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Although highly selective Ca*" entry pathways play a critical role in agonist-activated Ca** signals in non-excitable cells,
only with the recent discovery of the Orai proteins have the first insights into the molecular nature of these pathways
been possible. To date, just two such highly Ca?*-selective “Orai channels” have been identified in native cells—the store-
operated CRAC channels and the store-independent, arachidonic acid-activated ARC channels. Studies have shown that
the functional CRAC channel pore is formed by a tetrameric arrangement of Orail subunits, whilst a heteropentamer
of three Orail subunits and two Orai3 subunits forms the functional ARC channel pore. Importantly, this inclusion of
Orai3 subunits in the ARC channel structure has been shown to play a specific role in determining the selectivity of
these channels for activation by arachidonic acid. Using an approach based on the expression of various concatenated
constructs, we examined the basis for this Orai3-dependent effect on selectivity for arachidonic acid. We show that, whilst
heteropentamers containing only one Orai3 subunit are sensitive to arachidonic acid, specific selectivity for activation by
this fatty acid is only achieved on inclusion of the second Orai3 subunit in the pentamer. Further studies identified the
cytosolic N-terminal domain of Orai3 as the region specifically responsible for this switch in selectivity. Substitution of
just this domain into an otherwise complete single Orail subunit within a concatenated 31111 pentamer is sufficient
to change the resulting channel from one that is predominantly store-operated, to one that is exclusively activated by

arachidonic acid.

Introduction

The entry of extracellular Ca?* into cells plays a key role in the
generation of agonist-induced intracellular Ca?* signals in most
cell types. In non-excitable cells, such Ca?* entry typically occurs
either via various relatively non-selective cation channels (e.g.,
members of the TRPC family of channels) or via specific, highly
Ca?*-selective channels. Of the latter, only two such Ca?*-selective
conductances have been extensively characterized to date—the
Ca?* release-activated Ca?* channels (CRAC channels),"? and
the arachidonic acid-regulated Ca?* channels (ARC channels).?
These two conductances are biophysically very similar in that
they are both relatively small, highly Ca**-selective conductances
displaying marked inward rectification and very positive reversal
potentials. Moreover, much like the CRAC channels, ARC chan-
nels have been shown to be present in a wide range of diverse
cell types.®® Their most obvious distinction lies in their mode

of activation. Whereas the CRAC channels are, by definition,
activated as a result of the depletion of intracellular Ca?* stores,
activation of the ARC channels is independent of any such store
depletion and, instead, results from an action of low concentra-
tions of arachidonic acid at the inner face of the cell membrane.®
Despite this clear difference, activation of both of these chan-
nels involves the protein STIM1 (stromal interaction molecule
1). However, entirely distinct pools of the total cellular STIMI
are involved. Thus, whilst the activation of the CRAC channels
involves the STIM1 that is located in the membrane of the endo-
plasmic reticulum,”' activation of the ARC channels exclusively
involves the smaller pool of STIMI that constitutively resides in
the plasma membrane." Moreover, consistent with their similar
biophysical properties, studies have demonstrated that these two
channel types are both encoded by members of the recently discov-
ered Orai family of proteins.'*® Thus, recent studies employing
a variety of different techniques have revealed that the functional
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CRAC channel pore is formed by a tetrameric arrangement of
Orail units.'
functional ARC channel pore is formed by a heteropentameric
assembly of three Orail subunits and two Orai3 subunits.?! This
distinct subunit composition of the ARC channel is supported
by the fact that, whilst expression of a dominant-negative mutant
(E106QQ) Orail construct effectively eliminates both endogenous
CRAC channel currents and endogenous ARC channel currents,
expression of a corresponding dominant-negative (E81Q) Orai3

2% In contrast, we have recently shown that the

construct selectively abolishes the ARC channel currents without
affecting the co-existing endogenous CRAC channel currents.”
Such data clearly demonstrate the unique role of Orai3 subunits
in the formation of functional ARC channels and presumably,
at least in some way, their specific selectivity for activation by
arachidonic acid.

Despite this, our previous studies have shown that the simple
presence of Orai3 subunits in an assembly with Orail subunits is
not, in itself, sufficient to result in an arachidonic acid-selective
conductance. For example, expression of a series of concatenated
tetrameric assemblies containing various combinations of Orail
and Orai3 subunits resulted in conductances that were approxi-
mately equally sensitive to activation by store-depletion and by
addition of arachidonic acid.?' Thus, whilst all possible tetramers
containing both Orail and Orai3 subunits are arachidonic acid-
sensitive, none are arachidonic acid-selective. Correspondingly,
neither can any of these assemblies be considered as selective for
activation by store-depletion. Critically, this lack of selectivity for
activation by either of these two distinct pathways means that
none of these heterotetrameric conductances can represent the
true native CRAC or ARC channels.

In contrast, as noted above, expression of concatenated
pentameric constructs containing two Orai3 subunits and three
Orail subunits, in either a 31311 or a 31113 conformation, results
in the formation of a conductance that displays the specific acti-
vation by arachidonic acid and no significant sensitivity to store-
depletion that is a defining characteristic of the endogenous ARC
channels. Moreover, the conductances resulting from expression
of these heteropentameric assemblies precisely mimic all the
key biophysical, pharmacological, and regulatory features of the
endogenous ARC channels, including specific activation by the
pool of STIMI constitutively resident in the plasma membrane.?
Again, the critical role of functional Orai3 subunits in such a
pentamer was demonstrated by the fact that the relatively large
arachidonic acid-activated currents recorded on expression of these
heteropentameric constructs were entirely eliminated by inclusion
of a single E81Q mutant Orai3 subunit in the concatenated con-
struct. In addition, similar inclusion of a single dominant-negative
Orail(E106Q) subunit in the heteropentameric construct also
completely eliminated the increased arachidonic acid-activated
currents,”’ demonstrating that any exclusion of subunits within
the concatenated pentameric construct does not occur and con-
firming the heteropentameric nature of the ARC channel.

While the above data demonstrate the key role of Orai3
subunits in the formation of a conductance that is selectively
activated by arachidonic acid, exactly what specific features of
the Orai3 molecule are involved in achieving this selectivity
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remain unclear. In the study reported here, we have attempted
to answer this question, again by using an approach based on
the expression of pre-assembled concatenated constructs of the
desired composition. The particular importance of this approach
in these studies is that it ensures that any individual subunit bear-
ing an experimentally relevant modification (mutation, deletion,
chimera, etc.,) can be incorporated into the pentamer in a pre-
cisely predictable way. Using this basic approach, we now pres-
ent data confirming that the strict arachidonic acid selectivity
of the ARC channel requires the presence of two, but no more
than two, Orai3 subunits in the pentameric assembly. We further
demonstrate that this selectivity is entirely determined by the 60
amino acid sequence that forms the cytosolic N-terminus portion
of the Orai3 molecule. In a concatenated pentameric construct
containing just one Orai3 subunit, the substitution of a single
Orail subunit with a chimeric Orail subunit bearing just this
N-terminal domain of Orai3 is sufficient to change the resulting
pentameric channel from one that is predominantly store-oper-
ated to one that is predominantly activated by arachidonic acid.

