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Properties of Orai1 mediated store-operated current
depend on the expression levels of STIM1 and Orai1
proteins

N. Scrimgeour!, T. Litjens!, L. Ma!, G. . Barritt? and G. Y. Rychkov!
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Two cellular proteins, stromal interaction molecule 1 (STIM1) and Orail, are recently discovered
essential components of the Ca’* release activated Ca>* (CRAC) channel. Orail polypeptides
form the pore of the CRAC channel, while STIM1 plays the role of the endoplasmic reticulum
Ca’* sensor required for activation of CRAC current (Icrac) by store depletion. It is not known,
however, if the role of STIM1 is limited exclusively to Ca®t sensing, or whether interaction
between Orail and STIM1, either direct or indirect, also defines the properties of Icrac. In this
study we investigated how the relative expression levels of ectopic Orail and STIM1 affect the
properties of Icrac. The results show that cells expressing low Orail : STIMI ratios produce
Icrac with strong fast Ca®*-dependent inactivation, while cells expressing high Orail : STIM1
ratios produce Icrac With strong activation at negative potentials. Moreover, the expression
ratio of Orail and STIM1 affects Ca?>*, Ba?>* and Sr’* conductance, but has no effect on the
current in the absence of divalent cations. The results suggest that several key properties of Ca**
channels formed by Orail depend on its interaction with STIM1, and that the stoichiometry of
this interaction may vary depending on the relative expression levels of these proteins.
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activated Ca** current; Ins;P, inositiol 1,4,5-trisphosphate; Isoc, store operated Ca** current; I-V, current-voltage;
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siRNA, short interfering RNA; SOCE, store operated Ca** entry; STIM1, stromal interaction molecule 1.

A two decade long search for the molecular components
of store-operated Ca’*" entry (SOCE) and Ca?* release
activated Ca*™ (CRAC) channel in particular has been
rewarded by the discovery of two cellular proteins, stromal
interaction molecule 1 (STIM1) and Orail (Liou et al.
2005; Roos et al. 2005; Zhang et al. 2005; Feske et al. 2006;
Vig et al. 2006b). STIM1 is localised both on the plasma
membrane and the endoplasmic reticulum (ER) (Manji
et al. 2000; Liou et al. 2005; Spassova et al. 2006). STIM 1
that is expressed in the ER plays the role of the Ca’"
sensor in the ER lumen, while Orail is expressed on the
plasma membrane and contributes to the Ca’" selective
pore of the channel (Prakriya et al. 2006; Taylor, 2006;
Yeromin et al. 2006; Putney, 2007). Knockdown of either
STIM1 or Orail by siRNA leads to a suppression of the
native Icrac in hematopoietic and other cell types, and a
missense mutation in the gene encoding Orail has been
linked to one form of hereditary severe combined immune
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deficiency (SCID) syndrome, associated with a reduced
SOCE in lymphocytes (Roos et al. 2005; Feske et al. 2006;
Litjens et al. 2007; Luik & Lewis, 2007). Ectopic expression
of either STIM1 or Orail alone has little effect on the
amplitude of the native Icrac, but ectopic expression of
both proteins together produces a large store-operated
Ca?* current with properties very similar to those of Icpac
(Roos et al. 2005; Peinelt et al. 2006; Soboloft et al. 2006;
Vig et al. 2006b).

Present understanding of the SOCE mechanism
suggests that depletion of intracellular Ca*" stores causes
STIMI to accumulate in junctional ER, which is located
in close proximity to the plasma membrane, while Orail
accumulates in the areas of plasma membrane apposed
STIM1 puncta (Luik et al. 2006; Varnai et al. 2007).
Interaction between STIM1 and Orail, either direct
through cytoplasmic coiled-coil regions, or indirect
through other binding partners results in activation of
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Ca?* entry (Huang et al. 2006; Li et al. 2007; Varnai
et al. 2007; Muik et al. 2008). Accumulation of STIM1
into puncta near the plasma membrane is essential for
activation of the current through the channels formed by
the Orail peptides, and reversal of STIM1 localisation by
either replenishment of Ca** stores, or pharmacologically,
terminates Ca’" entry (Smyth et al. 2008).

Site-directed mutagenesis has been used to confirm
basic functions and to localise some functionally
important regions of STIM1 and Orail. Several mutations
in the putative EF-hand Ca’"-sensing domain of STIM1
have been shown to produce constitutively active Ca®*
currents, confirming that STIM1 is the Ca*" sensor that
communicates the filling state of Ca®* stores to the plasma
membrane (Zhang et al. 2005; Spassova et al. 2006).
The observation that mutations of several acidic residues
in Orail result in significant changes in the selectivity
of Orail/STIM1 mediated current supported the notion
that Orail forms the pore of the CRAC channel (Prakriya
et al. 2006; Vig et al. 2006a; Yeromin ef al. 2006). Recent
investigations of the stoichiometry of the Orail pore and
stoichiometry of interaction between Orail and STIM1
suggested that the pore of the channel is formed by two
Orail dimers, while two STIM1 peptides are required for
activation of one channel (Mignen et al. 2008; Ji et al. 2008;
Penna et al. 2008). It is not yet clear, however, whether
4 Orail : 2 STIML1 is the only stoichiometry that produces
a functional channel, and whether STIM1, apart from
being Ca*" sensor in the ER, plays any role in defining
the properties of the Orail mediated current.

In the present study we expressed Orail and STIM1
at various ratios in a heterologous expression system and
investigated the properties of the resulting store-operated
currents. Transfection of H4IIE liver cells with STIM1 and
Orail plasmids mixed in different proportions revealed
that cells transfected with an excess of STIM1 were more
likely to express currents showing fast Ca**-dependent
inactivation, while cells transfected with an excess of Orail
produced currents that showed little inactivation, or even
activation at negative potentials. Furthermore, expression
ratios of Orail and STIM1 affected Ca?*, Ba?>* and Sr**
conductance and potentiation of the currents by 2-APB.
This suggests that some key properties of Orail/STIM1
mediated currents that have been used to identify Icpac
in the past, including the kinetics of fast Ca** dependent
inactivation, arise from interaction between STIM1 and
Orail and can not be attributed to Orail alone.

