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I N T R O D U C T I O N

Ca2+ release–activated Ca2+ (CRAC) channels are proto-
typic store operated channels that are encoded by the 
Orai family of plasma membrane proteins and activated 
by depletion of Ca2+ from the ER (Prakriya and Lewis, 
2015). The ER protein STIM1 is best recognized for its 
function in sensing ER Ca2+ depletion and, in response, 
activating CRAC channels in the plasma membrane. 
However, an early clue that STIM1 is more than an acti-
vating ligand for Orai1 was the observation that chan-
nels activated by an isolated fragment of STIM1 (the 
CRAC activation domain or CAD; STIM1 aa 342–448), 
failed to show characteristic fast Ca2+-dependent inac-
tivation (CDI) in response to Ca2+ entry (Park et al., 
2009). A series of C-terminal truncations identified a 
region of STIM1 (aa 470–491) that is required for 
CDI, termed the inactivation domain of STIM, or IDSTIM 
(Mullins et al., 2009). Additional evidence for a role of 
STIM1 in CDI came from observations that in heterolo-
gous systems the STIM1/Orai1 expression ratio influ-
ences the extent of CDI, with a ratio of 2–4:1 being 
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required for CDI to approach the  level seen for native 
CRAC channels (Scrimgeour et al., 2009; Hoover and 
Lewis, 2011).

A highly negatively charged region within IDSTIM 
(475DDVDDMDEE483) attracted attention from several 
groups as a potential Ca2+ binding site for CDI, based 
on analogy to the highly acidic Ca2+ bowl binding site of 
the BK channel (Cox, 2011). Consistent with such a 
role, alanine or glycine substitutions for various combi-
nations of acidic residues within this region reduced 
CDI, and full neutralization of all acidic residues elimi-
nated CDI (Derler et al., 2009b; Lee et al., 2009; Mullins 
et al., 2009). However, an attempt to test whether the 
acidic region is the Ca2+ sensor for CDI yielded equiv-
ocal results. 45Ca2+ overlay experiments showed that 
Ca2+ bound weakly to a peptide containing this region, 
and mutations that reduced or eliminated CDI reduced 
45Ca2+ binding. However, other mutations (STIM1 482/ 
483 EE>AA) paradoxically increased the Ca2+ sensitivity 
of CDI while reducing 45Ca2+ binding, raising doubts 
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The inactivation domain of STIM1 (IDSTIM: amino acids 470–491) has been described as necessary for Ca2+-depen-
dent inactivation (CDI) of Ca2+ release–activated Ca2+ (CRAC) channels, but its mechanism of action is unknown. 
Here we identify acidic residues within IDSTIM that control the extent of CDI and examine functional interactions 
of IDSTIM with Orai1 pore residues W76 and Y80. Alanine scanning revealed three IDSTIM residues (D476/D478/
D479) that are critical for generating full CDI. Disabling IDSTIM by a triple alanine substitution for these three resi-
dues (“STIM1 3A”) or by truncation of the entire domain (STIM11–469) reduced CDI to the same residual level ob-
served for the Orai1 pore mutant W76A (approximately one third of the extent seen with full-length STIM1). 
Results of noise analysis showed that STIM11–469 and Orai1 W76A mutants do not reduce channel open probability 
or unitary Ca2+ conductance, factors that determine local Ca2+ accumulation, suggesting that they diminish CDI  
instead by inhibiting the CDI gating mechanism. We tested for functional coupling between IDSTIM and the Orai1 
pore by double-mutant cycle analysis. The effects on CDI of mutations disabling IDSTIM or W76 were not additive, 
demonstrating that IDSTIM and W76 are strongly coupled and act in concert to generate full-strength CDI. Interest-
ingly, disabling IDSTIM and W76 separately gave opposite results in Orai1 Y80A channels: channels with W76 but 
lacking IDSTIM generated approximately two thirds of the WT extent of CDI but those with IDSTIM but lacking W76 
completely failed to inactivate. Together, our results suggest that Y80 alone is sufficient to generate residual CDI, 
but acts as a barrier to full CDI. Although IDSTIM is not required as a Ca2+ sensor for CDI, it acts in concert with 
W76 to progress beyond the residual inactivated state and enable CRAC channels to reach the full extent  
of inactivation.
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154 Coupling between IDSTIM and the Orai1 pore

1:1 mass ratio used in our previous study of CDI (Mullins et al., 
2009). Cells with a high mCh-STIM1/GFP-Orai1 ratio were se-
lected for recording by the relative fluorescence of mCherry and 
GFP as described in Mullins et al. (2016).

