (Ritchie
et al. 2012). The STIM1 block is presumably
constitutive because the coimmunoprecipita-
tion data suggested PMCA pump and STIM1
already interacted at rest and no further associ-
ation was seen following stimulation with thap-
sigargin (Ritchie et al. 2012). If PMCA pumps
are blocked by STIMI at the synapse, then they
should not be able to develop modulation. How-
ever, the data from Quintana et al. (2011) show
robust modulation at the immunological syn-
apse after mitochondrial depolarization. Now,
local Ca** can increase sufficiently to stimulate

the modulation process, an observation that is
not predicted by model 2.

The models could be reconciled by postulat-
ing a Ca**-dependence to STIM1 block of the
PMCA pump. During the fast phase of cytosolic
Ca’" clearance, cytosolic Ca®* levels are high
and this might prevent STIMI1 from inhibiting
PMCA pump activity. However, during the slow
phase of Ca** clearance cytosolic Ca** is con-
siderably reduced, and this could lead to STIM1-
mediated PMCA inhibition. Such a mechanism
could also explain why modulation occurs fol-
lowing mitochondrial depolarization (Figs. 1
and 2A); the elevated local Ca®* concentration
will no longer enable STIMI1 to block PMCA
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pumps. It will be interesting to see in the future
whether there is a Ca** dependence to STIM1
block of the PMCA pump or whether other fac-
tors account for the differences between the
two models. Regardless, the PMCA pump has
emerged as an important factor that can help
shape local Ca** signals near CRAC channels
and thus impact on their signaling strength.
How CRAC channel-dependent Ca** microdo-
mains communicate with PMCA pumps and
whether such functional coupling can be regu-
lated by stimulation of cell-surface receptors are
interesting questions for the future.

INTRACELLULAR Orai1 CHANNELS

Although the majority of Orai channels are in
the PM, a fraction is found on intracellular or-
ganelles. That these Orai proteins function as
intracellular Ca®" release channels was elegantly
shown by Hille and colleagues (Dickson et al.
2012). Secretory granules bud from the trans-
Golgi network and after maturation carry cargo
to the PM, which is released by exocytosis. Free
Ca®* concentration within a secretory granule is
~70 pm (Dickson et al. 2012), around three or-
ders of magnitude larger than resting cytosolic
free Ca®*. Using a FRET cameleon probe target-
ed to the secretory granule lumen, Dickson and
colleagues found that stimulation of cell-surface
Gq-coupled P2Y receptors led to slow release of
Ca®" from secretory granules into the cytosol.
Three pieces of evidence suggested this form
of Ca®* release was mediated by Orail channels
(Dickson et al. 2012). First, Ca®>" mobilization
from the granules was prevented by stimulating
P2Y receptors in the absence of external Ca*".
Second, the CRAC channel blocker BTP2 pre-
vented Ca®" release from the granules and third,
expression of a nonconducting dominant-neg-
ative Orail channel (Orail-E106A) prevented
Ca®" release from the granules during Gq-cou-
pled P2Y receptor stimulation (using ATP).
Confocal colocalization analysis using Orail-
GFP and tPA-mcherry (a marker for secretory
granules) revealed a fraction of Orail channels
resided on secretory granules. In contrast, there
was little colocalization between STIM1 and se-
cretory granules at rest. However, P2Y receptor

stimulation increased colocalization between
STIM1 and secretory granules and this was pre-
vented by removal of external Ca®*. To explain
these findings, these investigators proposed a
very interesting model. Following stimulation,
STIM1-Orail clusters formed below the PM.
Subsequent store-operated Ca** entry raised lo-
cal Ca*" and this led to disaggregation of some
STIM1 molecules from Orail. The released
STIM1 proteins were able, after a delay, to
bind to and activate low-density Orail channels
on secretory granules. Because the Ca>* concen-
tration within a granule is considerably lower
than extracellular Ca®* concentration (~70 um
compared with 1-2 mm), the local Ca®" near
open Orai channels in the granule membrane
will be much lower than the corresponding level
at the PM and so STIM1 will presumably remain
associated with granule Orail for longer.