Methods
Cell culture and transfections

HA4IIE (ATCC CRL 1548) cells and HEK293 cells were
cultured at 37°C in 5% (v/v) CO, in air in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
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100 uM minimal essential medium (MEM) non-essential
amino acids, 2 mMm L-glutamine and 10% (v/v) fetal bovine
serum (FBS) (complete DMEM). To express Orail and
STIM1 proteins, H4IIE cells growing on glass coverslips
at a 10-20% density were transfected using PolyFect
transfection reagent (Qiagen, Germany) according to the
manufacturer specifications.

Subcloning of STIM1 and Orai1

Full-length cDNAs for hOrail (NM_032790) and hSTIM1
(NM_003156) were purchased from OpenBioSystems
(Huntsville, AL, USA). The Orail and STIM1 openreading
frames were then PCR amplified and subcloned into
the expression vector pCMV-Sport6 (OpenBioSystems)
and the green fluorescent protein (GFP)-coexpresssing
vector pAdTrack-CMV (a gift from Drs Lei Zhang
and S. Brookes, Flinders University, Adelaide). The
GFP fused Orail and STIM1 were expressed from
constructs pEX-GFP-Myc-Orail (a gift from Prof. R. Lewis
and Dr. R. Dolmetsch, Stanford University, USA) and
pApuro-GFP-STIM1 (a gift from Dr. T. Kurosaki, Research
Centre for Allergy and Immunology, Kanagawa, Japan),
respectively. Integrity of the constructs was verified by
DNA sequencing.

Western blotting

HEK293 cells transfected with pEX-GFP-Myc-Orail and
pApuro-GFP-STIM1 were harvested and incubated on
ice for 30 min in the lysis buffer containing 150 mm
NaCl, 50 mm Tris-HCI (pH 7.4), 1 mm EDTA (pH 8.2),
0.25% sodium deoxycholate, 1% NonlIdet P-40, 0.1%
SDS and 0.1% protease inhibitor cocktail (Sigma). The
concentration of crude proteins was measured using
the BCA Protein Determination Kit (Sigma). Equal
amounts of protein were separated on 10% SDS-PAGE
and transferred to nitrocellulose membranes. The blots
were then blocked for 1 h in Tris-buffered saline with
Tween-20 (TBST) buffer (150 mm NaCl, 25 mm Tris, pH
7.4, 0.1% Tween-20) containing 5% non-fat milk powder
and incubated in the blocking solution for 1h with the
appropriate primary antibody, including anti-STIM1
monoclonal antibody (1:1000 diluted, BD Biosciences),
anti-GFP polyclonal antibody Ab290 (1:10000 diluted,
Abcam) and anti-GAPDH (1:500 diluted, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA). After four
washes in TBST buffer and 1h incubation with the
secondary antibodies (horseradish peroxidase-conjugated
anti-mouse IgG (1:5000 diluted, Sigma) or anti-Rabbit
IgG (1:1000 diluted, Rockland Immunochemicals
Inc., Gilbertsville, PA, USA)) the protein bands were
visualised with an enhanced chemiluminescence detection
system (Amersham Biosciences/GE Healthcare). The
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autoradiographs were scanned wusing a GS-800
densitometer (Bio-Rad Laboratories, Hercules, CA,
USA) and the band intensities quantified using Quantity
One software version 4.3.1 (Bio-Rad Laboratories).

Patch clamping

Whole-cell patch clamping was performed at room
temperature using a computer-based patch-clamp
amplifier (EPC-9, HEKA Electronics, Germany) and
PULSE software (HEKA Elektronik, Lambrecht/Pfalz,
Germany). The bath solution contained (mm): NaCl,
140; CsCl, 4; CaCl,, 10; MgCl,, 2; glucose 10; and
Hepes, 10; adjusted to pH 7.4 with NaOH. The internal
solution contained (mM): caesium glutamate, 130; CaCl,
5; MgCl, 5; MgATP 1; EGTA, 10; and Hepes, 10; adjusted
to pH 7.2 with NaOH. The calculated internal free
Ca?" concentration was about 100 nM (EQCAL, Biosoft,
Cambridge, UK). Depletion of the intracellular Ca®* stores
was achieved by addition of 20 uM InsP; (Amersham)
to the internal solution. Patch pipettes were pulled from
borosilicate glass and fire-polished; pipette resistance
ranged between 3 and 5MS. Series resistance did not
exceed 10 M2 and was compensated by 50-70%. In order
to monitor the development of Isoc, 100 ms voltage
ramps between —138 and +102 mV were applied every
2's, starting immediately after achieving the whole-cell
configuration. Acquired currents were filtered at 2.7 kHz
and sampled at 10 kHz. All voltages shown have been
corrected for the liquid junction potential of —18 mV
between the bath and electrode solutions (estimated
by JPCalc; Barry, 1994). The holding potential was
—18 mV throughout. Cell capacitance was compensated
automatically by the EPC9 amplifier.

Data analysis

Normalised instantaneous tail currents for voltage steps to
—118 mV after test pulses in the range of —158 to 102 mV
were used to produce the apparent open probability (P,)
curves by fitting with the Boltzmann distribution with an
offset of the form:

1-P min

Po Vv =Pmin 1
A T

where P, is an offset, V is the membrane potential, V,
is the half-maximal activation potential, and k is the slope
factor.

To determine the amplitude of the instantaneous tail
currents and to minimise the error due to the cell
capacitance, the tail currents were fitted with a single
exponential function to the beginning of the —118 mV
pulse.
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To obtain bell-shaped apparent P, curves to fit some
of the experimental data, we used a multiple of two
Boltzmann distributions with independent parameters:

Po(V) =P (V) x P3(V) (2)

Where P!(V) and P2(V) are independent Boltzmann
distributions of the form shown by eqn (1). Equation (1)
assumes that there is a voltage-dependent gate present
in the channel, while eqn (2) assumes the presence of
two such voltage-dependent gates independent of each
other. Nether of these statements is necessarily correct
for the channel under study, as voltage dependence of
the open probability does not necessarily imply presence
of a voltage sensor in the channel. Nevertheless, these
equations provide the means for quantitative description
of the data.