Recording solutions
The standard 20 mM Ca2+ Ringer’s solution contained (in mM) 
130 NaCl, 4.5 KCl, 20 CaCl2, 1 MgCl2, 10 D-glucose, and 5 HEPES, 
pH 7.4 with NaOH. The 2 mM Ca2+ Ringer’s solution substituted 
(in mM) 155 NaCl and 2 CaCl2. The base DVF solution (DVF) con-
tained (in mM) 150 NaCl, 10 HEDTA, 10 HEPES, 10 TEA-Cl, and 
1 EDTA, pH 7.4 with NaOH. DVF solutions with micromolar lev-
els of free [Ca2+] (calculated with MaxChelator; Bers et al., 2010) 
were made by adding CaCl2 from a 1-M stock before titrating the pH.

The standard EGTA internal solution included 150 mM Cs as-
partate, 8 mM MgCl2, 10 mM EGTA, and 10 mM HEPES, pH 7.2 
with CsOH. The BAPTA internal solution contained 135 mM Cs 
aspartate, 8 mM MgCl2, 8 mM Cs4BAPTA(Molecular Probes), and 
10 mM HEPES, pH 7.2 with CsOH.

Electrophysiology
Currents were recorded with the standard whole-cell patch-clamp 
technique at 22–25°C, filtering at 2 kHz and sampling at 5 kHz, 
with all voltages corrected for liquid junction potentials. 2 mM 
Ca2+ Ringer’s solution with 100 µM LaCl3 was used for leak 
subtraction.

CDI was evoked by 200-ms hyperpolarizing steps from a hold-
ing potential of +30 mV and quantified by dividing the current 
measured at 195 ms by the peak current at the start of the pulse. 
Peak current was taken 1–3 ms after the step to minimize the im-
pact of uncompensated capacitance. Peak current was taken at  
1–1.5 ms after the step for the most rapidly inactivating channels, 
using only those cells with the smallest leak-subtracted capaci-
tance artifacts.

Data analysis
The kinetics of Orai1 current inactivation were fit with a biexpo-
nential function to generate fast and slow time constants and am-
plitudes summarized in Figs. S1, S2, and S4. Unitary properties 
for Na+ currents were derived by applying ensemble variance 
analysis (Sigworth, 1980; Prakriya and Lewis, 2006) to 200-ms 
current sweeps collected under continuous holding at 100 mV 
as in Fig. 3. Estimates of unitary Ca2+ current (iCa) were made by 
adjusting the unitary Na+ current (iNa) by the relative magnitude 
of macroscopic ICa and INa as measured using rapid solution ex-
changes and correcting for the residual level of CDI in 2 mM 
Ca2+ Ringer’s (Fig. S3; Mullins et al., 2016).

Data in all summary figures show mean ± SEM. Two-sample t 
tests were used for statistical comparisons.

Online supplemental material
Fig. S1 shows biexponential time constants and amplitudes of CDI 
for channels with a residual inactivation phenotype. Fig. S2 shows 
biexponential time constants and amplitudes of CDI for the ala-
nine scan of IDSTIM. Fig. S3 shows representative data used to esti-
mate iCa from iNa. Fig. S4 compares kinetic parameters of CDI  
for the STIM11-469 and Orai1 Y80A mutations studied individually 
and in combination. Online supplemental material is available at 
http://www.jgp.org/cgi/content/full/jgp.201511438/DC1.

R E S U LT S

CRAC channels inactivate to a limited extent without IDSTIM

IDSTIM (aa 470–491 of human STIM1) was initially thought 
to be absolutely required for CDI based on observations 

about its function as a simple Ca2+ sensor (Mullins et al., 
2009).

