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Activation of immune cells is triggered by the Ca®" release-
activated Ca®* current, which is mediated via channels of the
Orai protein family. A key gating process of the three Orai chan-
nel isoforms to prevent Ca®>* overload is fast inactivation, most
pronounced in Orai3. A subsequent reactivation is a unique gat-
ing characteristic of Orail channels, whereas Orai2 and Orai3
currents display a second, slow inactivation phase. Employing a
chimeric approach by sequential swapping of respective intra-
and extracellular regions between Orail and Orai3, we show
here that Orail specific proline/arginine-rich domains in the N
terminus mediate reactivation, whereas the second, intracellu-
lar loop modulates fast and slow gating processes. Swapping
C-terminal strands lacks a significant impact. However, simul-
taneous transfer of Orai3 N terminus and its second loop or C
terminus in an Orail chimera substantially increases fast inac-
tivation centered between wild-type channels. Concomitant
swap of all three cytosolic strands from Orai3 onto Orail fully
conveys Orai3-like gating characteristics, in a strongly cooper-
ative manner. In conclusion, Orai subtype-specific gating
requires a cooperative interplay of all three cytosolic domains.

Ca>" entry through store-operated channels is, among other
mechanisms, an ubiquitous and fundamental way of cell signal-
ing (1). Initialized by a signaling cascade generating inositol
1,4,5-trisphosphate, the ensuing Ca>* depletion from the endo-
plasmic reticulum is sensed by the stromal interaction molecule
STIM1 (2, 3). Subsequently, STIM1 assembles into higher order
aggregates and migrates into defined regions close to the
plasma membrane (4). At these oligomerized STIM1 hotspots,
interaction with the membrane protein Orail occurs thereby
activating the Ca®*-selective Ca®" release-activated Ca®" cur-
rent, which belongs to the best characterized store-operated
channels (5—8).

Accurate control of activation and inactivation of Ca®"
channels is a prerequisite for correct cell function, as Ca>"
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overload might lead to apoptosis. Such a control is accom-
plished by a negative feedback mechanism termed Ca®*-de-
pendent inactivation, which limits Ca®>" inward currents.
This process is triggered by cytoplasmic Ca>" close (3—4 nm) to
the pore mouth of the channels (9, 10).

Ca®*-dependent inactivation is most pronounced in Orai3
currents compared with Orail or Orai2. A unique characteris-
tic of Orail channels is a subsequent slow reactivation, whereas
Orai2 and Orai3 currents continue with a slow inactivation
phase (11, 12).

Independent studies have identified several regions within
STIM1 and Orai that contribute to the fast inactivation phase.
In particular, Ca®>*-dependent inactivation is controlled by
negatively charged residues within the outer pore vestibule of
Orail channels (13). Furthermore, a membrane proximal
N-terminal domain in Orail has been reported to interact with
the Ca®>™" binding protein calmodulin (14). Mutations that abro-
gate calmodulin binding have substantially reduced Ca*>*-de-
pendent inactivation (14). Additionally, a central region within
the second loop of Orail is essential for the fast inactivation
process of Ca®" release-activated Ca®" channels. Expression of
a peptide comprising the second loop inhibits Orail channel
activity, suggesting this domain as inactivation particle (15).
Fast inactivation of Orai2 and Orai3 channels has been attrib-
uted to three conserved glutamates in their C termini (16).
Within STIM1, an acidic cluster (amino acids 475-483) has
been shown to modulate fast inactivation (14, 16, 17).

Although these reports uncovered several Orai regions
involved in inactivation, subtype-specific Orai domains leading
to their distinct gating profiles have not yet been identified. By
using domain swapping between Orail and Orai3, this study
enabled the identification of unique structures for both inacti-
vation and reactivation. Moreover, we uncovered cooperative-
ness among cytosolic domains that accomplish the Orai sub-
type-specific gating.

EXPERIMENTAL PROCEDURES

Molecular Cloning and Mutagenesis—Human pECFP-C1
and pEYFP-C1 Orail, Orai3, and STIM1 were described previ-
ously (5, 18). Human Orai2 (accession no. NM_032831) kindly
provided by L. Birnbaumer (NIEHS, National Institutes of
Health) was subcloned into pECFP-C1 and pEYFP-C1 using
KpnI and Xbal. All point mutations and deletions in Orai con-
structs were generated using the site-directed mutagenesis kit
from Stratagene. Orail and Orai3 chimera were amplified via
splicing by overlap extensions and subcloned via internal
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restriction sites BamHI and Xbal into pECFP-C1 and pEYFP-
C1. The integrity of all clones was confirmed by sequence anal-
ysis (VBC, Vienna).