Results

Effects of increasing numbers of Orai3 subunits in the
pentameric constructs. As discussed, whilst it is clear that a tet-
rameric assembly of Orail subunits alone forms the functional
store-operated CRAC channel, our previous studies have demon-
strated that only a pentameric assembly of three Orail subunits
and two Orai3 subunits forms a truly arachidonic acid-selective
channel that displays all the key features and properties of endog-
enous ARC channels.» Moreover, the specific role of the Orai3
subunits in the functioning of these channels is demonstrated
by the selective inhibition of endogenous ARC channel currents
on expression of a dominant-negative mutant Orai3 monomer
(E81Q)), whilst the co-existing endogenous CRAC channels are
unaffected.” Clearly then, the unique ability of the ARC chan-
nels to be activated by increases in arachidonic acid is dependent
in some way on the inclusion of functional Orai3 subunits in the
channel assembly. In order to further evaluate this, we began by
examining the effect of including increasing numbers of Orai3
subunits in pentameric assemblies of Orail/Orai3 subunits using
the approach of expressing such assemblies as concatenated con-
structs of the appropriate composition. As shown in Figure 1,
the presence of a single Orai3 subunit in a concatenated pentam-
eric Orail/Orai3 assembly (31111) results in a conductance that
can be activated both by arachidonic acid and by store-depletion.
However, the currents induced by store-depletion are approxi-
mately two-fold larger than those activated by arachidonic acid
(2.24 £0.52 pA/pF; n =11, and 1.29 + 0.19 pA/pF; n = 15, respec-
tively). This ability of the 31111 construct to result in a channel
that can be activated by both store-depletion and by arachidonic
acid is similar to that previously seen with various Orail/Orai3
tetrameric constructs,” and appears to reflect the formation of
some form of “hybrid” CRAC/ARC channel.

In contrast to this, and consistent with our previous report,
increasing the number of Orai3 subunits in the pentameric
constructs to two, whether in the form of a 31113 pentamer
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or a 31311 pentamer, results in conductances displaying large
arachidonic acid-activated currents (Fig. 1), whilst the recorded
store-operated currents are not significantly different from those
in untransfected STIM1-stable cells (p = 0.20 for the 31113 pen-
tamer, and p = 0.17 for the 31311 pentamer). Clearly, the presence
of two Orai3 subunits in the pentamer is sufficient to result in
the formation of a conductance whose activation is highly selec-
tive for arachidonic acid. Addition of a further Orai3 subunit in
the form of a 31313 pentamer resulted in conductance display-
ing only small store-operated and arachidonic acid-activated cur-
rents, the magnitudes of which were not significantly different
from each other (p = 0.73).

Together, the above data indicate that the switch from an
arachidonic acid-sensitive conductance to one whose activation
is specifically arachidonic acid-selective, consistent with endoge-
nous ARC channels, requires the presence of two Orai3 subunits
in the Orail/Orai3 pentamer. Incorporation of additional Orai3
subunits results in only small currents. However, again, no spe-
cific selectivity for activation by arachidonic acid was apparent.

Duplication of the pentamer data by co-expression of Orai
monomers with a 3111 tetramer. The above findings indicate
that there is something unique in the structure or function of
Orai3, as compared to Orail, that is critical for the channel
to respond to increases in arachidonic acid. In order to exam-
ine which specific features of the Orai3 protein might be criti-
cal in determining this selectivity for activation by arachidonic
acid—along with the corresponding loss of sensitivity to store-
depletion—it was necessary to devise a system that would enable
examination of the effect of the incorporation of selected mutant,
chimeric, or otherwise modified, versions of the second Orai3
subunit into the pentameric channel structure. The most obvious
way of achieving this would be to incorporate each of the relevant
“modified” subunits into separate concatenated pentameric con-
structs—a process that would involve the generation of a great
many different complex constructs. An alternative, and poten-
tially more amenable, approach would be to co-express a 3111
tetramer along with the appropriately modified Orai3 monomer,
with the intention that they would assemble together to form the
required pentamer.

To explore whether this approach might be feasible, we first
examined whether the above data obtained with the concat
enated pentameric constructs could be accurately duplicated
by co-expression of a combination of the 3111 tetramer and an
appropriate monomer. Critically, for any observed effect to be
reliably assigned to the specific combination of the monomer
with the tetramer, it is necessary to choose a concentration of the
relevant monomer that, when expressed alone, does not induce
any measurable increase in either arachidonic acid-activated or
store-operated currents. Preliminary experiments revealed that
transfection of the STIM1-stable cells with 0.1 g DNA of each
of the monomers alone failed to induce any significant changes in
either store-operated or arachidonic acid-activated currents (data
not shown). Therefore, this concentration of monomer DNA is
in all subsequent experiments.

As previously reported,?! expression of the 3111 tetramer alone
resulted in the generation of an increased conductance that displays
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Figure 1. The effect of expression of different Orai1/Orai3 pentameric
constructs on store-operated and arachidonic acid activated currents.
Inward store-operated currents (white bars) and arachidonic acid
activated currents (black bars) measured at -40 mV in STIM1-stable cells
expressing different concatenated pentameric constructs containing
various numbers of Orai3 subunits. Values are means + SEM, n =
numbers in parentheses.

approximately equal sensitivity to activation by store-depletion
and by addition of exogenous arachidonic acid (Fig. 2A). On
co-expression of this tetramer with an Orail monomer, store-
operated currents were increased almost 2-fold (p = 0.04) with-
out affecting the magnitude of the corresponding arachidonic
acid-activated currents (p = 0.83) (Fig. 2A). Examination of the
current-voltage relationship of these increased store-operated cur-
rents revealed the marked inward rectification and very positive
reversal potential typical of a highly Ca?*-selective conductance
(Fig. 2B). The result is that the conductances recorded on co-
expression of the 3111 tetramer with the Orail monomer are sta-
tistically and biophysically indistinguishable from those obtained
with expression of the intact 31111 pentamer alone (p = 0.46 and
0.43 for the store-operated and arachidonic acid activated cur-
rents, respectively). In contrast, co-expression of the 3111 tetra-
mer with an Orai3 monomer failed to affect the magnitude of the
store-operated currents (p = 0.63), but markedly increased the
arachidonic acid-activated currents by almost 2-fold (p = 0.02)
(Fig. 2A). These increased arachidonic acid activated conduc-
tances also displayed the marked inward rectification and very
positive reversal potential typical of a highly Ca?*-selective con-
ductance (Fig. 2B). Consequently, the result of co-expression of
the tetramer with the Orai3 monomer is a pattern of currents
that are indistinguishable from those recorded following expres-
sion of the intact 31113 pentamer alone (p = 0.37 and 0.99 for
the store-operated and the arachidonic acid activated currents,
respectively).

One caveat to note in this overall approach is that, although
western blotting is able to demonstrate that the various
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Figure 2. The effect of co-expression of a 3111 tetramer with either an Orail
monomer or an Orai3 monomer on store-operated and arachidonic acid acti-
vated currents. (A) Inward currents measured at -40 mV recorded in STIM1-stable
cells on expression of the 3111 tetramer alone or in combination with either an
Orail monomer or an Orai3 monomer. Shown are the store-operated currents
(white or grey bars) and arachidonic acid activated currents (crosshatched or
black bars). The numbers to the right represent the calculated percent of the total
recorded increased current that is sensitive to activation by arachidonic acid. Also
shown for comparison are the corresponding values recorded on expression of
the concatenated 31111 and 31113 pentamers (data taken from Fig. 1). Values are
means + SEM, with values of n for store-operated and arachidonic acid activated
equal to 15 and 9 (3111 tetramer), 12 and 12 (tetramer plus Orail) and 9 and 9
(tetramer plus Orai3), respectively. (B) Representative curves of the current-
voltage relationship for the store-operated current seen on co-expression of the
3111 tetramer and the Orail monomer (left), and the arachidonic acid activated
current on co-expression of the 3111 tetramer and the Orai3 monomer (right).

compare with those of 81% and 34% for the intact
31113 and 31111 pentamers respectively. Together, the
above data confirm that both the overall magnitudes,
relative specificities, and basic biophysical properties
of the currents seen on expression of the relevant con-
catenated pentamer can be accurately duplicated by
co-expression of a 3111 tetramer and the appropriate
Orai monomer, thereby demonstrating the feasibility
of using this approach to examine the specific effect of
various parts of the Orai3 protein in the determination
of the arachidonic acid-selectivity of the ARC channels.