Results

Ectopic expression of Orai1 and STIM1
in H4IIE liver cells

In order to investigate the properties of the hetero-
logously expressed Orail/STIM1 mediated current, we
co-transfected plasmids containing STIM1 and Orail
cDNA at a 1:1 ratio into H4IIE liver cells. To facilitate
identification of the transfected cells, either the STIM1 or
Orail plasmid contained cDNA encoding enhanced green
fluorescent protein (eGFP). The time course of activation
of Orail/STIM1 mediated currents varied between
transfected cells, with some cells showing no constitutively
active currents and relatively slow activation by
intracellular InsP; (Fig. 1A, cell 1), while others showed
very large initial currents that inactivated to a steady
state (Fig. 1A, cell 4). The majority of transfected cells
showed intermediate patterns, with some exhibiting a
constitutively active current (Fig. 1A, cells 2 and 3). The
presence of an apparently constitutively active current
at the start of the recording could be a result of very
fast activation, within 2-3s of achieving whole cell
configuration, due to InsP; diffusing from the pipette.
However, when transfected cells were patched with a
pipette containing no InsP3; and Ca** buffered to 120 nM,
a constitutively active current was still present in a high
proportion of cells (~30%, not shown), suggesting that
fast diffusion of InsP; is an unlikely explanation. Similar
constitutively active Orail/STIM1 currents were reported
in a recent study (Zhang et al. 2008).

The I-V plots in all transfected cells showed strong
inward rectification and very positive reversal potential,
similar to that reported in other studies with ectopic
expression of Orail and STIM1 (Peinelt et al. 2006;
Soboloff et al. 2006). The shape of I-V plots varied
between cells, with some showing stronger inward
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rectification at potentials below —100 mV than others
(Fig. 1B).

Further experiments showed that the variation in the
shape of the I-V plots recorded from different cells
was caused by the variations in the fast Ca*"-dependent
inactivation of the currents at negative potentials.
Thus we observed cells with very strong fast Ca®t
dependent inactivation (Fig. 1Ca), cells with very little
or no inactivation (Fig. 1Cc), and all stages in between
(Fig. 1Cb). Such variations in the kinetics of Orail/STIM1
mediated currents suggest that fast Ca’t dependent
inactivation is not an intrinsic property that can be
ascribed to Orail alone, otherwise it would be very similar
in all transfected cells. Rather, the results suggest that
inactivation arises from interaction of Orail with some
other protein in the cell, the amount of which varies from

Current (pA/pF)
A
n [4,]
¢4ty
B LB =

Ca b

o- 04
S -100- W

= -200

o
3 -200- ]
ol |
-300-
0 100 200 0
Time (ms)

N. Scrimgeour and others

J Physiol 587.12

cell to cell. The obvious candidate for such a protein that
interacts with Orail and changes the kinetics of the current
is STIM1.

To investigate this possibility we varied the ratio
between the plasmids in the transfection mixture in
order to change the relative amounts of expressed Orail
and STIM1 proteins in the cell. First, the amount of
STIM1 plasmid in the transfection mixture was kept
constant at 0.4 pmol and the amount of the plasmid
containing Orail varied between 0.05 and 0.8 pmol.
Subsequently, the amount of Orail plasmid in the
transfection mixture was kept constant at 0.4 pmol
and the amount of the plasmid containing STIMI
varied between 0.2 and 1.2 pmol. The volume of the
transfection mixture was kept constant in all transfections.
To compare inactivation of Orail/STIMI1 currents
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Figure 1. Overexpression of STIM1 and Orai1 in H4IIE cells

A, examples of development of the Orai1/STIM1 mediated current. Each point represents the amplitude of the
current at —118 mV measured from the responses to voltage ramps ranging from —138 mV to 102 mV and
applied every 2 s. B, examples of the -V plots obtained from cells expressing both STIM1 and Orai1. C, examples
of the currents obtained in response to 200 ms steps to —138 mV. Traces were taken 40-60 s after obtaining
whole-cell configuration when the amplitude of the current reached steady-state. Note significant variations in
current kinetics. Cells were transfected with Orai1/STIM1 in a molar ratio of 1: 1. Leakage was determined by
applying 50 uM 2-APB at the end of the experiment and was corrected for in panels B and C, but not A.

© 2009 The Authors. Journal compilation © 2009 The Physiological Society



J Physiol 587.12

recorded from different cells, similar to those shown in
Fig. 1C, we normalised amplitude of the current at the
end of a 200 ms, —100 mV pulse (I,09) to the amplitude of
the current at the beginning of the pulse (I,). In cells
transfected with 0.4 pmol STIM1 and 0.4 pmol Orail
plasmids (1:1 ratio) the average extent of inactivation
(I00/19) was 0.8040.06 (n=13) (Fig.2A), although
inactivation varied significantly between individual cells.
With decreasing concentration of Orail plasmid in
the transfection mixture, the inactivation became more
pronounced and the variability between cells reduced. At
the ratio of 1:8 (0.05 pmole Orail/0.4 pmol STIM1) all
cells produced inactivating currents with an average I 00/ I
0f0.46 £ 0.03 (n=7) (Fig. 2A). Similarly, the inactivation
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became more pronounced when the concentration of
Orail plasmid was kept constant and the concentration
of STIM1 plasmid increased (Fig. 2B). Comparison of the
results obtained with different amounts of each plasmid
revealed that the extent of inactivation depended on the
ratio between the amounts of the plasmids, but not on
their absolute amounts (Fig. 24, B).

In these experiments, we have found that more
consistent results were obtained if the plasmid containing
the GFP sequence was in excess. Therefore, in all
subsequent experiments we transfected cells with mixtures
of 1:2 or 1:4 Orail/(STIM1 + GFP) and 2:1 or 4:1
(Orail + GFP)/STIM1 to investigate the properties of
inactivating and non-inactivating currents, respectively.