Although IDSTIM clearly has an important function in 
the CDI process, its basis is as yet poorly understood. 
Because all studies to date have altered multiple rather 
than individual residues in IDSTIM, the specific acidic 
residues that are most important for CDI have yet to be 
identified. Furthermore, it is not known whether IDSTIM 
affects CDI directly by contributing to the conforma-
tional changes involved in inactivation gating or indi-
rectly by changing the CRAC channel’s open probability 
or unitary current and hence Ca2+ accumulation near 
the inner pore. If IDSTIM contributes to conformational 
changes, does this occur via functional coupling to 
Orai1 pore residues W76 and Y80, which appear to con-
trol conformational changes within the pore leading to 
inactivation (see Mullins et al. in this issue)? Finally, as 
discussed, it is unknown whether IDSTIM is required for 
Ca2+ sensing in CDI.

In this paper, we address the four questions intro-
duced above. By identifying new experimental condi-
tions under which CRAC channels inactivate significantly 
in the absence of IDSTIM, we find that IDSTIM is not abso-
lutely required as a Ca2+ sensor. Alanine scanning of the 
negatively charged region of IDSTIM defines the contri-
butions of specific acidic residues to CDI, and three res-
idues (D476/D478/D479) emerge as the functional 
core of the domain. Deletion of IDSTIM does not change 
channel open probability or unitary current, suggest-
ing that IDSTIM acts directly to promote conformational 
changes leading to CDI. Finally, mutant cycle analysis of 
STIM1 and Orai1 mutants reveals a close functional 
coupling between IDSTIM and Orai1 pore residue W76, 
but not Y80, defining a functional IDSTIM-W76 module 
that drives full-strength CDI.

M AT E R I A L S  A N D  M E T H O D S

Abbreviated methods are summarized here. A detailed descrip-
tion of all methods, including equations used in data analysis, can 
be found in Mullins et al. (2016).

Cells
Experiments used HEK293-H cells (Gibco) grown in Dulbecco’s 
modified Eagle medium with 10% FBS, 1% penicillin/streptomy-
cin, and 1% l-glutamine (Gemini) in a humidified 5% CO2 incu-
bator at 37°C.

Plasmid cDNA constructs
Experiments used WT or mutant versions of previously described 
mCherry-STIM1 (Luik et al., 2006) and Orai1-GFP (Xu et al., 
2006) constructs. For alanine scanning of IDSTIM, all alanine sub-
stitutions were made by QuikChange mutagenesis (Agilent).

Transfection
In the standard experimental design, HEK293-H cells were trans-
fected with mCh-STIM1– and GFP-Orai1–derived constructs at a 
4:1 mass ratio (or 12:1 for noise analysis experiments) 16–48 h 
before recording. Importantly, these ratios are higher than the 
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� Mullins and Lewis 155

higher and more well-controlled STIM1/Orai1 ratio 
relative to the earlier study.

Despite its small amplitude, residual inactivation re-
sembles full CDI in several important ways. Like CDI  
of WT channels, it follows a double-exponential time 
course (Fig. S1), and its extent increases with hyperpo-
larization (Fig. 1 B). Several observations suggest that, 
like full CDI, the apparent voltage dependence of resid-
ual CDI arises from the voltage dependence of Ca2+ 
entry (Zweifach and Lewis, 1995). The extent of resid-
ual inactivation was significantly reduced by lowering 
extracellular Ca2+ from 20 to 2 mM (P < 105 at 120 mV) 
or by substituting the fast buffer BAPTA for the slower 

that heterologous expression of STIM11–469 with Orai1 
produced currents that did not inactivate, whereas 
STIM11–491 with Orai1 produced currents with normal 
CDI (Mullins et al., 2009). In this study, we found that 
expressing STIM11–469 and WT Orai1 at a higher STIM1/
Orai1 ratio (see Materials and methods) generated cur-
rents with a low but consistent level of inactivation 
equivalent to approximately one third of the level pro-
duced with full-length STIM1 (Fig. 1, A and B). For 
shorthand, we refer to the inactivation supported by 
STIM11–469 as “residual inactivation.” We attribute this 
increased level of inactivation for STIM11–469, like that 
observed for Orai1 W76A in Mullins et al. (2016), to a 