Whole Cell Recordings—Cells transfected (Transfectin, Bio-
Rad) with 1 ug DNA of Orai and STIM1 constructs were iden-
tified by CFP”/YFP/Cherry fluorescence. All Orai constructs
were tested for a correct plasma membrane expression. Where
indicated, 2 ug DNA of STIM1 and 0.5 ug DNA of Orail chi-
meras were used. Electrophysiological experiments were per-
formed at 21-25 °C, using the patch clamp technique in whole
cell recording configurations. An Ag/AgCl electrode was used
as reference electrode. For STIM1- and Orail/Orai3-mediated
currents, voltage ramps were applied every 5 s from a holding
potential of 0 mV, covering a range of —90 to 90 mV for 1 s.
Upon maximum activation, voltage steps from —90, —70, —50
to —30 mV for 2 s were applied every 5 s from a holding poten-
tial of 0 mV. The internal pipette solution designed for passive
store depletion of Orai-derived currents contained the follow-
ing: 145 mm cesium methane sulfonate, 8 mm NaCl, 3.5 mm
MgCl, 10 mm HEPES, 10 mm EGTA, pH 7.2. The standard
extracellular solution consisted of 145 mm NaCl, 5 mm CsCl, 1
mm MgCl,, 10 mm HEPES, 10 mm glucose, 10 mm CaCl, pH7.4.
Applied potentials were corrected for a liquid junction of +12
mV resulting from a Cl™-based bath solution and a sulfonate-
based pipette solution. All currents are leak subtracted either by
subtracting the initial voltage ramps obtained shortly following
break-in with no visible current activation or the remaining
currents after 10 um La®" application at the end of the experi-
ment, with both yielding identical results.

Fluorescence Microscopy—Confocal FRET microscopy was
performed similarly as described in Ref. 19. In brief, a QLC100
real-time confocal system (VisiTech Int.) was used for record-
ing fluorescence images connected to two Photometrics Cool-
SNAPHQ monochrome cameras (Roper Scientific) and a dual
port adapter (dichroic, 505 lp; cyan emission filter, 485/30; yel-
low emission filter, 535/50; Chroma Technology Corp.). This
system was attached to an Axiovert 200 M microscope (Zeiss,
Germany) in conjunction with an argon ion multi-wavelength
(457,488, and 514 nm) laser (Spectra Physics). The wavelengths
were selected by an Acousto Optical Tuneable Filter (VisiTech
Int.). MetaMorph software (version 5.0, Universal Imaging
Corp.) was used to acquire images and to control the confocal
system. Illumination times of ~900-1500 ms were typically
used for CFP, FRET, and YFP images that were consecutively
recorded with a minimum delay. Prior to calculation, the
images had to be corrected due to cross-talk as well as cross-
excitation. For this, the appropriate cross-talk calibration fac-
tors were determined for each of the constructs on the day the
FRET experiments were performed. The corrected FRET image
(Nerer) was calculated on a pixel-to-pixel basis after back-
ground subtraction and threshold determination using a cus-
tom-made software (20) integrated in MatLab (version 7.0.4)
according to the method published by (21). The local ratio
between CFP and YFP might vary due to different localizations
of diverse protein constructs, which could lead to the calcula-

’ The abbreviations used are: CFP, cyan fluorescent protein; YFP, yellow fluo-
rescent protein; Nt, N terminus; Ct, C terminus; CaM, calmodulin.
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tion of false FRET values (22). Accordingly, the analysis was
limited to pixels with a CFP:YFP molar ratio between 1:10 and
10:1 to yield reliable results (22).

RESULTS

Inactivation and Reactivation Profiles of Three Orai Channel
Isoforms—W e examined whether the divergent gating proper-
ties of the three Orail/2/3 channels can be pinpointed to
unique structural features within these proteins. Co-expression
of STIM1 with each of the Orai proteins in HEK cells resulted in
inwardly rectifying Ca>" currents following passive store
depletion by 20 mm EGTA in the pipette solution (12). Upon
maximum activation of Orai currents, voltage steps from a
holding potential of 0 mV to —82 mV over 1800 ms enabled to
monitor gating characteristics represented by both inactivation
and reactivation phases (Fig. 1D). In a simplified, quantitative
evaluation, we separated fast inactivation (both Orail and
Orai3) from slow reactivation (Orail) or inactivation (Orai3) in
the following manner. Normalized, residual currents were cal-
culated for a time point at 100 ms representing fast inactivation
(Fig. 1E), and slow inactivation/reactivation was estimated by
subtracting normalized currents at 1500 ms from those at 100
ms (Fig. 1F) as graphically presented in Fig. 1D.