A 1.0- O 0.4 pmole STIM1 B 1.0- O 0.4 pmole Orai1
® 0.1 pmole STIM1 (7){13) ® 0.1 pmole Orail
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Figure 2. The kinetics of the Orai1/STIM1 mediated current under different transfection conditions

A, dependence of the inactivation at negative potentials on the amount of the Orai1 plasmid. Each point represents
the relative amplitude of the Orai1/STIM1 mediated current at the end of the 200 ms step to —118 mV (/200)
normalised to the peak current at the beginning of the step (/p). Open circles represent averaged data for the
0.4 pmol of STIM1. For comparison, the averaged data for 0.1 pmol STIM1 and 0.1 pmol Orail is presented
(filled circle). Number of cells is indicated in brackets. Note that the extent of the current inactivation in the cells
transfected with 0.1 pmol STIM1 and 0.1 pmol Orai1 is not different from that in cells transfected with 0.4 pmol
STIM1 and 0.4 pmol Orail (P = 0.6). Continuous line represents linear regression for the data obtained with the
range of Orai1 concentrations and 0.4 pmol STIM1 (r? = 0.48; P < 0.0001). B, dependence of the inactivation
at negative potentials on the amount of the STIM1 plasmid. Continuous line represents linear regression for the
data obtained with the range of STIM1 concentrations and 0.4 pmol Orail (r2 = 0.98; P < 0.01). C, example of
the currents recorded from a cell transfected with 1 Orai1/2 (STIM1+GFP) mixture. D, example of the currents
recorded from a cell transfected with 2 (Orai1+GFP)/1 STIM1 mixture. Current traces were obtained in response
to 600 ms steps ranging from —138 mV to —38 mV in 20 mV increments. E, example of the currents obtained in
HEK293 cells using similar transfection mixtures.
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Examples of such currents are shown in Fig. 2C and D.
With longer hyperpolarising pulses, most cells transfected
with an excess of Orail showed strongly activating currents
at negative potentials (Fig. 2D).

We have shown previously that H4IIE cells express
Isoc with properties virtually identical to those of Icrac
in hematopoietic cells (Litjens et al. 2004; Aromataris
et al. 2008). The amplitude of the native Isoc in H4IIE
cells (~2.5pApF~! at —118 mV) is at least severalfold
smaller than the amplitude of the currents mediated
by ectopically expressed Orail/STIM1 (15-60 pA pF~!).
Therefore, the presence of native STIM1 and Orai in
HAIIE cells was unlikely to have a significant impact on the
results. Nevertheless, to investigate the possibility that the
kinetics of the currents mediated by ectopically expressed
Orail/STIM1 was influenced by the presence of the endo-
genous Isoc or some other proteins in H4IIE cells we
used HEK293 cells, which have very small native I'soc
(Mercer et al. 2006; Soboloff et al. 2006). Similarly to H4IIE
cells, HEK293 cells produced inactivating currents when
transfected with an excess of STIM1 and activating
currents when transfected with an excess of Orail
(Fig. 2E). Furthermore, results similar to those shown in
Fig. 2B, C and D were obtained using plasmids containing
GFP fused Orail and STIM1 (GFP-Orail and GFP-STIM1,
not shown).

1 2 3
4
100 kD] W il GFP-STIM1
60 kDa— GFP-Orai1
30 kD2 —— A GFP
M
B <s R
& ) Cg(
<D N
K .'\'{:J
o® el

Figure 3. Western blotting of the expressed GFP-labelled Orai1
and STIM1

Each lane was loaded with lysates (2 ug of protein) of HEK293 cells
transfected with GFP-Orai1 and GFP-STIM1 containing plasmids at a
molar ratio of 4 : 1 (lane 1); GFP-Orai1 and GFP-STIM1 containing
plasmids at a molar ratio of 1: 4 (lane 2); or GFP alone containing
plasmid (lane 3). The blot was probed with anti-GFP antibody. The
relative amounts of the expressed Orai1 and STIM1 proteins in the
same transfection and between transfections were estimated by
measuring optical densities of the corresponding bands (n = 3).

N. Scrimgeour and others

J Physiol 587.12

In the next set of experiments we transfected HEK293
cells with GFP-STIM1 and GFP-Orail, and used Western
blots probed with anti-GFP to estimate the relative
amounts of the STIM1 and Orail proteins expressed
under the transfection conditions used in patch clamping.
GFP-STIM1 appeared on a Western blot as a clear single
band above 100 kDa (Fig. 3). The same single band was
obtained if we used anti-STIM1 (not shown). GFP-Orail,
however, appeared as a double band above 60 kDa (Fig. 3).
The wide band of higher molecular weight for
GFP-Orail was likely to be the result of post-translational
modification of Orail (glycosylation) (Gwack et al. 2007).
On average, the intensities of the bands corresponded
well with the amounts of the transfected plasmids. For
the 4 Orail:1 STIM1 transfection (Fig. 3, first lane)
the intensity ratio between the GFP-Orail single band
of lower molecular weight and the GFP-STIM1 band
was 5.75 1+ 0.47 (n=3), while for the 1 Orail : 4 STIM1
transfection (Fig. 3, second line) this ratio was 0.48 £ 0.01
(n=3).

A fourfold increase in the amount of a plasmid
in the transfection mixture resulted in 3.65+0.13
and 3.21 +£0.27 (n=3)-fold increase of GFP-STIM1
and GFP-Orail expression respectively (Fig. 3). Similar
results for STIM1 were obtained when anti-STIM1 was
used instead of anti-GFP (not shown). These results
demonstrate that variations in the amounts of the
STIM1 and Orail containing plasmids in the transfection
mixtures were closely followed by the changes in the
expression levels of the corresponding proteins.

Ca?t dependence of the amplitude and kinetics
of the Orai1/STIM1 mediated currents

Reduction of the Ca** concentration in the bath solution
from 10 to 2 mM resulted in the reduction of the amplitude
by about 55% for both activating (4 : 1 Orail/STIM1 ratio)
and inactivating (1:4 Orail/STIM1 ratio) Orail/STIM1
mediated current (Fig.4A and B). Increase of the Ca®t
concentration to 50 mM caused a sharp increase in the
amplitude which was followed by an exponential decline. A
further increase to 100 mM resulted in a small potentiation
and further decline in the amplitude. Upon return to
10 mM Ca’* the amplitude of the current was reduced
and then slowly returned to the initial level. Qualitatively,
dependence of the amplitude of inactivating and activating
currents on Ca’" concentration was similar and could
be explained by slow feedback inhibition of the channel
by Ca’* entering the cell. Similar slow Ca**-dependent
inhibition has been previously described for Icrac in
lymphocytes (Zweifach & Lewis, 1995b). Quantitatively,
however, the steady state amplitudes of the activating
current in 50 mM and 100 mm Ca?* were significantly
larger than that in 10 mm Ca®*; while the steady state
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amplitudes of the inactivating current in 50 mm and
100 mm Ca** were significantly lower (Fig.4A and B).
The initial potentiation, both relative and absolute, of
the current by higher Ca®" concentrations was also
significantly stronger for activating currents.