Figure 1.  Residual inactivation in the absence of IDSTIM remains Ca2+-sensitive. All currents were recorded in HEK293H cells cotrans-
fected with WT Orai1-GFP together with either WT mCh-STIM1 (aa 1–685) or mCh-STIM11-469 after induction of ICRAC reached a maxi-
mum (300 s after break-in). Currents were evoked by 200-ms hyperpolarizations to the voltages indicated. (A) Representative currents 
are shown with the STIM1 variant and extracellular [Ca2+] and intracellular [EGTA] or [BAPTA] indicated in mM. WT traces are from 
Fig. 3 A in Mullins et al. (2016). (B) The extent of CRAC channel inactivation for the various conditions, summarized as current remaining 
at the end of the pulse. Each point represents the mean ± SEM for n = 5–6 cells. (C) Current during 100-ms steps from +30 to 100 mV  
was recorded from a representative cell expressing STIM11–469 + WT Orai1, first in 20 mM Ca2+

o and then in divalent-free (DVF) extra-
cellular solution.
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156 Coupling between IDSTIM and the Orai1 pore

Figure 2.  Alanine scan of IDSTIM reveals 
two functional groups of acidic residues. 
All currents were recorded as described 
in Fig. 1 in cells cotransfected with WT 
Orai1-GFP together with either WT or 
mutant Ch-STIM1, with 20 mM Ca2+

o and 
the standard 10 mM EGTA internal solu-
tion. Representative currents are shown 
for WT STIM1 (A, data from Fig. 1 A), 
D475A (B), D476A (C), D478A (D), 
D479A (E), D481A (F), E482A (G), and 
E483A (H). Representative currents for 
the STIM1 3A triple mutant (I; D476A 
D478A D479A) and the STIM1 4A qua-
druple mutant (J; D475A D481A E482A 
E483A) are also shown. (K) One group 
of neutralizations, highlighted in blue, 
strongly reduced the extent of CDI. Sum-
mary data for STIM11–469 are shown in 
red for comparison. (L) A second group 
of neutralizations, plotted in green, re-
tained strong CDI. Each point on the 
summary graphs represents the mean ± 
SEM for n = 5–6 cells.
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� Mullins and Lewis 157

EGTA in the intracellular solution (P < 0.01 at 120 mV; 
Fig. 1, A and B), as previously reported for CDI of  
endogenous CRAC channels (Hoth and Penner, 1993; 
Zweifach and Lewis, 1995). Finally, residual inactivation 
was completely absent in Na+-ICRAC recordings made 
under divalent-free conditions (Fig. 1 C). Together, these 
results demonstrate that residual inactivation observed 
in the absence of IDSTIM is Ca2+ dependent, similar to 
native CDI supported by full-length STIM1.

Alanine scan of acidic residues in IDSTIM

Neutralization of combinations of charged residues within 
IDSTIM has been shown to eliminate, reduce, or enhance 
CDI, but mutations of individual residues have not been 
studied (Derler et al., 2009b; Lee et al., 2009; Mullins et al., 
2009). To clarify the contributions of individual residues 
to CDI, we performed a full alanine scan of this nega-
tive charge cluster within IDSTIM (475DDVDDMDEE483).

The effects of alanine substitution separated the 
acidic residues into two groups. In the central group 
(D476, D478, and D479), individual alanine substitu-
tions reduced the extent of CDI by approximately half 
(Fig. 2, C–E). A triple alanine substitution for all three 
residues (Fig. 2 I, “3A”) further reduced CDI to the 
residual level of approximately one third seen with 
STIM11–469 (Fig. 2 K; P = 0.28 at 120 mV) and the 
Orai1 W76A/V/L/I mutants (Fig. 5 G of Mullins et al. 
[2016]; P = 0.13 for STIM1 3A vs. W76A at 120 mV), 
indicating that the 3A mutation had eliminated IDSTIM’s 
ability to boost CDI above the residual level.