Effects of Orail/Orai3 chimeras. We began by
examining each of the three basic regions of the Orai
proteins—the cytosolic N-terminus (Metl-Lys85 of
Orail or Metl-Lys60 of Orai3), the four transmem-
brane domains along with their intracellular and extra-
cellular loops (Leu86-Arg259 of Orail or Leu61-Arg268
of Orai3), and the cytosolic C-terminal region (Ser260-
Ala301 of Orail or Ser269-Val295 of Orai3). Simple
comparison of these sequences in Orail and Orai3
reveal the following obvious gross differences (Fig. 3).
First, the cytosolic N-terminus is some 30% shorter in
Orai3 and lacks both the proline-rich and arginine-rich
sequences that are present in the corresponding region of
Orail.** Secondly, the extracellular loop between trans-
membrane domains three and four in Orai3 is extended
by some 34 residues. Finally, selected individual amino
acid differences in the cytosolic C-terminus result in a
much stronger predicted coiled-coil structure for this
region in Orai3.”

To examine the possible individual effects of these
regions, we generated a series of chimeric Orai monomers
in which each of these three regions of the Orail pro-
tein were replaced in turn by the corresponding region
of Orai3. These chimeric monomers were designated as
the [311], [131] and [113] Orai monomer respectively
(Fig. 4A). The effects of co-expression of each of these
chimeric monomers with the 3111 tetramer are shown

constructs transfected were successfully expressed as proteins of
the predicted size, we had no way of accurately controlling their
relative expression and/or delivery to the membrane. Because of
this, any comparisons based exclusively on absolute current mag-
nitudes could be problematic. For this reason, we also chose to
examine the “relative selectivity” of the resulting conductances
for activation by arachidonic acid. This was done by quantify-
ing, for each data set, the percent of the total mean increased
current (arachidonic acid activated plus store-operated) that was
activated by arachidonic acid. As such, this parameter should be
independent of the relative expression of the construct involved.
Thus, in the above experiments, co-expression of the Orai3
monomer resulted in a conductance in which the arachidonic
acid activated component represented 70% of the total increased
current (Fig. 2A). In contrast, the arachidonic acid activated
component seen on co-expression of the Orail monomer formed
only 32% of the total increased current (Fig. 2A). These values
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in Figure 4B. For comparative purposes, this figure also
includes the data obtained from expression of the 3111 tetramer
alone, and that recorded on co-expression of the 3111 tetramer
with the wild-type Orai3 monomer (taken from Fig. 2). These
latter data, as previously noted, are statistically indistinguishable
from the data obtained with the 31113 concatenated pentamer.
Beginning with the chimera in which the cytosolic
C-terminus of Orail has been substituted by the corresponding
C-terminus of Orai3 (the [113] construct), co-expression of this
chimera with the 3111 tetramer resulted in inwardly rectifying
arachidonic acid activated and store-operated currents of 1.25
+ 0.42 pA/pF; n = 12, and 2.21 + 0.49 pA/pF; n = 17, respec-
tively (Fig. 4B and C). These values are not significantly dif-
ferent from those seen with co-expression of the intact Orail
monomer with the 3111 tetramer described above (p = 0.57 and
p = 0.41, respectively). Correspondingly, the result of co-expres-
sion of the tetramer with the [113] chimera is a conductance
of which only 33% of the total increased currents are activated
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by arachldonlc' ac.ld, compared to the A Orait
70% seen on similar co-expression of
the intact Orai3 monomer. Clearly,
co-expression of this chimera fails to
replicate the profound effects seen on
co-expression of the full-length Orai3
subunit.

Co-expression of the 3111 tetramer
with a chimera in which the trans-
membrane domains together with
their connecting loops of Orail had
been substituted by the correspond-

Orai3

B 85/86 259/260
1 | | 301
N ™ ™ ™ ™ Cc
268/269

1 I 295

T m_tm___ ™ Tv__J¢

ing sequence of Orai3 (the [131] con-

struct) failed to significantly affect
the arachidonic acid-activated cur-
rents when compared to those seen on

expression of the 3111 tetramer alone | ().

Figure 3. Comparison of the structure and sequences of Orail and Orai3. (A) Diagrams comparing the
basic structural differences between the Orail and Orai3 molecules. (B) Linear representation of the
structure of Orail (grey) and Orai3 (black) showing the key positions in the sequence where chimeras
and/or deletion mutants were generated. The location of the transmembrane domains are indicated

(p = 0.20). However, store-operated
currents recorded on co-expression of
this chimera were markedly reduced (p = 0.0003), suggesting a
possible inhibitory action of the transmembrane region of Orai3
on these currents. The net effect of co-expression with this chi-
mera was a reduction in the total recorded currents (arachidonic
acid activated plus store-operated) of almost 50%, from a value of
2.96 pA/pF with the 3111 tetramer alone, to just 1.57 pA/pF on
co-expression with the [131] chimera (Fig. 4B and C). Although
the basis for this overall effect on the currents is not clear, it does
raise the possibility that the statistically significant reduction in
store-operated currents may simply be a reflection of a general
inhibitory action of co-expression with this construct.

Finally, co-expression of the 3111 tetramer with the
N-terminally substituted chimera (the [311] construct) resulted
in a marked, almost two-fold increase in arachidonic acid-acti-
vated currents from a mean value of 1.43 + 0.35 pA/pF; n =9,
to 2.73 + 0.40 pA/pF; n = 13 (p = 0.03) (Fig. 4B). These cur-
rents displayed marked inward rectification and a very positive
(-+60 mV) reversal potential characteristic of a highly Ca?*-
selective conductance (Fig. 4C). In contrast, the correspond-
ing store-operated currents recorded on co-expression with this
construct (1.34 + 0.26 pA/pF; n = 14) were not significantly
different from those obtained on expression of the 3111 tetra-
mer alone (p = 0.56). The result is that the currents obtained
on co-expression of the 3111 tetramer with the [311] construct
were indistinguishable from to those seen on co-expression of
the same tetramer with the intact wild-type Orai3 monomer (p
= 0.96 for the arachidonic acid-activated currents, and p = 0.93
for store-operated currents). Together, these data indicate that
the currents activated by arachidonic acid constitute greater
than 71% of the total increased currents seen on co-expression
with the [311] chimera. This compares to a value of 70% seen
with co-expression of the intact Orai3 monomer which, as
previously mentioned, exactly mimic the currents recorded on
expression of the intact concatenated 31113 pentamer.