Within a time frame of 100 ms, normalized, residual Ca**
currents of Orail (Fig. 1B and supplemental Fig. S14) and of
Orai2 (supplemental Fig S1A) yielded a similar moderate, fast
inactivation to ~ 0.8 of initial peak values. In contrast, fast inac-
tivation of Orai3 currents was more pronounced and reached
~0.45 of initial values at the first 100 ms (Fig. 1B and supple-
mental Fig. S1A4). Following the fast inactivation, Orail (Fig.
1C) exhibited a subsequent phase of reactivation, whereas
Orai2 (supplemental Fig. S1B) and Orai3 (Fig. 1C) currents pro-
gressed with a slower inactivation. The separation in fast and
slow gating processes was further supported by their distinct
Ca®>* dependence (supplemental Fig. S1, C-F). Fast inactiva-
tion was clearly a Ca>*-mediated process in both Orail/3
isoforms, whereas slow reactivation/inactivation appeared
Ca?*-independent (supplemental Fig. S1, C-F), evaluated by a
Ba®" - instead of Ca®*-containing extracellular solution.

In this study, we focused on distinct intracellular as well as
extracellular domains within Orail and Orai3 channels as their
inactivation/reactivation profiles are most divergent. For iden-
tification of domains mediating specific Orai-gating character-
istics, chimeras were generated initially by single domain swaps
and later on extended to double or triple domain exchanges
between Orail and Orai3.

Proline/Arginine-rich Regions in Orail N Terminus Contrib-
ute to Orai Reactivation Phase—The whole Orail N-terminal
domain was substituted by that of Orai3 (termed O1-[Nt-O3]).
The inactivation profile of O1-[Nt-O3] exhibited a similar
modest fast inactivation as wild-type Orail (Fig. 1B), followed
by a decreased reactivation (Fig. 1C). Reciprocally, an Orai3
chimera with the N terminus of Orail (O3-[Nt-O1]) led to
reduction of fast inactivation (Fig. 1B) and the appearance of a
reactivation phase typical of wild-type Orail (Fig. 1C). These
findings suggest that the N terminus of Orail plays a substantial
role in the reactivation process. To address the essential
domains within the N terminus involved in reactivation of
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FIGURE 1. The proline/arginine-rich regions of the Orai1 N terminus mediate reactivation. A, a scheme depicts an Orai protein with its four transmembrane
segments and highlights the unique arginine/proline/arginine-rich region within Orai1. R, Arg; P, Pro. Band C, normalized average currents from a voltage step
to —82 mV are shown for a coexpression of STIM1 with Orail (O7, black), Orai3 (03, red), as well as O1-[Nt-O3], 03-[Nt-O1], or O1-A1-47 for 100 (B) or 1800 (C)
ms. D, normalized average currents were calculated for a time point at 100 ms representing fast inactivation (blue arrows) and slow inactivation/reactivation
(cyan arrows) was estimated by subtracting normalized currents at 1500 ms from those at 100 ms. £ and F, statistics on normalized average currents = S.E.
compare O1, O1-A1-38, O1-A1-47, O1-[NT-O3], O3-[NT-O1], O3, and 03-[ins27-51-01] at 100 (E) and 1500-100 ms (F). G, time course of average FRET
change * S.E. between CFP-CaM or CFP-CaM,,; and YFP-O1-Nt or YFP-O3-Nt in response to addition of 10 um ionomycin (lono) and 2 mm Ca®" in a bath
solution administered at T min. At 3 min, the relative FRET values of YFP-O1-Nt or YFP-O3-Nt coexpressed with CFP-CAM is significantly different (p < 0.01) to
a coexpression of either Orai-Nt with the CaM,,,r. H and /, localization, overlay, and calculated FRET life cell image series of CFP-CaM and YFP-Orai1-Nt (H) or

YFP-Orai3-Nt (/) in a nominally Ca* extracellular solution (upper images) or with 2 mm Ca>* and 10 um ionomycin added (lower images).

Orail, we focused on the initial stretch less conserved between
Orai isoforms. This Orail region includes two proline-rich
domains with five arginines in between (Fig. 14). Deletion of
the whole N-terminal proline/arginine-rich portion in Orail
(O1-A1-47) almost abolished reactivation (Fig. 1C), resulting
in a similar inactivation/reactivation profile as that of O1-[Nt-
03]. This deletion mutant also lacked the Orail-type reactiva-
tion phase in a Ba*>" solution and yielded constant inward-cur-
rents >1500 ms (supplemental Fig. S1H).