In contrast, individual alanine substitutions in the 
flanking group of acidic residues either had minimal 
effects (D475, D481, and E482) or significantly in-
creased (E483; P < 0.02 vs. WT at 120 mV) the extent 
of CDI (Fig. 2, B and F–H). A quadruple alanine substi-
tution for all four residues (Fig. 2 J, “4A”) inactivated 
strongly but with an altered apparent voltage depen-
dence and was not studied further (Fig. 2 L, summary). 
Many individual alanine mutations and the combina-
tion mutations in both groups of acidic residues mod-
estly accelerated the kinetics of CDI, with the 4A mutation 
producing the largest effect (Fig. S2).

Thus, the contributions of individual IDSTIM residues 
to CDI are complex; although the central group of 
acidic residues (D476, D478, and D479; Fig. 2, blue) is 
required to support the full extent of CDI, reducing 
side chain size and/or charge in either the central or 
the flanking (green) group of residues appears to accel-
erate the process (Fig. S2 A).

IDSTIM and Orai1 residue W76 affect the channel’s response 
to local [Ca2+]
The reduced level of inactivation observed for the 
STIM11–469 and Orai1 W76A/V/L/I mutants could occur 
in two ways. The mutants could directly affect the abil-
ity of the channel to respond to local Ca2+ accumulation, 

or they could diminish CDI indirectly by reducing the 
single-channel Ca2+ current or open probability (Po). 
Unfortunately, the extremely small unitary conduc-
tance of CRAC channels precludes single-channel re-
cording. Therefore, to address this point we applied 
ensemble current noise analysis (Prakriya and Lewis, 
2006) to estimate the unitary current and Po in cells 
expressing STIM11–469 + WT Orai1 or WT-STIM1 + Orai1 
W76A. Monovalent currents were measured under DVF 
conditions, and current noise and Po were varied by 
adding micromolar amounts of Ca2+ to produce flick-
ery block. At a constant holding potential of 100 mV, 
switching from 2 mM Ca2+ to DVF produced a step  
increase in current due to Na+ influx, followed by a 
slow decline resulting from Orai1 depotentiation, and 
returning to 2 mM Ca2+ allowed the channels to repo-
tentiate (Zweifach and Lewis, 1996; Fig. 3 A). The se-
quence of solution changes was then repeated using 
DVF containing varying levels of Ca2+, and for each ap-
plication a single 200-ms trace collected at the peak of 
the Na+ current was analyzed (Fig. 3, A and B, colored 
dots). The Ca2+ blocking affinity was similar for WT, Orai1 
W76A, and STIM11–469 channels, being well described 
by the Hill equation with a K1/2 of 24–32 µM and Hill 
coefficient (nH) of 0.9–1.1 (Fig. 3 C and Table 1). Po 
values obtained from parabolic fits to the variance ver-
sus mean current (Fig. 3 D; see Materials and methods) 
were similar for the three channels (0.76–0.81; Table 1; 
P > 0.3 for both STIM11–469 vs. WT and Orai1 W76A vs. 
WT). Finally, the unitary Na+ current amplitude (iNa) 
was estimated by extrapolating the variance/current 
ratio to the limit of complete block (Po = 0; Fig. 3 E); 
again, all three channels had similar values for iNa of 
80 to 83 fA at 100 mV (Table 1; P > 0.7 for both 
STIM11–469 vs. WT and Orai1 W76A vs. WT). Thus, the 
Ca2+ affinity, unitary Na+ current, and open probability 
of channels incorporating STIM11–469 or Orai1 W76A 
were indistinguishable from that of WT channels.

To determine whether the STIM11–469 or Orai1 
W76A mutations affected the Ca2+ conductance of sin-
gle CRAC channels, we made estimates based on our 
values for iNa. When the extracellular solution is changed 
from 2 mM Ca2+ to DVF, the whole-cell current in-
creases as the current carrier is switched from Ca2+ to 
Na+ (Fig. S3 A). Therefore, iCa can be estimated by di-
viding iNa by the ratio of INa/ICa, after adjusting ICa for 
the resting level of inactivation in 2 mM Ca2+ (Fig. S3 B; 
see Materials and methods). Using this approach, we 
estimated iCa for WT, STIM1 1–469, and Orai1 W76A 
channels (Table 1). Although iCa values estimated for 
STIM11–469 and Orai1 W76A are somewhat higher than 
for WT channels, the differences are not statistically sig-
nificant (P = 0.063 for STIM11-469 vs. WT; P = 0.363 for 
Orai1 W76A vs. WT). Thus, we would expect local [Ca2+] 
near the inner pore to be similar for WT, STIM11–469, 
and Orai1 W76A channels. Based on these results, we 
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158 Coupling between IDSTIM and the Orai1 pore