In the next experiment we compared Ca** dependence
of the currents on a much shorter time scale. As expected,
the kinetics and the extent of the fast Ca**-dependent
inactivation of the currents recorded from cells transfected
with an excess of STIM1 were strongly dependent on the
external Ca*" concentration, similarly to that of native
Isoc iIn HAITE cells or I crac in hematopoietic cells (Fig. 4C)
(Zweifach & Lewis, 1995a; Litjens et al. 2004) . At higher
Ca>* concentrations the inactivation was faster and more
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complete. In contrast, the kinetics of activating currents
recorded from cells transfected with an excess of Orail
showed no dependence on the external Ca*™ concentration
between 2 and 100 mm (Fig. 4D).

Selectivity for Ba?* and Sr?*+

In cells transfected with an excess of Orail (4:1
Orail/STIM1 ratio) that produced activating currents,
replacement of Ca?* with Ba?* or Sr** in the bath solution
led to a decrease of the current amplitude. On average,
at —100 mV, Ba’* current was ~70% smaller than the
Ca®t current. Current carried by Sr*t at —100 mV was
~35% smaller than Ca®* current (Fig.5A). In the cells
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Figure 4. Dependence of the Orai1/STIM1 current on the external Ca?t concentration

A, amplitude of the Orai1/STIM1 mediated current at —118 mV at different Ca?t concentrations. Data were
obtained in cells transfected with Orai1 and STIM1 plasmids at a molar ratio of either 4 : 1 (blue trace) or 1 : 4 (red
trace). Each point represents the amplitude of the current at —118 mV measured from the responses to voltage
ramps ranging from —138 mV to 102 mV and applied every 2 s. Zero-time point on panels A and B corresponds to
60 s after obtaining whole cell configuration. B, the same data as in panel A normalised to the current amplitude in
10 mm Ca?t. C and D, dependence of current kinetics on the external Ca2+ concentration. All traces are recorded
in response to voltage steps to —118 mV and normalised to the current amplitude at the beginning of the pulse.
Traces were taken 30-40 s after changing Ca%* concentration in the bath when the amplitude of the current

reached steady-state (see panel A).
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transfected with an excess of STIM1 (1:4 Orail/STIM1
ratio) and producing inactivating currents, replacement
of Ca*™ with Ba*" or Sr*" in the bath solution led to
instantaneous reduction in the current amplitude followed
by its gradual increase. On average, at —100 mV, Ba’"
current was just 10% smaller than the Ca’* current, while
current carried by Sr** at —100 mV was ~40% larger
than Ca*" current (Fig. 5A). The shape of the I-V plots
obtained in response to voltage ramps in the presence of
Ba’* and Sr’* suggested a reduced open probability of the
channel at holding potential and activation of the current
by hyperpolarisation (Fig.5B). This was confirmed by
applying voltage steps to —100 mV (Fig. 5C). Replacement
of Ca’t with Ba>™ or Sr*™ in cells expressing either
inactivating or activating Ca’* currents produced currents
activated by hyperpolarisation. The kinetics of the current
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activation at —100 mV in the presence of Ba’* was
significantly faster in cells with inactivating Ca*" currents
(Fig. 5C).

Voltage dependence of open probability

The change in the current kinetics from inactivating to
activating suggests a change in the voltage dependence
of the open probability of the channel. To quantify the
relative open probability of the expressed channels under
different conditions we used peak tail currents at —100 mV
(see Methods, Fig. 6). In cells transfected with an excess
of STIM1 and showing inactivating Ca’t currents, the
maximum open probability was at 0 mV and above,
while the relative minimum open probability saturated
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Figure 5. Effects of Ba2t and Sr?* on the Orai1/STIM1 currents obtained under different transfection

conditions

A, dependence of the amplitude of the Orai1/STIM1-mediated current at —118 mV on Ba?* and Sr2*. Data were
obtained in cells transfected with Orai1 and STIM1 plasmids at a molar ratio of either 4 : 1 (trace 1) or 1 : 4 (trace
2). Each point represents the amplitude of the current at —118 mV measured from the responses to voltage ramps
ranging from —138 mV to 102 mV and applied every 2 s. Zero-time point corresponds to 60 s after achieving
whole cell. B, representative I~V plots of the data shown on panel A. a corresponds to trace 1, and b corresponds
to trace 2 on panel A. C, representative current traces in response to steps to —118 mV of the data shown on
panel A. a corresponds to trace 1, and b corresponds to trace 2 on panel A. ¢, the same BaZt traces as shown on
panels a and b but on a shorter time scale. Traces shown on panels B and C were taken 40-60 s after applying

Ba2* or Sr2* in the bath.
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at about 0.25 at potentials below —140 mV (Fig. 6A). The
normalised amplitude of the peak tail currents plotted
against voltage could be fitted with a single Boltzmann
function (see Methods). Increasing the length of the
voltage steps from 100 ms to 600 ms in these cells did not
reveal any other type of voltage dependence of the current
and did not shift the Boltzmann curve (not shown). The
half-maximum activation voltage was —72 mV and the
slope of the curve corresponded to a gating charge of
approximately —1.

In cells expressing activating Ca®* currents, the
amplitude of the peak tail currents at —100 mV showed
complex dependence on the voltage of the preceding
steps. In general, relative open probability of activating
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currents showed bell-shaped voltage dependence between
—120 and 80 mV with a maximum at about —30 mV
(Fig. 6B—D). The voltage dependence of the open
probability between —140 mV and —20 mV was very
similar to that of the inactivating Ca’>" currents and
presumably was due to the same gating process, while
the open probability between —20 and 80 mV had the
opposite voltage dependence (Fig. 6C). The data points
could be well fitted with a multiple of two independent
Boltzmann functions (eqn (2), Methods). Slight upward
deviation of the points obtained after the steps to 100 and
120 mV could be due to a poor fit of very fast tail currents,
or due to the activity of some native channels present in
HAIIE cells at these potentials.
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Figure 6. Voltage dependence of the Orai1/STIM1 mediated Ca?* current