A shorter truncation of the first proline, together with the
arginine-rich domain in Orail (O1-A1-38), retained inactiva-
tion/reactivation similar to wild-type Orail (Fig. 1F). In addi-
tion, introduction of the arginine-rich and the second proline-
rich segment of O1 (amino acids 27-51) into a corresponding
site (between amino acids 26 and 27) of Orai3 N terminus (O3-
[ins27-51-01]) did not markedly alter Orai3 slow inactivation
profile (Fig. 1F). Therefore, these experiments suggest that the
whole proline/arginine-rich region of Orail is required to con-
fer the reactivation phase in an Orai3 chimera, whereas the
second proline-rich segment is sufficient for Orail.

Conserved Coupling of Calmodulin to Orail and Orai3 N
Termini—A membrane-adjacent N-terminal stretch of ~40
residues is well conserved in Orai proteins and coimmunopre-
cipitates with calmodulin (CaM) in the presence of Ca*" (14).
Orail mutants with eliminated CaM binding exhibited abro-
gated fast inactivation (14). We investigated interaction of CFP-
labeled calmodulin or a Ca®*-insensitive mutant (CaM,,1)
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with the YFP N termini of Orail and Orai3 by FRET micros-
copy. At resting cytosolic Ca®" levels, no FRET was detected for
the N termini of Orail (Orail-NT, Fig. 1, G and H) or Orai3
(Fig. 1, G and I) with CaM. Addition of 2 mMm extracellular Ca>*
solution and 10 uM ionomycin increased cytosolic Ca*>* levels
and resulted in a similar interaction of both Orai N-terminal
fragments with CaM (Fig. 1, G--I). CaM, lacked coupling to
both Orai N termini independent of Ca®" levels (Fig. 1G).
Hence, the interaction of CaM with Orail and Orai3 is similar
and therefore not expected to cause Orai sub-type specific
gating.

Second Loop Modulates Fast and Slow Inactivation—Orail
gating is also determined by the second intracellular loop. It has
been shown that alanine substitutions at a central region within
this loop abolish fast inactivation (15). An Orai3 chimera with
the second loop substituted by that of Orail (O3-[L2-O1])
showed a substantial reduction of fast inactivation in compari-
son to wild-type Orai3 (Fig. 2B). Fast inactivation was modest
similar to that of Orail (Fig. 2, B and D), with a subsequent
unique slow inactivation phase (Fig. 2, C and E). Orai3-[L2-
O1]-mediated Ba®>* currents lack both fast (supplemental Fig.
S2A) and slow inactivation phase (supplemental Fig. S2B),
suggesting that this novel slow inactivation is also
Ca®*-dependent.

In contrast, substitution of the second loop of Orail by that
of Orai3 (O1-[L2-03]) failed to significantly affect fast inacti-
vation (Fig. 2, B and D) and reactivation (Fig. 2, C and E) in
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FIGURE 2. The second loop of Orai1 transferred into Orai3 reduces fast
inactivation. A, the scheme depicts an Orai protein and highlights noncon-
served residues within the second loop of Orai1 or Orai3. Band C, normalized
average currents from a voltage step to —82 mV are shown for a coexpression
of STIM1 with O1 (black), O3 (red), as well as O1-[L2-O3] and O3-[L2-O1] for 100
(B) or 1800 (C) ms. D and E, statistics on normalized average currents = S.E.
compare O1,01-[L2-03], 03, and 03-[L2-O1] at 100 (D) and 1500-100 (E) ms.

comparison with wild-type Orail. As the reciprocal domain
swap from Orai3 into Orail did not confer Orai3-like strong
inactivation, these experiments suggest that corresponding
domains within Orai proteins have either distinct roles or more
likely do not act independent but function within the context of
the whole Orail/3 channel complex.

In a further effort to pinpoint those nonconserved amino
acids (Fig. 2A4) within the second loop of Orail that conferred
the reduction of fast inactivation into Orai3, we generated var-
ious Orai3 constructs with single or double point mutations in
the second loop (Fig. 24 and supplemental Fig. S2, C and D).
However, none of those significantly reduced fast inactivation
as observed with the O3-[L2-O1] chimera (supplemental Fig.
S2C), and contribution to the slower gating process appeared
more complex, as mutants exhibited either increased slow inac-
tivation or even a reactivation phase (supplemental Fig. S2D).