STIM1 mutants (STIM1 3A or STIM11–469) with WT 
Orai1, WT STIM1 with Orai1 W76A, or the two mu-
tant proteins together (Fig. 4, A–C). STIM1 3A and 
STIM11–469 produced similar levels of residual inac
tivation whether they were coexpressed with WT  
or W76A Orai1 (Fig. 4, D and E). The fact that the  
residual CDI of the Orai1 W76A mutant was not  
further reduced when activated by IDSTIM-deficient 
mutants indicates that IDSTIM and Orai1 W76 are 
strongly coupled and comprise a functional module 
that is required to boost CDI from the residual to the  
full level.

conclude that IDSTIM and Orai1 residue W76 promote 
CDI by directly affecting the channel’s ability to re-
spond to local [Ca2+]i rather than by altering the local 
[Ca2+]i itself.

IDSTIM and Orai1 W76 act in concert to drive  
full-strength CDI
The Orai1 W76A mutation and mutations that abrogate 
IDSTIM function (STIM1 3A, STIM11–469) all support a simi-
lar residual level of CDI. To test for functional coupling 
between IDSTIM and W76, we applied a double-mutant 
cycle strategy based on coexpressing IDSTIM-deficient 

Figure 3.  Ensemble variance analysis of CRAC channels with residual inactivation phenotypes. (A) A thapsigargin-pretreated cell ex-
pressing Ch-STIM11-469 and WT Orai1-GFP was held continuously at 100 mV in 2 mM Ca2+

o, and as indicated by the bars, DVF solutions 
containing variable low [Ca2+]o were applied transiently to produce and partially block the Na+-CRAC current. Colored circles indicate 
peak currents corresponding to the 200-ms sweeps shown in (B), which were divided into 25-ms segments for analysis (see Materials 
and methods). (C) Ca2+ block of Na+ currents for WT STIM1 + WT Orai1, STIM11–469 + WT Orai1, and WT STIM1 + Orai1 W76A. Na+ 
current was measured immediately after applying DVF solution containing the indicated [Ca2+]o, and normalized to the value for the 
pure DVF solution. Each point represents the mean ± SEM for n = 3–4 cells. Lines are fits of the Hill equation, block = 1/[1 + (K1/2/ 
[Ca])n

H]. (D) Normalized variance versus current plots for each condition were fitted by a parabolic function to determine open 
probability (see Materials and methods). (E) Variance/current versus block plots were fitted by a linear function to determine 
unitary current (see Materials and methods). Unitary channel properties are summarized in Table 1. WT data are reproduced from 
Mullins et al. (2016).

TA B L E  1

Unitary channel properties for WT CRAC, STIM11–469, and Orai1 W76A

Channel Po iNa iCa Ca2+ affinity (K1/2) nH  n

fA fA µM

WT CRACa 0.81 ± 0.02 79.6 ± 2.4 9.6 ± 0.4 24.2 ± 2.0 0.87 ± 0.10 3

STIM11–469
b 0.78 ± 0.02 79.9 ± 6.6 14.0 ± 1.5 32.0 ± 4.5 1.13 ± 0.11 4

Orai1 W76Ac 0.76 ± 0.04 83.4 ± 9.2 12.4 ± 2.3 26.4 ± 4.4 1.11 ± 0.08 3

All channel properties were measured at 100 mV.
aWT STIM1 + WT Orai1; data reproduced from Mullins et al. (2016).
bSTIM11–469 + WT Orai1.
cWT STIM1 + Orai1 W76A.
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� Mullins and Lewis 159