A, current traces obtained in response to 100 ms voltage steps ranging from —158 to 102 mV in 20 mV increments
followed by a step to —118 mV. H4IIE cells were transfected with Orai1 and STIM1 ata 1 : 4 molar ratio. B, current
traces obtained in response to 600 ms voltage steps ranging from —138 to 102 mV in 20 mV increments followed
by a step to —118 mV. H4IIE cells were transfected with Orai1 and STIM1 at a 4 : 1 molar ratio. C, tail currents
shown on panel B on a shorter time scale. D, apparent open probability of the Orai1 channel obtained by
normalising tail currents shown on panels A and B. Open circles represent averaged data (n = 6) obtained in cells
expressing inactivating currents. Data from inactivating currents were fitted with a single Boltzmann function (egn
(1), Methods). Filled triangles represent averaged data (n = 9) obtained in cells expressing activating currents. Data
from activating currents were fitted with a multiple of two Boltzmann functions (egn (2), Methods). Data points
marked with asterisks were excluded from fitting. Open triangles represent the data obtained from cell shown on

panel B.
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In the presence of Ba’", voltage dependence of the
inactivating currents was reversed (Fig.7A and C). The
data points between —100 and 120 mV could be fitted
with a single Boltzmann function with the half-maximum
activation voltage of —63 mV and the slope corresponding
to a gating charge of 1. There was, however, evidence of an
opposite voltage dependence at potentials below —100 mV
as open probability started to decrease after that point
(Fig. 7C). It was likely that in a wider range of voltages
the open probability would be described by a bell shaped
curve; however, it was impossible to obtain a reasonable
number of points below —100 mV for proper fitting.

N. Scrimgeour and others
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In cells expressingactivating Ca** currents, replacement
of Ca’t with Ba’t did not change the shape of the
voltage dependence of open probability, but shifted it to
more hyperpolarising potentials by approximately 60 mV
(Fig. 7B and D).

Selectivity in the absence of divalent cations

In the absence of divalent cations in the bath solution the
pore of the channel formed by Orail peptides becomes
permeable to monovalent cations (Mercer et al. 2006).
In H4IIE cells expressing either activating or inactivating
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Figure 7. Voltage dependence of the Orai1/STIM1 mediated current in the presence of Ba?*

A, current traces obtained in cells expressing inactivating Ca2* currents (Orai1 and STIM1 at a 1 : 4 molar ratio)
in response to 100 ms voltage steps ranging from —158 to 102 mV in 20 mV increments followed by a step to
—118 mV. Calcium in the bath solution was replaced with 10 mm Ba%*. Inset shows tail currents shown on panel
A at a shorter time scale. B, current traces obtained in cells expressing activating Ca2* currents (Orai1 and STIM1
at a 4:1 molar ratio) in response to 600 ms voltage steps ranging from —138 to 102 mV in 20 mV increments
followed by a step to —118 mV. Ca2* in the bath solution was replaced with 10 mm Ba?t. C, apparent open
probability of the Orai1 obtained by normalising tail currents shown on panel A. Filled triangles represent averaged
data (n = 4) obtained in the presence of Ba2* in cells expressing inactivating currents. Data were fitted with a
single Boltzmann function (egn (1), Methods). Data points marked with asterisks were excluded from fitting. For
comparison, data obtained in the same cells in the presence of Ca2* are shown (open circles). D, apparent open
probability of the Orail1 obtained by normalising tail currents shown on panel B. Open circles represent averaged
data (n = 3) obtained in the presence of Ba2* in cells expressing activating currents. For comparison, data obtained
in the same cells in the presence of Ca?* are shown (filled triangles).
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Orail/STIM1 mediated Ca®" currents, replacement of
divalent cations in the bath solution with Nat caused
an approximate fourfold increase of the inward current
amplitude (Fig. 8A, B). In the absence of divalent cations
channels formed by Orail were more selective for Na*
than Cs*. The relative conductance for Na® over Cs*
(Gra/ Ges) was 4.94+0.73 (n=4) and 4.6 =0.57 (n=6)
for activating and inactivating currents, respectively
(Fig. 8B). Application of the voltage protocol also used
in Fig. 6A revealed that both activating and inactivating
currents lost their voltage dependence in the absence
of divalent cations (not shown), and that Na* currents
showed neither activation nor inactivation during steps to
negative potentials (Fig. 8C).

Differential effects of 2-APB

2-APB is a known inhibitor of endogenous Isoc and
ectopically expressed Orail/STIM1 mediated current
(Gregory et al. 2001; Lis et al. 2007). It has complex
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effects on Orai2 and Orai3, but the mechanisms
of these effects are not yet understood (Lis et al.
2007). In this section we investigated the effects of
2-APB on Orail/STIM1 mediated currents of different
kinetics. While 50 um 2-APB blocked 100% of the
Orail/STIM1 mediated current irrespective of the
current kinetics, the non-inactivating current showed
a marked transient potentiation by 2-APB, while
fast inactivating current showed much smaller or
no potentiation by 2-APB (Fig.9A, B). On average,
potentiation of the amplitude of non-inactivating current
by 50 uM 2-APB (Ix/Io—app = 3.6 £0.65, n=14) was
6 times stronger than for the inactivating current
(Imac/Ir_aps = 0.55 4 0.13, n=14, P <0.0001). At the
peak of potentiation by 2-APB, the kinetics of the strongly
inactivating current was virtually unaffected (Fig.9C).
However, if the current showed little inactivation during
200 ms steps to —118 mV in the control solution, it showed
strong activation at the peak of potentiation by 2-APB
(Fig. 90).
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Figure 8. Orai1/STIM1 mediated cation current in the absence of divalent cations

A, normalised amplitude of the Orai1/STIM1 mediated currents in divalent cation free (DVF) solutions in the
presence of Nat or Cs* in cells expressing inactivating (filled circles) or activating (open circles) Ca* currents.
Zero-time point corresponds to 60 s after obtaining whole cell configuration. B, I~V plots of Ca2*, Na*™ and Cs*
currents recorded in cells expressing inactivating (a) and activating (b) Orai1/STIM1 mediated Ca2* currents. C,
current traces recorded in response to 200 ms step to —118 mV in cells expressing inactivating (a) and activating
(b) Orai1/STIM1 mediated Ca?* currents in DVF solution containing Na*. Traces shown on panels B and C were

taken 100-120 s after applying DVF solution in the bath.
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To exclude the possibility that 2-APB activates Orail
directly in the absence of STIMI, we expressed these
proteins separately and investigated the effect of 2-APB on
the Isoc. Expression of Orail alone in H4IIE cells did not
produce any store-operated current. Moreover, it resulted
in a complete suppression of the native Isoc (not shown),
as it does in HEK293 cells and rat basophilic leukaemia
(RBL) cells (Soboloff et al. 2006). Application of 2-APB
in H4IIE cells expressing Orail alone failed to enhance
any current (not shown), suggesting that in the absence
of sufficient amounts of STIM1 2-APB does not activate
Orail even if the stores have been depleted.