Orai3-specific Extensions in Third Loop Modulate Inactiva-
tion Profile—The third extracellular loop has not yet been
investigated, considering its impact on gating characteristics.
Besides extensions in Orail N and C termini, this loop com-
prises Orai3-specific large insertions. Adjacent to transmem-
brane segment III, Orai3 consists of a 25-residue-long stretch,
followed by a unique short (amino acids 199 206 in Orai3) and
a longer (amino acids 217-239) insertion, as well as 12 highly
conserved amino acids (amino acids 240-251) (Fig. 3A). For the
preparation of deletion mutants, we separated this unique
region into two stretches (amino acids 199-217 and amino
acids 218 —=239). Deletion of the first stretch (Orai3-A199 -217)
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did neither significantly alter fast (Fig. 3, B and D) and slow
inactivation (Fig. 3, C and E) in comparison with wild-type
Orai3. An Orai3 mutant lacking the second stretch (Orai3-
A218-239) showed a clear reduction in fast inactivation (Fig. 3,
Band D), whereas slow inactivation was more pronounced (Fig.
3, Cand E). A shorter Orai3 deletion within this latter stretch
(Orai3-A218-234) also enhanced slow inactivation (Fig. 3, B
and D), whereas fast inactivation remained almost unchanged
compared with wild-type Orai3 (Fig. 3, C and E). Hence, the
second stretch within the insert of the third extracellular loop
of Orai3 is able to modulate gating characteristics with residues
235-239 contributing to Orai3-specific fast inactivation.

C Termini Swaps Do Not Affect Gating Characteristics—Fast
inactivation of Orai2 and Orai3 channels has been attributed to
three conserved glutamates in their C termini, whereas one
glutamate out of these three is an aspartate in Orail (16). Glu-
tamate-to-alanine substitutions within Orai3 dramatically
reduce fast inactivation (16). The C terminus of Orail includes
a putative coiled-coil domain required for STIM1 coupling (23)
as well as a unique 12-residue-long extension at its end (Fig.
3A). To examine a subtype-specific gating effect, we generated
an Orail chimera with the C terminus of Orai3 (O1-[Ct-O3]).
Although fast inactivation was unaffected (Fig. 3, F and H),
reactivation appeared reduced but not to a significant extent
(Fig. 3, G and ]). Vice versa, Orai3 with a substituted C terminus
of Orail (O3-[Ct-O1]) did not show altered gating characteris-
tics compared with wild-type Orai3 (Fig. 3, F-I).

The coiled-coil domains in Orail and Orai3 are only partially
conserved (23). Although the coupling of the Stim1 C terminus
to Orail is abolished by a single coiled-coil mutation in the C
terminus of the channel (5), a similar Orai3 mutation (Orai3-
L285S) only reduces this coupling (23). We determined
whether a reduced Stim1 coupling to Orai3 coiled-coil mutants
affects their inactivation profiles. Upon store depletion by 60
uM  2,5-di-(tert-butyl)-1,4-benzohydro-quinone, the coiled-
coil mutants YFP-Orai3-L285S and CFP-Orai3-L292S co-ex-
pressed with CFP-/YFP-Stim1 yielded an ~35 and 20% FRET
reduction in comparison with the respective WT-Orai3 and
Stim1 (supplemental Fig. S3A). Inactivation steps of Orai3-
L292S remained unaffected compared with WT-Orai3 (supple-
mental Fig. S3, B—E). Orai3-L285S also yielded a similar fast
inactivation phase (supplemental Fig. S3, B and D), whereas the
slow inactivation phase was further increased (supplemental
Fig. S3, C and E). Hence, these experiments clearly show that a
reduced Stim1 coupling to Orai3 mutants does not reduce inac-
tivation indicating the prevalence of cytosolic domains over
STIM1 in the control of inactivation.

Besides a general role of the conserved glutamates in inac-
tivation of Orai channels (16), swaps of C termini and coiled-
coil mutations did not substantially affect Orail and Orai3
inactivation/reactivation profiles suggesting the require-
ment of additional domains to confer subtype-specific gating
characteristics.