What could be the physiological role of
Orail-dependent Ca** release from secretory
granules? Because these Orail channels are ac-
tivated by STIM1 resident in the ER membrane,
Ca’" release from the granules could contribute
to effective refilling of the ER with Ca®*.

Another nice example of local Ca** signals
generated by intracellular Orail stems from
studies in neutrophils (Nunes et al. 2012). These
phagocytes ingest foreign particles and degrade
them within phagocytic vesicles. STIM1 was
found to sustain phagocytosis by bringing thin
ER cisternae to phagosomes, which then formed
tight ER-phagosomal junctions. Local peripha-
gosomal Ca”" signals were seen in intact cells
following particle ingestion and the frequency
of these signals was significantly reduced by
STIM1 ablation (Nunes et al. 2012). The local
Ca®" signals arose from phagosomal store-oper-
ated Orail channels that were activated by
STIM1. These findings provide new potential
targets for the treatment of infections caused
by intracellular pathogens.

TUNNELING OF LOCAL Ca*" ENTRY NEAR
Orai1 CHANNELS THROUGH THE ER

Local Ca®" entry through CRAC channels can be
delivered to distant targets through a mechanism
that bypasses diffusion through the cytosol. This
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pathway involves Ca** tunneling through the ER
and was first described in pancreatic acinar cells
(Mogami et al. 1997). In these polarized epithe-
lial cells, store-operated Ca®* entry occurs at the
basolateral membrane. Local Ca®" influx is then
rapidly pumped into basolateral ER by SERCA
pumps. The ER in acinar cells is a contiguous
organelle, protruding into the apical pole where
trypsin-containing secretory granules are con-
fined (Parketal. 2000). InsP; receptors are found
at high density in the apical pole. The ER has a
low Ca**-buffering capacity compared with the
cytosol (Mogami et al. 1999), and therefore Ca**
that is taken up into the ER at the basolateral pole
diffuses rapidly to the apical portion where it
can be released into the cytosol through InsP;
receptors. In this way, local Ca®" influx at the
basolateral region can drive Ca**-dependent
exocytosis at the apical end. Ca®* tunneling
also couples store-operated Ca®" entry to Ca**-
activated Cl~ channels in Xenopus oocytes
(Courjaret and Machaca 2014). In this system,
the Ca®* channels and Ca®"-activated Cl~ chan-
nels are located apart but local Ca®" influx is
taken up into the ER by SERCA pumps and
then released by InsP; receptors positioned close
to the CI™ channels, reminiscent of tunneling in
acinar cells (Petersen et al. 2017). In mast cells,
stimulation of Gq-coupled cysteinyl leukotriene
type 1 receptors with the agonist LTC, generates
oscillations in nuclear Ca** that arise from open-
ing of InsP; receptors in the inner nuclear mem-
brane and maintains NFAT4 transcription factor
activity and subsequent cytokine gene expression
(Kar et al. 2016). The oscillations run down rap-
idly in the presence of the CRAC channel blocker
BTP2 or when external Ca®" is removed. Ca®*
influx contributes little to the amplitude or decay
rate of each cytoplasmic Ca*" oscillation evoked
by LTC, (Di Capite et al. 2009). That the nuclear
store, which is contiguous with the ER, is replen-
ished by Ca*" flux through CRAC channels at the
cell surface is therefore another example of long-
range Ca®" tunneling.

CONCLUSION

Ca®" microdomains near open Ca>"-permeable
ion channels that populate the PM or internal

Signaling through Ca** Microdomains

Ca®" stores regulate a range of cellular responses
over a broad temporal bandwidth. Recent work
has led to a remarkable wave of progress in un-
derstanding how these local Ca®* signals are de-
coded by cells and how different types of Ca**
channel tap into different intracellular signaling
pathways. Recent advances in superresolution
microscopy combined with increasingly sophis-
ticated structural and biochemical approaches
should provide more detailed insight into the
properties of local Ca** signals and how they
might be manipulated in the treatment of hu-
man disease.
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