Discussion

The main result of this study is that several key properties
of Orail/STIM1 mediated currents depend on the relative
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expression levels of STIM1 and Orail proteins. Increasing
the Orail : STIM1 ratio in the transfection mixture
from 1:4 to 4:1 drastically reduces the extent of fast
Ca?*-dependent inactivation of the current, changes
dependence of the whole cell Ca** conductance on
external Ca?*, reduces relative Ba?* and Sr>* conductance,
changes voltage dependence of the open probability, and
increases potentiation by 2-APB.

There are several possible mechanisms which might
explain the results of ectopic expression of Orail and
STIM1. (i) The interaction between Orail and STIMI1,
either direct or through other binding partners, occurs
at variable stoichiometry depending on their relative
levels of expression. (ii) The stoichiometry of interaction
between Orail and STIM1 is constant, but there are
other binding partners that interact with STIM1 and
Orail. The amount of these other binding partners is

A 1P, 50 uM 2-APB B | IP3 50 M 2-APB
E— — .
o ¥
mp——
= 20 A o~
o //1 r
i -40‘ In\a‘u |\
5 5 w0 [
g T ® Orail:STIM1 2:1 & ll \2-ap
5 40 4 5 / E -
e | Ot STIMI 12 80 %
P rail: 1: f ’/
-60- -100- i"’“""‘w-h_,_
0 100 200 0 100 200
Time (s) Time (s)
Ca Orail:STIM1 1:4 b Orai1:STIM1 4:1 ¢ Orait:STIM1 4:1
01w S 0 " 0= e
& ] -2004
=200
g -100- T ——
= 1 !
: 5 /-"‘_“ -400
= f
O -200- -600
8004 | m— ] |
{ -800+
-300- -800-
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Time (me) Time (ms) Time (ms)

Figure 9. Effect of 2-APB on Orai1/STIM1 mediated current

A, potentiation and block by 2-APB of Orai1/STIM1 mediated currents recorded under different transfection
conditions. Each point represents the amplitude of the current at —118 mV measured from the responses to
voltage ramps ranging from —138 mV to 102 mV and applied every 2 s. B, examples of 2-APB potentiation of size
matched inactivating and non-inactivating Orai1/STIM1 currents. Inset shows current traces from the corresponding
cells obtained before application of 2-APB. C, dependence of Orai1/STIM1 mediated current kinetics on 2-APB.
Examples of current traces obtained in cells expressing different ratios of Orai1 and STIM1 in response to —118 mV
steps before application of 2-APB (black) and at the peak of potentiation by 2-APB (red).
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limited. High concentrations of either STIMI1 or Orail
not partnered with each other reduce the availability of
other binding partners for the functional Orail/STIM1
complex. (iii) Overexpression of STIM1 and Orail
modifies the junctional ER and therefore the structure
of the microdomains where the functional interaction
between them occurs.

Of these mechanisms, the second and the third seem
less likely for the following reasons. If the properties of
the Orail/STIM1 currents were dependent on a binding
partner present in the cell in limited amounts, which could
bind to either STIM1 or Orail, or both of them, the
properties of the current would depend on the absolute
amounts, rather then relative amounts, of the expressed
proteins. We, however, observed clear dependence of the
properties of the Orail/STIM1 currents on the relative but
not absolute expression levels of Orail and STIMI. It was
possible to record currents with identical kinetics, either
inactivating or activating, which differed by up to 10-fold
in size, by maintaining the ratio of the plasmids in the
transfection mixture but varying their absolute amounts.
Furthermore, currents identical in size exhibited opposite
voltage dependence if the ratios between Orail and STIM1
in the transfection mixture were reversed.

If the levels of expression of either STIM1 or Orail
were affecting the properties of Orail/STIM1 mediated
current by affecting the properties of junctional ER (Luik
et al. 2006), this effect would also depend on the absolute
but not relative expression levels of these proteins. The
only possibility for this mechanism to work would be if
there was a particular component in junctional ER that
regulated Orail/STIM1 properties, which was affected by
the expression of STIM1 and Orail in opposite ways. At
present, there are no experimental data to support this
idea.

Overall, of all possibilities, variable stoichiometry of
binding between Orail and STIM1 seems most plausible.
There is ample experimental support for the hypothesis
that Orail and STIMI1 interact to form functional
complexes that mediate Ca*" entry (Ji et al. 2008; Muik
et al. 2008; Zhang et al. 2008). Whether there are any other
binding partners in those complexes is still a mater of
debate (Li et al. 2007; Varnai et al. 2007). Recent evidence
suggests that ectopically expressed Orail form homo-
tetramers and each tetramer interacts with two STIM1
peptides (Mignen et al. 2008; Penna et al. 2008; Zhang
et al. 2008). Results presented by Zhang et al. (2008)
are consistent with the notions that stoichiometry of
Orail/STIM1 interaction in the complex varies depending
on the relative expression levels of these proteins, and that
at least two different stoichiometries are possible.

Regardless of the mechanism, it is clear that relative
expression levels of Orail and STIM1 affect regulation
of the channel by Ca** coming through the pore. In
the absence of divalent cations in the external medium
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there was no difference between Orail/STIM1 mediated
currents recorded in cells under different transfection
conditions. Both inactivation and activation were absent,
and the relative sizes of Nat conductance were identical, as
was the selectivity for Na® over Cs™. This suggests that the
relative expression levels of Orail and STIM1 do not affect
the properties of the pore but rather modify the regulation
of open probability of the channel by Ca®*.

The difference between inactivating and activating
currents in regard to regulation by extracellular Ca*" is
evident at both fast and slow time scale. Qualitatively,
dependence of the Ca?* conductance on extracellular
Ca*" is very similar in cells expressing inactivating and
activating Orail/STIM1 currents. However, compared
to cells expressing inactivating currents, cells expressing
activating current show significantly larger Ca** currents
at 50 and 100 mM external Ca?™, which is consistent with
a reduction of feedback inhibition by Ca**.