Cooperativeness of Orai Cytosolic Gating Domains—The
results obtained so far indicate that Orail chimeras with a sin-
gle N and C terminus or second loop substitution from Orai3
exhibited only slight and no substantial increases in fast inacti-
vation as present in Orai3 (Fig. 4, A and B). These experiments
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FIGURE 3. Effect of the third loop and the C terminus on Orai gating. A, the scheme depicts an Orai protein and highlights unique insertions within the third
loop of Orai3 as well as C terminus of Orail. B and C, normalized average currents from a voltage step to —82 mV are shown for a coexpression of STIM1 with
O1 (black), O3 (red), as well as 03-A199-217, 03-A218-239, and 03-A218-234 for 100 (B) or 1800 (C) ms. Statistics on normalized average currents = S.E.
compare 01,03,03-A199-217,03-A218-239,and 03-A218-234 at 100 (D) and 1500-100 (E) ms. F-/, analogous voltage steps over 100 (F) or 1800 (G) ms and
statistics on average currents * S.E. at 100 (H) or 1800 (/) ms are presented for coexpression of STIM1 with O1, 03, as well as O1-[Ct-O3] and O3-[Ct-O1].
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FIGURE 4. Orai1 chimera with two Orai3 domains swaps exhibit increased fast inactivation. A and B, normalized average currents from a voltage step to
—82mV are shown for a coexpression of STIM1 with O1 (black), O3 (red), as well as O1-[Nt-O3], O1-[Ct-03],and O1-[L2-O3] for 100 (A) or 1800 (B) ms. Analogous
voltage steps are presented for either O1-[Nt-Ct-O3], O1-[Nt-L2-03], and O1-[Nt-L2-Ct-O3] for 100 (C) or 1800 (D) ms. Statistics on normalized average
currents = S.E. are compared for significant difference for O1 to O1-[Nt-L2-03], O1-[Nt-Ct-O3], O1-[Nt-L2-Ct-O3], and O3 at 100 (E) and 1500-100 (F) ms. An
addition of normalized average currents of O1-[Nt-03], O1-[L2-03], and O1-[Ct-O3] are shown at 100 ms included in E.

either suggest a further Orai3-specific site fundamental for fast
inactivation or point to a cooperative interplay of several gating
domains. The unique current profile of O3-[L2-O1] favors the
latter hypothesis (see Fig. 2C) consistent with the notion that
the impact of a transferred domain has to be seen within the
context of the overall channel complex. To gain insight into a
possibly concerted action of the various cytosolic regions, we
generated Orail chimeras with double substitutions of Orai3.
Indeed, Orail with the N terminus and second loop of Orai3
(Orail-[Nt-L2-03]) exhibited significantly increased fast inac-
tivation centered between that of the wild-type channels (Fig. 4,
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C and E) together with an Orail-like reactivation (Fig. 4, D and
F). The unaltered reactivation was surprising as both chimeras
with a single substitution tended to show a diminished reacti-
vation. Orail with both the N and C terminus of Orai3 (Orail-
[Nt-Ct-O3]) also yielded significantly increased fast inactiva-
tion (Fig. 4, C and E) and lacked reactivation (Fig. 4, D and F). It
seems that either the second loop or C terminus together with
the N terminus of Orai3 was capable to markedly increase fast
inactivation. Moreover, substitution of all three cytsolic
domains in Orail (O1-[Nt-L2-Ct-O3]) by those of Orai3
induced almost identical gating characteristic as observed with
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FIGURE 5. Orai3 chimera with two Orai1 domains swaps show reduced
fast inactivation. A and B, normalized average currents from a voltage step
to —82 mV are shown for a coexpression of STIM1 with O1 (black), O3 (red), as
well as O3-[Nt-O1], O3-[L2-O1], and O3-[Ct-O1] for 100 (A) or 1800 (B) ms.
Analogous voltage steps are presented for either O3-[Nt-L2-O1], O3-[Nt-Ct-
01], and O3-[L2-Ct-O1] for 100 (C) or 1800 (D) ms. Statistics on normalized
average currents = S.E. of O1, O3-[Nt-Ct-O1], O3-[Nt-L2-O1], and O3-[Ct-L2-
O1] are compared for significant difference with O3 at 100 (E) and 1500-100
(F) ms.

wild-type Orai3 (Fig. 4, C-F). In line, similar inactivation pro-
files of wild-type Orai3 and O1-[Nt-L2-Ct-O3] were also
observed in a Ba>*-containing bath solution (supplemental Fig
S4, A and B).

Remarkably, when we calculated the overall increase in fast
inactivation obtained in each of the single substituted N or C
terminus or second loop Orail chimera, altogether it would
account for just ~23% of that of wild-type Orai3 (Fig. 4E).
Hence, our results suggest that a positive cooperative interplay
of the N- and C termini together with the second loop of Orai3
can induce drastically stronger fast inactivation of Orail than
expected from the single domain swaps.

To exclude that these results are blurred by variations of the
STIMI to Orai chimera expression levels (24), we re-examined
two Orail key constructs with a DNA amount decreased by a
factor of two and doubled that of STIM1. We observed a similar
inactivation profile for Orail-[Nt-L2-O3] (supplemental Fig.
S$4, C, D, G,and H) as well as Orail-[Nt-L2-Ct-O3] (supplemen-
tal Fig S4, E-H) in comparison with a corresponding 1:1 DNA
amount of these constructs. Although we do not exclude a gen-
eral effect of larger variations of STIML1 to Orai expression as
reported previously (24), a significant effect in the present study
is highly unlikely, in line with our previous results (17).