Figure 4.  IDSTIM and Orai1 W76 act in concert to enable full-strength CDI. All currents were recorded as described in Fig. 1 with  
20 mM Ca2+

o and the standard 10 mM EGTA internal solution. The brackets indicate overlapping mutant cycles. Cells coexpressed the 
indicated STIM1 and Orai1 variants, and where a label is absent the WT STIM1 or Orai1 protein was expressed. Bars above traces indi-
cate the native CDI elements present in each condition. (A) Representative currents for WT STIM1 + WT Orai1 (from Fig. 1 A) and WT  
STIM1 + Orai1 W76A (from Fig. 5 B in Mullins et al., 2016). (B) Representative currents for STIM1 3A + WT Orai1 (from Fig. 2 I)  
and STIM1 3A + Orai1 W76A. (C) Representative currents for STIM11–469 + WT Orai1 (from Fig. 1 A) and STIM11–469 + Orai1 W76A. 
(D and E) Summary of the extent of CDI measured for the mutant cycles involving STIM1 3A and STIM11–469, respectively. Each point 
on the summary graphs represents the mean ± SEM for n = 5–6 cells. The residual inactivation persists even when mutant STIM1 and 
mutant Orai1 are expressed together.
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Different functions of IDSTIM and W76 are revealed in the 
Y80A mutant
Although IDSTIM and W76 appear to act in concert to 
promote CDI, they are likely to play different roles. We 
explored these by examining the effects of IDSTIM or 
W76A mutants on an Orai1 Y80A mutant background. 
As described, loss of IDSTIM limits CDI to the residual 
level (STIM11–469; Fig. 5 B, left), whereas Y80A acceler-
ates the kinetics of CDI without altering its extent  
(Fig. 5 A, right). However, coexpression of Orai1 Y80A 
with STIM11–469 increased CDI to an intermediate level 
between that of STIM11–469 and WT STIM1 (Fig. 5 B, right; 
Fig. 5 D, summary). Importantly, these results clearly 
show that Orai1 can inactivate to a significant degree 
(two thirds of the WT extent) without IDSTIM  function.

Given that W76 and IDSTIM show strong functional 
coupling, the simplest expectation was that W76A  
would produce the same intermediate CDI phenotype 
as STIM11–469 when combined with the Orai1 Y80A  

mutation. However, the W76A/Y80A double mutant 
completely failed to inactivate (Fig. 5, C [right] and D). 
Thus, alanine substitution for Y80 reveals functional  
differences in the components of the IDSTIM–W76 mod-
ule. Whereas W76 alone is capable of responding to 
Ca2+ and promoting an intermediate level of CDI  
(Fig. 5 B, right), IDSTIM alone is not (Fig. 5 C, right). 
Moreover, Y80 appears to limit the inactivating ability of 
W76 alone (Fig. 5 B), whereas it enables a residual 
amount of CDI in the absence of W76 (Fig. 5 C, left), 
IDSTIM (Fig. 5 B, left), or both (Fig. 4 C, right). Results 
are summarized in Fig. 5 D.

D I S C U S S I O N

In this study, we examined the role of IDSTIM in Ca2+- 
dependent inactivation of CRAC channels. We identified  
a core of acidic residues that are most critical for CDI 
and showed that IDSTIM operates in concert with the 

Figure 5.  Orai1 W76A and STIM11–469 have opposite effects on CDI in the Orai1 Y80A background. All currents were recorded as 
described in Fig. 1 with 20 mM Ca2+

o and the standard 10 mM EGTA internal solution. Bars above traces indicate the native elements 
present in each condition. (A) Representative currents for WT STIM1 + WT Orai1 (from Fig. 1 A) and WT STIM1 + Orai1 Y80A (from 
Fig. 3 B in Mullins et al., 2016). (B) Representative currents for STIM11–469 + WT Orai1 (from Fig. 1 A) and STIM11-469 + Orai1 Y80A.  
(C) Representative currents for WT STIM1 + Orai1 W76A (from Fig. 4 A) and WT STIM1 + Orai1 W76A Y80A. (D) Summary of the 
extent of CDI measured for the different conditions. Each point on the summary graph represents the mean ± SEM for n = 5–6 cells. 
Although both STIM11–469 and Orai1 W76A have a residual inactivation phenotype when studied on a WT background (B and C, left;  
D, open symbols), they modulate CDI in opposite directions in the background of Orai1 Y80A (B and C, right; D, closed symbols).
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STIM11–469; Fig. 5, B and D). Thus, although a limited 
contribution to Ca2+ sensing cannot be ruled out, the 
most parsimonious interpretation is that IDSTIM in-
stead shapes the Ca2+ sensitivity of CDI by coupling 
Ca2+ binding to CDI gating. Viewed in this manner,  
the E483A and 482/483 EE→AA mutations may in-
crease the apparent Ca2+ sensitivity of CDI by enhanc-
ing coupling rather than by directly affecting the Ca2+ 
binding site.