The above data demonstrating that co-expression of the
[311] chimera is able to duplicate the effect of co-expression
of an intact Orai3 subunit, suggests that it is the cytosolic
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N-terminal region of the second Orai3 subunit that is critical
in inducing the switch from arachidonic acid-sensitivity to
arachidonic acid-selectivity in the resulting conductance.
However, the possibility remains that the other regions of the
protein, although apparently not capable of inducing any sig-
nificant selectivity for activation by arachidonic acid on their
own, might also contribute to this property when combined
with the critical N-terminal region. For example, such an
effect might result from the involvement of a distribution of
interacting residues that come together to form an appropriate
three-dimensional assembly in the complete folded protein. To
examine this, we used the same basic approach, but now gener-
ated chimeric Orai monomers containing the N-terminal Orai3
region together with either the central transmembrane domains
and associated loops (equivalent to a [331] chimera), or the
cytosolic C-terminal domain (a [313] chimera). The effects of
these new chimeric monomers on the currents recorded when
co-expressed with the 3111 tetramer, were compared with those
observed on co-expression of the [311] chimera. Co-expression
with either the [331] monomer or the [313] monomer resulted
in arachidonic acid-activated or store-operated currents that
were not statistically significantly different from those recorded
with co-expression of the [311] chimera (Fig. 4B) (p = 0.17
and 0.11 for the arachidonic acid activated currents with co-
expression of the [331] and [313] constructs respectively, and
p = 0.31 and 0.22 for the corresponding store-operated cur-
rents). Based on these data, it seems that incorporation of these
additional regions of the Orai3 molecule in a chimeric Orail
monomer bearing the N-terminal Orai3 region failed to sig-
nificantly affect the apparent selectivity of the resulting channel
for activation by arachidonic acid. This is further confirmed
by the fact that the arachidonic acid sensitive component of
the conductances recorded on co-expression with the [331] and
[313] constructs represented a similar proportion (75-80%) of
the total increased current to that seen with the [311] construct.
From this, we conclude that the presence of just the cytosolic
N-terminus of Orai3 is sufficient to fully replicate the effects of
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Figure 4. The effect of co-expression of a 3111 tetramer with various Orai1/Orai3 chimeric monomers on store-operated and arachidonic acid acti-
vated currents. (A) Diagrams illustrating the basic composition of the various Orai1/Orai3 chimeric monomers examined. Components from Orail are
represented in grey, whilst those from Orai3 are in black. (B) Inward currents measured at -40 mV recorded in STIM1-stable cells on expression of the
3111 tetramer with the various Orai1/Orai3 chimeric monomers indicated in (A) above. Other information as in Figure 2. Shown for comparison are the
corresponding values recorded on expression of the 3111 tetramer alone, and 3111 tetramer co-expressed with the intact Orai3 monomer (data taken
from Fig. 2). Values are means + SEM, with values of n for store-operated and arachidonic acid activated equal to 17 and 12 (tetramer plus [113]), 12 and
9 (tetramer plus [131]), 14 and 13 (tetramer plus [311]), 12 and 16 (tetramer plus [331], and 6 and 10 (tetramer plus [313]), respectively. (C) Representative
curves of the current-voltage relationship for the store-operated current (grey) and the arachidonic acid activated current (black) seen on co-expres-

sion of the 3111 tetramer with the [113] chimeric monomer (top), the [131] chimeric monomer (middle), and the [311] chimeric monomer (bottom).

a complete Orai3 subunit in determining the arachidonic acid
selectivity of the pentameric ARC channel.

Effects of N-terminal deletions or mutations of Orai3 and
Orail subunits. The above demonstration of the key role played
by the cytosolic N-terminus of Orai3 in the determination of
arachidonic acid selectivity of the functional ARC channel is par-
ticularly interesting in that it has previously been shown that the
STIMI1-dependent gating of the CRAC channel following store-
depletion is dependent on a specific region in the N-terminal
portion of Orail (Leu74-Ser90) that lies close to the first trans-
membrane domain.”** The possibility arises, therefore, that the
corresponding sequence in Orai3 might play an analogous role
in determining, in some way, the selective activation of the ARC
channel by arachidonic acid. To examine this, we began by con-
firming whether the above mentioned juxta-membrane sequence
of Orail that is critical for CRAC channel activation is also critical
for the selective activation of the store-operated component of the
currents in our experimental system involving co-expression of the
3111 tetramer with a relevant Orail monomer. Previous studies
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have shown that deletions of the cytosolic N-terminal region Orail
have no significant effect on CRAC channel activation providing
the above critical juxta-membrane sequence is retained.”** We
therefore generated an Orail construct in which the N-terminal 63
amino acids (Met1-Val63) of Orail were deleted, thereby retaining
the above CRAC-dependent sequence (Fig. 5A). Co-expression of
this monomer construct (designated as [X11]) with the 3111 tet-
ramer resulted in a marked increase in inwardly-rectifying store-
operated currents (Fig. 5B and C). Arachidonic acid-activated
currents, however, were unchanged. The result is overall current
magnitudes that were indistinguishable from those recorded with
co-expression of the intact wild-type Orail monomer and the 3111
tetramer (Fig. 5B) (p = 0.69, and 0.93 for the store-operated and
arachidonic acid activated currents, respectively). Correspondingly,
the arachidonic acid sensitive component of the resulting currents
represented less than 30% of the total increased current. Thus,
consistent with previous reports on CRAC channel activity, it
appears that the [X11] N-terminal deleted Orail construct behaves
in a manner indistinguishable from the wild-type Orail.
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Figure 5. The effect of co-expression of a 3111 tetramer with various N-terminal deletions or chimeras of Orai1/Orai3 monomers on store-operated
and arachidonic acid activated currents. (A) Diagrams illustrating the basic composition of the various N-terminally modified Orai1/Orai3 monomers
examined. Again, components from Orail are represented in grey, whilst those from Orai3 are in black. (B) Inward currents measured at -40 mV record-
ed in STIM1-stable cells on expression of the 3111 tetramer with the various N-terminally modified Orai1/Orai3 monomers indicated in (A) above. Other
information as in Figure 2. For comparative purposes, the corresponding values recorded on expression of the 3111 tetramer alone, and 3111 tetramer
co-expressed with the either intact Orai3 monomer or the intact Orail monomer are also shown (data taken from Fig. 2). Values are means + SEM, with
values of n for store-operated and arachidonic acid activated equal to 6 and 5 (tetramer plus [X11]), 7 and 5 (tetramer plus [X33]), 6 and 6 (tetramer
plus [(1/3)11]), and 8 and 6 (tetramer plus [(3/1)11]), respectively. (C) Representative curves of the current-voltage relationship for the store-operated
current (grey) and the arachidonic acid activated current (black) seen on co-expression of the 3111 tetramer with either the N-terminally-deleted Orail
monomer [X11] (top left), or the corresponding N-terminally-deleted Orai3 monomer [X33] (top right), and the N-terminal chimeric monomers, [(1/3)11]

(bottom left), and [(3/1)11] (bottom right).

We next generated the equivalent Orai3 construct (designated
as [X33]) by deleting the N-terminal sequence (Metl-Leu38)
of Orai3 whilst retaining the corresponding juxta-membrane
domain (Ser45-Ser65) that displays significant sequence similar-
ity to the critical Orail domain above (Fig. 5A). In contrast to the
ability of the [X11] construct to duplicate the effect of full-length
Orail on store-operated currents described above, co-expres-
sion of this [X33] monomer with the 3111 tetramer profoundly
reduced the corresponding arachidonic acid-activated currents by
some 75%), from a mean value of 2.70 = 0.36 pA/pF (n = 9) with
the full length Orai3 monomer, to only 0.67 + 0.14 pA/pF (n = 5)
with the [X33] monomer (p = 0.002) (Fig. 5B and C). However,
store-operated currents recorded on expression of this construct
with the 3111 tetramer were similar to those obtained with co-
expression of the full-length Orai3 monomer (1.10 + 0.23 pA/
pF; n =7, versus 1.53 + 0.19 pA/pF; n = 9, respectively, p = 0.46).
Together, these data would seem to suggest that, in contrast to
the role of the juxta-membrane N-terminus sequence of Orail in
CRAC channel activation, the corresponding sequence in Orai3
is not able to support selectivity for activation by arachidonic acid.