Next, we examined Orai3 chimeras with double swaps of
intracellular Orail strands. Substitutions of single Orail
domains as already shown in the previous figures were depicted
for a better comparison in Fig. 5, A and B. A decrease in fast
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inactivation was observed for O3-[Nt-O1] and O3-[L2-O1]
with a conferred reactivation and increased slow inactivation
phase, respectively, whereas only O3-[Ct-O1] retained the typ-
ical Orai3 gating characteristics. Both Orai3 double-exchange
chimeras containing the second loop with either N or C termi-
nus of Orail (O3-[Nt-L2-O1]; O3-[L2-Ct-O1]) showed a
decrease of fast inactivation (Fig. 5, C and E), while retaining a
slow inactivation phase similar to that of wild-type Orai3 (Fig. 5,
D and F). An Orai3 chimera with N- and C-terminal domains of
Orail (Orai3-[Nt-Ct-O1]) also exhibited attenuated fast inacti-
vation but obtained a reactivation phase reminiscent of Orail
(Fig. 5, C-F). Unfortunately, an exchange of all three cytosolic
Orail domains in Orai3 yielded a construct that exhibited
intracellular localization and thus prevented analysis of its gat-
ing properties. It is interesting to note that in the case of Orai3
chimeras, single domain swaps with Orail N terminus or its
second loop appeared more effective when compared with
effects observed with the reciprocal Orail chimeras. Neverthe-
less, any combination of two, cytosolic Orail domains trans-
ferred into Orai3 decreased fast inactivation in comparison to
wild-type Orai3. Strikingly, although an exchange of the C ter-
minus alone failed to affect inactivation profiles, a combination
with Orail N terminus conferred a cooperative effect onto
Orai3 chimera by strongly decreasing its fast inactivation.

Identical Cytosolic Domains on Distinct Orail or Orai3
Backbone—We compared gating characteristics of Orail and
Orai3 chimeras that comprise identical N/C termini and
second loops, in an attempt to estimate the contribution of the
Orai backbone for gating. Without an impact of the respective
Orail/Orai3 backbone (Fig. 6), one would expect that identical
cytosolic domains might yield similar gating characteristics
that are typically found between those of the wild-type chan-
nels. This was only true for two of the examined domain com-
binations (Fig. 6, C and D). Fast inactivation of Orail/3 chime-
ras with three identical, cytosolic domains was in most cases
stronger when the backbone of the protein originates from
Orai3 (Fig. 6) with O3-[L2-O1] as the only exception. An addi-
tional nonconserved site within Orai3 backbone that might
contribute to the observed faster inactivation comprises the
unique extension in the third extracellular loop (see Fig. 3, A, B,
and D). Additionally, an involvement of the first extracellular
loop in fast inactivation has been ascribed to three aspartates in
Orail (13). Two of these aspartates are glutamates in wild-type
Orai3 (supplemental Fig. S5A). However, neither an Orai3-
E85D-E89D nor Orail-D110E-A111S-D114E mutant showed a
significant change in their gating characteristics (supplemental
Fig. S5, B—E), rendering the first loop unlikely for mediating
faster inactivation of the Orai3 backbone.

Regarding the reactivation phase, Orail/Orai3 chimeras
containing the same combination of cytosolic (Nt, L2, and Ct)
domains typically reactivated more robustly when the Orai
backbone descended from Orail (Fig. 6). It is therefore likely
that the reactivation phase involves additional Orail backbone
structures. Remarkably, the Orail-[L2-Ct-O3] yielded unique
gating characteristics when compared with the analogous
Orai3 chimera and exhibited a profound activation phase with
the initial fast inactivation completely lacking (Fig. 6B). Further
Orai subtype specific inactivation/reactivation domains might
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FIGURE 6. Gating of Orai1 and Orai3 chimera with identical combinations
of cytosolic strands. A, normalized average currents from a voltage step to
—82 mV are shown for a coexpression of STIM1 with O1 (black), O3 (red), as
well as O1-[Nt-O1] and O3-[L2-Ct-O1] for 1800 ms. Analogous voltage steps
compare O1-[L2-Ct-O3] and O3-[Nt-O1] (B), O1-[L2-O3] and O3-[Nt-Ct-O1](C),
O1-[Nt-Ct-O3] and O3-[L2-O1] (D), O1-[Ct-O3] and O3-[Nt-L2-O1] (E) as well as
01-[Nt-L2-03] and O3-[Ct-O1] (F).

be discovered within the transmembrane domains that were
not analyzed in this study.