On a shorter time scale, as expected, kinetics of fast
inactivation of Orail/STIM1 mediated current in cells
expressing an excess of STIM1 strongly depended on the
external Ca*" concentration between 2 mMm and 100 mm.
In contrast, in this range of concentrations, kinetics of
activation of the current in cells expressing an excess of
Orail was independent of extracellular Ca?*. However,
the activation was removed in the absence of the divalent
cations in the bath. This suggests that the site responsible
for current activation in cells expressing an excess of Orail
does depend on Ca’", but at a much lower concentration
range than the site responsible for fast Ca*"-dependent
inactivation in cells expressing an excess of STIM1.

The fast Ca’"-dependent inactivation of the native
Icrac and the ectopically expressed Orail/STIM1 current
is thought to be due to Ca*" binding to a regulatory
site somewhere close to the internal mouth of the pore.
Using general assumptions about Ca?* diffusion in the
cytoplasmic space it has been suggested that the Ca’"
binding site responsible for fast inactivation is likely to be
3—4 nm away from the intracellular mouth of the pore and
therefore is likely to be a part of the channel itself (Zweifach
& Lewis, 1995a). On the other hand, recent investigation
of the properties of Orail pore mutants suggests that
the role of the inactivation gate is played by residues
forming the selectivity centre within the pore region of
Orail (Yamashita et al. 2007; Spassova et al. 2008). At
present it is not yet known if voltage dependence of the
current is conferred by the voltage-dependent binding
of Ca’* to a regulatory site, or by voltage-dependent
movement of a part of the Orail/STIM1 complex with
Ca?* bound to it, or both. While this paper was under
review, Park et al. (2009) produced convincing evidence
that there is a direct binding between STIM1 and Orail
(Park et al. 2009). These authors show that the so-called
CRAC activation domain (CAD) of STIM1 binds to both
C and N termini of Orail and activates Icpac, and that
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tetramers of CAD bind to multiple sites on the CRAC
channels and create large clusters of Orail (Park et al
2009). Moreover, apparently, current activated by CAD
lacks fast Ca’"-dependent inactivation, but inactivation
is restored by increasing the length of C terminus of
the peptide (Park et al. 2009). This supports the notion
that the function of the Ca’* binding site responsible
for fast Ca’t-dependent inactivation depends on the
interaction between STIM1 and Orail. The results
presented in this paper suggest that this interaction
between STIM1 and Orail, and therefore the properties of
the regulatory Ca?* binding site(s), or the conformational
change within the Orail/STIM1 complex following Ca**
binding to this site, are affected by the relative expression
levels of Orail and STIM1. With eight potential binding
sites for STIM1 present in Orail tetramer, relative
expression levels of Orail and STIM1 may affect the way
the Orail/STIM1 complex is formed, and therefore, the
properties of the regulatory Ca®* binding site. This can
explain the observed complex dependence of the channel
open probability on voltage and divalent cations.

Lack of inactivation in the presence of Ba*" or Sr**
reported here can be a result of a lower affinity of these
cations to the Ca’" binding site involved in inactivation,
or their lower efficacy. Similarly, lack of inactivation in
cells expressing an excess of Orail can be explained by
lower affinity of this site for Ca**, or its lower efficacy.
Consistent with that, in the cells where Orail/STIM1
mediated current showed little inactivation at negative
potentials, Ba>* had little effect on current kinetics and the
apparent open probability curve, just shifting it to more
negative potentials, while in cells expressing Orail/STIM1
current showing strong inactivation, Ba** abolished most
of the inactivation and revealed a different type of gating
that opened the channel at negative potentials.

Interestingly, Ba>™ has been shown to have different
effects on native Icpac in different cell types. In RBL cells
at potentials below —80 mV, Ba?* current through CRAC
channels was bigger than Ca?* current, while in Jurkat
cells Ba** current was significantly smaller at all potentials
(Hoth, 1995). This difference in Ba’>" permeability led
to a suggestion that there might be different subtypes
of CRAC channels expressed in different cell types. Our
data suggest that different cell types that express the same
isoforms of Orai and STIM still can have Icpac with
different properties if the ratios of expression of Orail
and STIMI are different.

Another salient property of Icrac is potentiation by
lower and inhibition by higher concentrations of 2-APB
(Prakriya & Lewis, 2001). It has been suggested that
2-APB potentiates Icrac by increasing the number of
active CRAC channels on the plasma membrane (Prakriya
& Lewis, 2006). Potentiation by 2-APB of Orail/STIM1
mediated currents has been reported in some over-
expression studies but not in others (Mercer et al. 2006; Lis
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et al. 2007). Here we show that the extent of potentiation
of the Orail/STIM1 current by 2-APB depends on relative
levels of expression of Orail and STIMI1 and correlates
with the kinetics of the current. As this potentiation is
much greater when the size of the current is limited
by the expression of STIMI, one can speculate that
2-APB increases the probability of STIM1 interacting with
Orail, thus increasing the number of active channels on
the membrane. With Orail in excess this would favour
formation of Orail/STIM1 complexes with fewer STIM1
bound. Alternatively, 2-APB could facilitate opening of the
pre-formed channels with fewer STIM1 in the complex.
Both these notions are consistent with the observation
that potentiation of the amplitude of the Orail/STIM1
current by 2-APB in cells expressing an excess of Orail
was accompanied by an increase of activating component
of the current recorded at negative voltage steps. Such
strongactivation of the current at negative potentials could
also be achieved in the absence of 2-APB in some cells
where, apparently, expression of Orail relative to STIM1
was exceptionally high.

In conclusion, we have shown that relative expression
levels of Orail and STIMI1 affect the properties of
the ectopically expressed CRAC channels — the fast
Ca?*-dependent inactivation, relative Ba’* conductance,
and potentiation by 2-APB. These data provide an
explanation for the previously observed variations in
the properties of native Icrac in different cell types,
and for some apparent inconsistencies of over-expression
studies where both inactivating and non-inactivating
Orail/STIM1 mediated currents were reported. We believe
that relative expression levels of Orail and STIMI1 affect
the stoichiometry of their assembly, and therefore, the
properties of the Ca’' binding site responsible for
inactivation.
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