However, it should be noted that co-expression with the
[X33] monomer construct reduced the total recorded currents
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(store-operated plus arachidonic acid activated) by some 40%,
from a value of 2.96 pA/pF to only 1.77 pA/pF (Fig. 5B). This
general inhibitory effect on the currents is similar to that noted
above with the [131] chimera and, again, the basis for this effect
is not clear. Nevertheless, it does raise some obvious uncertain-
ties regarding interpretation of the data obtained. Consequently,
we sought an alternative approach to examine any potential role
for this juxta-membrane region of the cytosolic N-terminus of
Orai3. For this, we generated a chimeric construct in which this
juxta-membrane sequence from Orai3 was substituted into the
corresponding position in an otherwise complete Orail mono-
mer. Thus, the sequence Met64-Lys87 was deleted from Orail
and replaced by the corresponding Met39-Lys62 sequence of
Orai3 (Fig. 5A). This construct was designated as [(1/3)11].
Co-expression of this chimeric monomer construct with the
3111 tetramer resulted in markedly increased, inwardly rectify-
ing, store-operated currents, reaching a mean value of 2.60 +
0.29 pA/pF (n = 6). This value is not significantly different from
that recorded on co-expression of the intact wild-type Orail
monomer (p = 0.77) (Fig. 5B and C). In contrast, the currents
activated by arachidonic acid were only slightly increased over
those recorded on co-expression of the [X33] construct described
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above (1.02 + 0.08 pA/pF; n = 6, versus 0.67 + 0.14 pA/pF; n =
5, respectively, p = 0.05), and were still markedly reduced com-
pared to those recorded on co-expression of either the full-length
Orai3 monomer (p = 0.003), or the [311] construct (p = 0.01)
(Fig. 5B). Correspondingly, only 23% of the total increased cur-
rents recorded on co-expression of this construct were sensitive
to activation by arachidonic acid. Together, these data confirm
that the juxta-membrane sequence of the cytosolic N-terminus of
Orai3 appears unable, in itself, to induce a switch to selectivity
for activation by arachidonic acid.

Instead, the marked inhibition of the arachidonic acid activated
component of the currents seen on co-expression of either the
[X33] or the [(1/3)11] constructs when compared to those seen
with either the full-length Orai3 monomer or the [311] chimera,
would seem to suggest that it is the remainder of the N-terminal
region Orai3 (i.e., amino acids 1-38) that might be responsible
for inducing such a switch in selectivity for activation. To exam-
ine this, we generated an Orail construct in which just the initial
N-terminal sequence (1-63 of Orail) was replaced by the corre-
sponding initial N-terminal sequence (1-38) of Orai3 (Fig. 5A).
This was designated as [(3/1)11] and, as before, its effects on
both store-operated and arachidonic acid-activated currents were
recorded when co-expressed with the 3111 tetramer (Fig. 5B and
C). The data obtained show that, like the [(1/3)11] construct
above, co-expression of the [(3/1)11] monomer with the 3111 tet-
ramer resulted in an increase in the store-operated currents to a
value that was statistically indistinguishable from those obtained
when the intact, wild-type Orail monomer was co-expressed
(2.58 + 0.33 pA/pF; n = 8 versus 2.89 = 0.68 pA/pF; n = 12
respectively, p = 0.73) (Fig. 5B). It is important to note that the
increase in store-operated currents observed on co-expression of
this construct is entirely consistent with the previously reported
key role of the N-terminal sequence lying immediately adjacent
to the first transmembrane domain in CRAC channel activation
discussed above.?*** Thus, the presence of this sequence in the
[(3/1)11] construct results in it behaving in a manner indistin-
guishable from the wild-type Orail monomer. Critically how-
ever, co-expression of the [(3/1)11] with the 3111 tetramer failed
to significantly increase arachidonic acid activated currents above
those recorded with the 3111 tetramer alone (1.37 + 0.14 pA/
pF; n = 6 versus 1.43 + 0.35 pA/pF; n = 9 respectively, p = 0.88)
(Fig. 5B). The result is that only 32% of the total increased cur-
rents seen on co-expression of this construct were activated by
arachidonic acid.

Together, the above data show that neither the [(1/3)11] or
[(3/1)11] constructs are able to duplicate the selective increase
in arachidonic acid currents seen on co-expression of the [311]
construct. Based on this we conclude that, within the cytosolic
N-terminal region of Orai3 that has been demonstrated to be
critical in determining the switch to selectivity for activation by
arachidonic acid, neither the juxta-membrane sequence (Met39-
Lys62), or the terminal sequence (Metl-Leu38) are capable, on
their own, of achieving this.

Effects of incorporation of the [311] subunit into the intact
concatenated pentameric channel. The above data, based on an
approach of co-expression of various chimeric monomers with
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the 3111 tetramer, have indicated that the switch in selectivity
for activation by arachidonic acid appears to require the intact
full-length cytosolic N-terminal domain. To further confirm
this, we examined the effect of incorporating the [311] chime-
ric subunit into an intact, pentameric construct. We therefore
generated a concatenated construct comprised of one Orai3
subunit and four Orail subunits, just one of which bore the
Orai3 N-terminal sequence, thereby giving a 3111[311] penta-
meric configuration. Examination of the currents resulting from
expression of this construct indicated that they were statistically
indistinguishable from those recorded in cells expressing the nor-
mal 31113 pentamer (Fig. 6A). Thus, the currents activated on
addition of arachidonic acid were 2.51 + 0.52 pA/pF (n = 8) with
the chimera-containing pentamer, compared to a value of 2.71 +
0.55 pA/pF (n = 12) with the normal 31113 pentamer (p = 0.80).
Similarly, store-operated currents were 1.25 + 0.24 pA/pF (n =7)
with the chimeric pentamer, and 0.94 + 0.41 pA/pF (n = 11) with
the normal 31113 pentamer (p = 0.53). The net result of expres-
sion of the 3111[311] pentamer is a conductance in which greater
than 70% of the total increased current is activated by arachi-
donic acid. Cleatly, these values are markedly different from
those obtained with a pentamer in which the [311] chimeric sub-
unit is replaced by a normal full-length Orail subunit (the 31111
pentamer), where the arachidonic acid activated component
comprises less than 35% of the total increased current (Fig. 2A).
Analysis of the current-voltage relationships of the arachidonic
acid activated currents resulting from expression of the 3111[311]
pentamer revealed that they displayed virtually identical inward
rectification, and very positive reversal potential as that seen with
the 31113 pentamer (Fig. 6B), consistent with a high selectivity
for Ca?*. Finally, it has previously been shown that expression of
Orail bearing a charge-neutralizing E106Q) mutation results in a
profound reduction in CRAC channel currents.'#!*2¢ Similarly,
the corresponding point mutation in Orai3 (E81Q) results in
marked inhibition of endogenous ARC channel currents,” as well
as the arachidonic acid activated currents resulting from expres-
sion of the 31113 or 31311 pentamers.?! We therefore generated
a 3111[311] pentamer construct containing the corresponding
glutamate to glutamine mutation within the chimeric [311] sub-
unit. Analyses of the data obtained on expression of this mutant-
chimeric pentamer construct (Fig. 6A) show that the increased
arachidonic acid activated currents induced by expression of the
wild-type 3111[311] chimeric pentamer were reduced by approxi-
mately 85% (p = 0.01), whilst store-operated currents were not
significantly affected (p = 0.14). These data confirm that the
chimeric [311] subunit contained within the concatenated pen-
tamer construct was indeed contributing to the formation of the
overall functional channel pore, and that the observed effect of
inclusion of this chimeric subunit in the pentamer on selectivity
for activation by arachidonic acid reflects a specific action of the
N-terminal portion of Orai3.