DISCUSSION

Domain swapping between Orail and Orai3 revealed novel
subtype-specific sites determining inactivation/reactivation
phases of the Orai gating. Moreover, extending single to multi-
domain swaps uncovered a strong cooperative interplay of the
cytosolic regions for the fast inactivation process.

Among the single domain exchanges, the N terminus of
Orail conferred a slow reactivation in an Orai3 chimera. The
reciprocal construct (O1-[Nt-O3]), or deletions of proline/
arginine-rich regions within the Orail N terminus yielded
blunted reactivation compared with wild-type Orail consistent
with a role of the Orail N-terminal domain in the reactivation
phase. Yuan et al. (7) has observed decreased, currents of Orail
mutants with alanine substitutions within the first (Orail-P3A-
P5A) or second (Orail-P39A-P40A) proline-rich region that
might be compatible with an altered gating process. The pro-
line/arginine-rich regions of the Orail N terminus were also
identified here as key sites for mediating reactivation gating.

The second loop represents a central gating domain that has
been reported to function as an inactivation particle (15). An
Orai3 chimera with the second loop of Orail depicted a drasti-
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cally slowed fast inactivation, similar to that of wild-type Orail,
followed by a unique slow inactivation. In contrast, the second
loop of Orai3 failed to increase fast inactivation in an Orail
chimera, which was taken as a first hint that a cytosolic gating
domain might not work independently within the overall chan-
nel complex. Among the extracellular loops, the region we dis-
covered here within the third loop of Orai3 might play a role for
subtype-specific fast inactivation beyond a more general func-
tion of the first extracellular loop for Orai gating (13).

Orai3 with the C terminus of Orail or its reciprocal chimera
did not exhibit a significantly altered gating characteristic.
Robust fast inactivation of Orai3 currents has been attributed to
three glutamates in the C terminus of the protein (7). As our
C-terminal O1-[Ct-O3] chimera lacked an impact on the inac-
tivation profile, this might be taken as a further indication for an
interplay of domains required for subtype-specific gating.

In summary, all three Orail chimeras each with a single cyto-
solic strand of Orai3 lacked a significant increase in fast inacti-
vation. On the contrary, double-swap Orail chimeras with the
N terminus together with the second loop or the C terminus
of Orai3 showed substantially increased fast inactivation
centered between those of wild-type channels. Moreover, an
Orail chimera with both the N and C termini as well as the
second loop of Orai3 exhibited an Orai3-like inactivation
profile, demonstrating the requirement for a cooperative
interplay of these three cytosolic domains to fully confer
Orai3-gating characteristics.

Two of the Orai3 chimeras with single Orail domain swaps
(N terminus or second loop) displayed already part of Orail-
like gating characteristics. Exchange of the C-terminal domain
of Orai3 alone failed to affect gating characteristics, whereas its
combination with the N terminus of Orail robustly decreased
fast inactivation consistent with a cooperative interplay as
observed above with Orail chimeras.

In conclusion, we propose a model for Orai gating that is
based on a cooperative interplay among the cytosolic N and C
termini as well as the second loop. A functional linkage between
the N and C terminus is consistent with the reported interac-
tion of STIM1 with both strands (6), but the second loop has so
far been considered as a more independent inactivation domain
(15). The results obtained here indicate that in particular the
second loop of Orai3 requires possible allosteric coupling with
N/C-terminal Orai3 domains to accomplish Orai3-specific fast
inactivation. Accordingly, the presence of the second loop of
Orail in an Orai3 chimera efficiently disturbed cooperative
interplay with the cytosolic N and C termini, thereby reducing
the extent of fast inactivation. STIM1 expression levels have
been reported (24) to affect inactivation characteristics, yet
might not have significantly contributed to the various gating
characteristics observed in this study. Although the role of
STIML1 in regulating inactivation/reactivation processes is only
partially understood (14, 16, 17), STIM1 might have an impact
on gating properties in a more dynamic way by altering the
extent of its coupling with Orai via concurrent Orai N-terminal
interactions with the Ca®>"-binding proteins calmodulin (14).
However, our results suggest that Stim1 and CaM play a general
role in fast inactivation and less likely account for Orai subtype-
specific gating. In this scenario of a dynamic protein assembly
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within the whole Orai channel complex, our results demon-
strate cooperativeness of cytosolic domains for determining
Orai subtype-specific gating and await structural resolution for
further promoting our understanding of the intricate Orai/
STIM1 gating machinery.
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