Although the above data indicate that the currents induced
by expression of the 3111[311] chimeric pentamer reflect an
increase in an arachidonic acid induced current, consistent with
an increased ARC channel activity, it is possible that such an
increase in measured current may have simply resulted from an
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arachidonic acid-induced decrease in selectivity of the current.
However, experiments showed that simply reducing the external
Ca?* concentration to 100 wM resulted in the essential elimina-
tion of all the La**-sensitive, arachidonic acid activated current
(Fig. 7A), an effect that was consistent throughout the voltage
range from -100 mV to +60 mV (Fig. 7B). Based on these data,
we conclude that the arachidonic acid activated currents recorded
on expression of the 3111[311] pentamer retain the very high
selectivity for Ca** ions typical of the endogenous arachidonic
acid activated ARC channels. An additional possibility is that
the apparent specific increase in the measured magnitude of the
arachidonic acid activated currents might simply reflect changes
in the kinetics of the currents during the brief (250 ms) pulses
to -40 mV used for assaying current magnitude. Examination of
the currents during such pulses in cells expressing the 3111[311]
chimeric pentamer (Fig. 7C) revealed that the arachidonic acid
activated currents retained the essentially flat, time-independent,
response that is a characteristic of the endogenous ARC chan-

nels,>!!

and is also seen in currents resulting from the expres-
sion of the 3 x Orail/2 x Orai3 heteropentameric constructs that
represent the functional ARC channel pore.” Moreover, this
time-independent response was not restricted to concatenated
pentameric constructs, as it was also seen in the cells co-express-
ing the 3111 tetramer with the [311] monomer (data not shown).
In contrast, the small store-operated currents in cells express-
ing the 3111[311] chimeric pentamer displayed a small (-20%)
time-dependent inactivation during such pulses to -40 mV. As
such, this is consistent with the activity of the endogenous CRAC
channels present in these cells."! We conclude that there were no
obvious changes in the kinetics of the conductances that may have
distorted our interpretation of the specificity of the increase in
the arachidonic acid activated currents resulting from the expres-
sion of the 3111[311] pentamer. Together, these data confirm the
findings obtained from the above co-expression experiments, and
demonstrate that the switch from a pentameric channel whose
currents are predominantly store-operated (the 31111 construct)
to one whose activation is selective for arachidonic acid can be
achieved by the inclusion of just a single subunit bearing only the
N-terminal region of Orai3.

Discussion

In this study, we have investigated the origin and molecular basis
for the specific selectivity of the ARC channels for activation by
arachidonic acid. Our previous studies have demonstrated that
Orail and Orai3 subunits assemble as a heteropentameric struc-
ture in a 3:2 stoichiometry to form the functional arachidonic
acid-activated, Ca?*-selective ARC channel.” However, although
the essential requirement for Orai3 in the ARC channels specifi-
cally distinguishes them from the co-existing CRAC channels,”
the simple inclusion of this subunit in any assembly of Orail/
Orai3 proteins is not adequate to fully replicate the properties
and functions of the native ARC channel. For example, as previ-
ously noted, expression of a series of concatenated tetrameric con-
structs comprised of various combinations of Orail and Orai3
subunits results in conductances that can be activated both by
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Figure 6. Comparison of the currents resulting from expression of
various concatenated pentameric constructs. (A) Inward store-operated
currents (white) and arachidonic acid activated currents (black) mea-
sured at -40 mV in STIM1-stable cells expressing the concatenated 31111
pentamer, a 31113 pentamer in which a single Orail subunit bore the N-
terminal sequence of Orai3 (the 3111[311] pentamer), and the 3111[311]
chimeric pentamer bearing the E-to-Q mutation (the 3111[3*11] pen-
tamer). Values are means + SEM, n = numbers in parentheses. (B) Repre-
sentative curves of the current-voltage relationships for the arachidonic
acid activated currents recorded on expression of the 31113 pentamer
(black), and the 3111[311] pentamer (grey).

store-depletion, and by arachidonic acid—generally to almost
equal extents.” The indication is that such constructs likely form
some kind of artificial “hybrid” channel, none of which display
the specific selectivity for activation by arachidonic acid shown
by the native ARC channels or, indeed, the similar selectivity for
store-depletion characteristic of the native CRAC channels. Such
findings only serve to illustrate the potential difficulties in inter-
preting the effects of simple overexpression of individual channel
subunits when such subunits are potentially capable of assem-
bling with each other, or with endogenous subunits, in a num-
ber of different ways. For example, several recent reports have
described a conductance that is observed following overexpres-
sion of Orai3 alone which, like CRAC channels, can be activated
by store-depletion.?**® However, it is clear that this so-called
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the total current, and/or the proportion of the total
current activated by arachidonic acid, can we assume
that the monomer successfully incorporated with
the tetramer. An additional concern is the possible
contribution of currents derived from any unincor-
porated tetramers. As previously noted, to facilitate

identification of effects specifically resulting from
the incorporation of the monomers with the tetra-
mer to form a pentamer, we deliberately expressed the
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various monomer constructs at levels that did not, in
themselves, result in any measurable increases in cur-
rents. That such incorporation actually occurred is

clearly demonstrated by the fact that the expression of
all of the constructs used, resulted in distinct shifts in

operated currents (bottom).

Figure 7. Features of the arachidonic acid activated currents resulting from the
expression of the 3111[311] chimeric pentamer. (A) Trace showing the activation of
inward currents, measured at -40 mV on addition of arachidonic acid (8 pM—first
arrow) in a cell expressing the 3111[311] chimeric pentamer. Subsequently, external
Ca* was reduced from 10 mM to 100 uM (second arrow). Finally, La** (100 uM) was
added to the bath (third arrow). Gaps in the recording represent periods when
current-voltage determinations were made (see (B) below). (B) Current-voltage rela-
tionships for the La**-sensitive currents from the trace shown in (A), recorded at the
peak of activation by arachidonic acid (black), and after reduction of external Ca?*
to 100 wM (grey). (C) Comparison of representative current traces during brief (250
ms) pulses to -40 mV taken from cells expressing the 3111[311] chimeric pentamer
following maximal activation of arachidonic acid activated currents (top), or store-

distribution of store-operated versus arachidonic acid
activated currents when compared to 3111 tetramer
alone. Nevertheless, the low concentrations of co-
expressed constructs used does raise the possibility, or
even likelihood, of the presence of excess tetramers
that remain free (i.e., fail to incorporate the co-trans-
fected monomer construct). Given that the 3111 tet-
ramer displays currents that are approximately equally
sensitive to activation by arachidonic acid and by
store-depletion, the existence of such excess tetramers

would be expected to effectively “dilute” the apparent

“Orai3 channel” is both biophysically and pharmacologically
distinct from native CRAC channels. Moreover, whatever its
molecular composition, such a conductance should be sensitive
to expression of the dominant-negative E81Q-Orai3, which the
endogenous CRAC channels are not.”

In the study reported here, and consistent with our previous
findings, we found that the presence of a single Orai3 subunit in
the pentameric channel renders it sensitive to activation by arachi-
donic acid, but two Orai3 subunits are required for the pentamer
to become arachidonic acid-selective. Thus, incorporation of this
second Orai3 subunit changes a conductance whose arachidonic
acid-activated currents are equal to less than 35% of the resulting
total (arachidonic acid-activated plus store-operated) currents,
to one in which the arachidonic acid-activated component com-
prises more than 80% of the total current. However, it is impor-
tant to emphasize that this effect does not imply that the simple
presence of two Orai3 subunits in any construct will result in a
conductance whose activation is selective for arachidonic acid, as
discussed above. Only when present in a pentameric assembly do
the two Orai3 subunits result in a conductance whose activation
is strictly arachidonic acid selective.

To explore the molecular basis for this Orai3-dependent
switch in selectivity for arachidonic acid dependent activation,
we developed a protocol involving the co-expression of a 3111
tetramer with the appropriate Orai monomer which, we dem-
onstrated, accurately duplicated the respective activation selec-
tivity of the 31111 and 31113 pentamers. An important caveat
to note with this approach is that only when the co-expression
of the relevant monomer actually changes the magnitude of
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relative proportion of any arachidonic acid-sensitive
component of the total measured currents to some
degree. Despite this potential limitation, the successful duplica-
tion of this Orai3-dependent switch in arachidonic acid selectiv-
ity by co-expression of a 3111 tetramer with an appropriate Orai
monomer suggested that we could use such a system to incor-
porate a variety of experimentally modified Orai subunits into
a pentamer in a precisely predictable fashion to explore which
particular features of the Orai3 molecule might be critical for
inducing this switch in selectivity.

Using this approach, we found that co-expression of a range
of different Orail/Orai3 chimeric monomers revealed that the
critical region for inducing the switch to arachidonic acid selec-
tivity was restricted to the cytosolic N-terminal portion of the
molecule. This was further confirmed by the incorporation of
a chimeric Orail subunit bearing just this N-terminal portion
of Orai3 in a concatenated 31111 pentameric construct, which
resulted in a conductance that displayed specific selectivity for
action by arachidonic acid—an effect that was effectively abol-
ished by substituting a corresponding chimeric [311] subunit
bearing the dominant-negative E-to-Q mutation. In contrast
to these data, co-expression of a chimera with just the cytosolic
C-terminus of Orai3 (the [113] construct) resulted in currents
that were essentially indistinguishable from those seen on co-
expression with the wild-type Orail monomer. At first sight this
latter finding may seem to contradict reports indicating that the
cytosolic C-terminus of Orail is critical for the dynamic inter-
actions with ER-located STIM1 following store-depletion.**3
However, these reports have demonstrated that it is the putative
coiled-coil regions of the Orail C-terminus that are specifically
responsible for these interactions, and it has been shown that
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the C-terminus of Orai3 contains similar putative coiled-coil
regions,®” and can similarly interact with STIM1.% In fact, bioin-
formatic predictions indicate that the coiled-coil regions of Orai3
are likely significantly stronger than those in Orail.** Consistent
with this, whilst a single coiled-coil disrupting mutation in Orail
eliminates interactions with STIM1, the equivalent mutation in
Orai3 has only a partial effect.”

In contrast to the normally increased currents recorded on
co-expression of the various constructs with the 3111 tetramer,
we found that two of the constructs examined ([131] and [x33])
actually resulted in markedly decreased total currents. The only
obvious common features of these two constructs are the absence
of the Orai3 N-terminal region, and the presence of the Orai3
transmembrane domains and their associated linking sequences.
However, further examination of the currents resulting from
co-expression of the [131] and [X33] constructs indicates that,
whilst the inhibition of total currents on co-expression of the
[131] chimera was dominated by a reduction in the store-oper-
ated currents, a loss of arachidonic acid activated currents were
the principle contributor to the reduction in total currents with
co-expression of the [X33] construct. Based on these data, we
do not think that any obvious, meaningful conclusions can be
drawn from these inhibitory effects.

Although, as discussed above, it is the C-terminus coiled-coil
region of Orail that is the key site for interactions with STIM1 on
depletion of intracellular Ca?* stores, sites within the N-terminal
region of the protein seem to play the critical role in the actual
activation of the channel.?*?# This is of particular interest given
our demonstration that it is the cytosolic N-terminal region
of Orai3 that plays the key role in determining the switch in
selectivity to activation by arachidonic acid. Examination of
the cytosolic N-terminus of Orai3 indicates that it shows lit-
tle overall sequence similarity to that of Orail. As noted, it is
shorter by 26 residues, and lacks the proline-rich and arginine-
rich sequences seen in the more extreme N-terminal regions of
Orail.*? However, the specific relevance of these N-terminal
proline/arginine-rich sequences is unclear as studies have shown
that deletion of the N-terminal sequence of Orail up to Leu74
fails to impair CRAC channel activation.?** Instead, the activa-
tion or gating of the CRAC channel is critically dependent on
the region of the cytosolic N-terminus that lies adjacent to the
first transmembrane domain (Leu74-Ser90).2 Indeed, the key
role of this specific region for activation of store-operated CRAC-
like currents was confirmed in our own experiments. Thus,
co-expression of the 3111 tetramer with an Orail monomer lack-
ing essentially the entire cytosolic N-terminal domain with the
exception of this membrane-adjacent sequence (the [X11] con-
struct) completely duplicated the effect of a full-length Orail
monomer in inducing a dramatic increase in the proportion of
the total currents that is sensitive to store-depletion. Interestingly,
the corresponding region in Orai3 (Leu49-Ser65) is almost iden-
tical to that in Orail, with only a single substitution (Lys78 to
Arg53). Therefore, it is perhaps not surprising that substitution
of this “CRAC-specific” region in an Orail subunit with the cor-
responding sequence of Orai3 (as was done with the [(1/3)11]
construct) results in a conductance that displays currents that
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were essentially indistinguishable from those recorded with an
intact Orail subunit. Given this, it seemed likely that it is the
remaining portion of the N-terminus of Orai3 (residues 1-38)
that is critical for the switch in selectivity to activation by ara-
chidonic acid seen with the [311] construct, particularly as this
portion of the Orai3 molecule is markedly different from the
corresponding sequence in Orail. However, co-expression of the
[(3/1)11] construct in which this portion of the Orai3 molecule
is substituted into an otherwise intact Orail subunit, also failed
to replicate the effect of the [311] construct on inducing selectiv-
ity for activation by arachidonic acid. Consequently, we can only
conclude that the sixty amino acid sequence that comprises the
complete cytosolic N-terminal domain is required to induce the
switch to arachidonic acid selectivity for activation.

As yet, we have no information as to the detailed molecular
basis for this specific effect of the N-terminus of Orai3, particu-
larly as the essential underlying mechanisms of activation of the
ARC channels remain unknown. However, two immediately
obvious candidate processes are apparent—ecither the N-terminus
of Orai3 is the site of interaction between arachidonic acid and
the channel, or it is the site of interaction of the channel with
STIM1 located in the plasma membrane. With regard to the lat-
ter, it must be remembered that activation of the ARC channels
depends exclusively on this plasma-membrane pool of STIMI,
and it is conceivable that this interaction may be more stable or
permanent than the transitory association of the CRAC chan-
nels with STIMLI in the ER following store-depletion. Indeed,
the relatively low levels of plasma-membrane STIM1 (typically
only 15-25% of total cellular STIM1) might necessitate such a
stable interaction between the STIMI1 and the ARC channels
for effective activation by arachidonic acid. In this scenario, the
N-termini of the Orai3 subunits within the pentameric ARC
channel would provide the basis for a relatively stable interac-
tion with plasma membrane STIMI, and it is this complex that
forms the target for increases in arachidonic acid, resulting in
the activation of the channel. Alternatively, the N-terminus of
Orai3 may represent a key domain involved in potential inter-
actions between the channel and STIMI that are necessary for
activation, and arachidonic acid acts, in some way, to increase
the affinity of these interactions. However, an additional factor
needs to be considered in any such models, namely the apparent
necessity for the channel to be a pentamer for the Orai3 subunits
to effectively determine selectivity for activation by arachidonic
acid—as is evidenced by the lack of such selectivity in tetrameric
constructs that also contain two Orai3 subunits.?! This raises
the possibility that the overall effect involves both the number of
Orai3 subunits, as well as the number of Orail subunits, in the
functional channel construct.

Finally, it is important to note that, with exception of the two
cases where co-expression of a monomer construct with the 3111
tetramer significantly inhibited the resulting currents, changes
in the magnitude of arachidonic acid sensitive currents seen
on co-expression of the various chimeric or deletion constructs
were typically associated with reciprocal changes in the magni-
tude of store-operated currents. Thus, although the proportion
of the increased currents activated by arachidonic acid ranged
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from 80% to less than 25%, the magnitude of the total currents
was relatively constant—typically varying by no more than 20%
from the calculated mean value for all constructs of 3.8 pA pF.
Such a reciprocal relationship cannot be due to any “biological
upper limit” on the total combined currents because arachidonic
acid activated and store-operated currents were measured in dif-
ferent cells sampled from the same transfection. This recipro-
cal effect is clearly seen when the results of co-expression with
the N-terminal chimeric [311] monomer are compared to those
seen with co-expression of the intact full-length Orail mono-
mer. Substitution of the N-terminal domain of Orail with the
Orai3 N-terminal domain changes the proportion of the total
increased current that is sensitive to arachidonic acid from 32
to 71%. However, total currents (arachidonic acid activated plus
store-operated) were increased by only 8%, from 4.07 pA/pF to
4.41 pA/pF respectively. Clearly, the ability of co-expression with
the [311] construct to dramatically increase the proportion of the
total current that is activated by arachidonic acid is associated
with a parallel loss of activation of the channel by store deple-
tion. Consequently, it would appear that there are two compo-
nents to the overall switch in selectivity in the mode of activation
induced by the Orai3 N-terminus. Although there is no a priori
reason to assume that these effects are directly linked, the data
presented here show that both the switch to selective activation
by arachidonic acid, and the corresponding loss of activation by
store-depletion, appear to be dependent on the sixty amino acid
cytosolic N-terminal domain of Orai3.

Materials and Methods

Cell lines and transfection. An isogenic HEK293 cell line stably
expressing STIM1 (STIMI-stable cells) was generated using the
Flp-In™-293 system (Invitrogen) as previously described,” and
was transfected with the relevant constructs by nucleofection,
using a co-transfected EYFP construct as a marker for transfected
cells. As discussed (see Results) the monomer constructs were
transfected at a concentration of 0.1 g DNA—a concentration
that, on its own, failed to induce any significant changes in either
arachidonic acid-activated or store-operated currents.
Electrophysiology. All patch-clamp recordings were carried
out at room temperature (20-22°C) on cells 42-50 hours after
transfection, essentially as previously described.'" Briefly, whole
cell currents were recorded, using 250 ms voltage pulses to -40
mV delivered every 2 s from a holding potential of 0 mV. Current-
voltage relationships were recorded either by using 150 ms voltage
ramps from -100 to +60 mV, or by applying 10 ms pulses to a series
of potentials between -100 mV and +60 mV at 20 mV intervals.
No significant difference was seen in the data obtained between
these two methods. The standard extracellular (bath) solution
contained (in mM) NaCl 140, MgCl, 1.2, CaCl, 10, CsCl 5,
D-glucose 30, HEPES 10 (pH 7.4). Standard pipette solutions for
the recording of ARC channel currents contained (in mM) Cs*
acetate 140, MgCl, 3.72, CaCl, 3.5, EGTA 10, HEPES 10 (pH
7.2). Calculated free [Ca?*] and [Mg?] in this solution were 100
nM and 3 mM respectively. Arachidonic acid activated currents
were determined after switching to a bath solution containing
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arachidonic acid (8 M), and the initial currents obtained before
activation of the channel were used for leak subtraction of sub-
sequent recordings. Store-operated currents were recorded using
a Ca?*-free internal (pipette) solution which contained 2 uM of
the potent InsP, receptor agonist adenophostin A. Because of
potential uncertainties as to when these currents were initiated
on achieving the whole-cell configuration, the currents recorded
at the end of each experiment in an external solution in which
the free [Ca®*] was reduced to 100 wM, or contained La** (100
wM), were used for leak-subtraction. For all currents, the values
reported here represent the maximum inward current magnitude
measured at -40 mV, and are presented as mean + SEM. Each
data set representing the effect of expression of a particular con-
struct or constructs, was generated as a result of at least three
separate transfections. Where appropriate, statistical significance
was determined using Student’s t test, with a value of p < 0.05
taken as significant.

Generation of chimeric and deletion constructs. All chimeric
constructs were generated in a pBluescript IISK* vector contain-
ing the linker sequence previously described,'® and subsequently
subcloned into the M070 vector® prior to transfection. Creation
of amino terminal chimeric constructs between Orai 1 and Orai3
required silent adjustment of the restriction site placement within
Orail. Using a two-step PCR approach, the OrailpbsIISK* HindIII
site was silently deleted from its current site and silently introduced
into a site equivalent to its position within a conserved portion of
the Orai3 amino terminus just prior to the first membrane span-
ning region. The antisense mutation primer used was—5' GTC
CGG CTG GAAGCTTTGAGCTTG GCG CG 3.

This allowed the replacement of the Orail amino terminus
with the Orai3 amino terminus (the [311] construct) using sim-
ple swapping of restriction site (HindIII to EcoR1) fragments.
Preparation of C-terminal chimeric constructs between Orai 1
and Orai3 required the creation of a silent unique Agel restriction
site at the beginning of each of the highly conserved C-terminus
regions using a two-step PCR approach with the following muta-
tion primers—

VHEFYRSL

Primer OrailAge- 5'-GTC CAC TTC TAC CGG TCA CTG
G-3'

HEFYRSL

Primer Orai3Age- 5-G CAT TTC TAC CGG TCC
TTG-3".

This allowed the replacement of the Orail C-terminus with
the Orai3 C-terminus (the [113] construct) or vice versa (the
[331] construct) using simple swapping of Xhol to Agel restric-
tion site fragments. To prepare the chimeric Orail containing
both the N and C termini from Orai3 (the [313] construct) the
Sphl to EcoR1 fragment from the [113] construct was inserted
into the [311] construct Sphl to EcoR1 backbone. Likewise, to
prepare the chimeric Orai3 containing both the N and C termini
from Orail (the [131] construct) the HindIII to EcoR1 fragment
from the [331] construct was inserted into the [133] construct
HindIII to EcoR1 backbone.

The N-terminal deleted [X33] construct was prepared by
subcloning the Sacll to Sacll fragment of Orai3pbsIISK* into
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pbsIISK* cut with SacIl and then subcloning the EcoR1 to EcoR1
fragment into M070 cut with EcoR1. This effectively removed
most of the amino terminus and converts the Met39 residue into
the start codon. The corresponding [X11] construct was pre-
pared by deletion of the initiation codon by phosphorylating and
annealing a Kpnl to Bspel sense and antisense oligomer, substi-
tuting a threonine for the methionine, and ligating to a Kpnl
to Bspel cut OrailpsbIISK* backbone. This converts the Met64
into the start codon. The [(1/3)11] construct where the residues
Met64-Lys87 of Orail were replaced with residues Met39-Lys62
of Orai 3 was prepared by phosphorylating and annealing a series
of sense and antisense oligomers of 30—40 bases corresponding to
the Apal to HindIII region of Orail incorporating the relevant
Orai3 residues and inserting it into a Orail Apal to HindIII cut
backbone. The [(3/1)11] construct where only the N-terminal
amino acids 1-38 of Orai3 replaced residues 1-63 of Orail was
similarly prepared by phosphorylating and annealing a series of
sense and antisense oligomers of 30—40 bases corresponding to
the Sacll to HindIII region incorporating the transition between
Orai3 and Orail and inserting it into an Orai3 pcDNA3.1-
EcoR1/Sacll cut backbone along with an Orail HindIII to

EcoR1 fragment. The complete Xhol to EcoR1 fragment from
this construct was then subcloned directly into the M070 vector.
Finally, the concatenated 3-1-1-1-[311] pentamer was prepared by
the addition of the Mfe to EcoR1 fragment of the 311 construct
to an EcoR1 cut 3-1-1-1 M070 backbone. Restriction analysis
was used to confirm addition and orientation. All constructs sub-
jected to either PCR or oligomer construction were completely
sequenced prior to subcloning into the M070 vector. Successful
expression of the respective constructs was confirmed by western
blotting of cell lysates after immunoprecipitation with an anti-
FLAG M2 monoclonal antibody (Sigma-Aldrich, St. Louis, MO,
USA) as previously described.?? In each case, a band running at
the appropriate molecular mass was revealed (data not shown).
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