Full-strength CDI requires the concerted action of IDSTIM 
and W76
A striking pattern emerging from our data collected at 
high STIM1/Orai1 ratio was the occurrence of residual 
inactivation (approximately one third of the full WT ex-
tent) under several conditions in which the function of 
IDSTIM or Orai1 W76 was lost (STIM11–469, STIM1 3A, or 
W76A; Fig. 4). In previous studies (Derler et al., 2009b; 
Mullins et al., 2009), residual CDI was masked by poten-
tiation, presumably because of low STIM1/Orai1 ratio 
(Scrimgeour et al., 2009; Hoover and Lewis, 2011). Our 
current results further underscore the importance of  
a high STIM1/Orai1 ratio for determining mutant CDI 
phenotypes.

Residual inactivation is Ca2+ dependent with an appar-
ent voltage sensitivity similar to that of full-strength CDI 
(Fig. 1 B, scaled curve). Because the voltage depen-
dence of CRAC channel CDI can be ascribed to the volt-
age dependence of Ca2+ entry (Zweifach and Lewis, 1995), 
this result suggests that the two forms of CDI share a 
similar Ca2+ sensitivity and thus may use the same Ca2+ 
sensor. The relation of the residual to full CDI states  
is not clear, but it could represent an intermediate  
between open and fully inactivated states, limited oc
cupancy of the fully inactivated state (e.g., through  
reduced stabilization of the CDI state), or a conforma-
tion that is not normally visited when IDSTIM and W76 
are functional. Interestingly, the residual inactivated state 
is distinguished by its dependence on Y80. Of all the 
mutant combinations we have studied, residual inactiva-
tion only occurred when the W76-IDSTIM module was 
disabled and Y80 was present (Figs. 4 and 5).

In contrast, the full extent of CDI intrinsic to the 
CRAC channel is independent of Y80 but requires the 
presence of both W76 and IDSTIM (Fig. 5). A critical 
finding is that W76 and IDSTIM are strongly coupled and 
act in concert to generate CDI, based on our observa-
tions that loss of W76 and IDSTIM together produces the 
same level of residual CDI as the loss of each element 
individually (Fig. 4). Importantly, disruption of the 
IDSTIM-W76 module does not reduce channel open 
probability or unitary current (Fig. 3 and Table 1), which 
suggests that rather than affecting the accumulation of 
Ca2+, IDSTIM and W76 act together to foster full CDI by 
enabling the channel’s response to a given local [Ca2+]. 
Given the evidence discussed against IDSTIM as a Ca2+ 

Orai1 pore residue W76 to produce full-strength CDI. 
The IDSTIM–W76 module appears to function by con-
trolling inactivation gating rather than increasing Ca2+ 
accumulation near the pore or serving as a Ca2+ sensor, 
and it acts to overcome Y80-dependent residual inacti-
vation to produce the full extent of CDI.

Individual acidic residues in IDSTIM make distinct 
contributions to CDI
In prior studies, the importance of IDSTIM for CDI was 
established by the effects of neutralizing combinations 
of acidic residues, which did not permit the functional 
contributions of individual residues to be distinguished. 
The results of alanine scanning show here that three 
residues (D476, D478, and D479) are most important 
for enabling full CDI and that the 3A mutant completely 
eliminates IDSTIM function, as it reduces CDI to the 
same residual level observed in the complete absence 
of IDSTIM (STIM11–469; Fig. 2 K). Alanine substitutions  
of the flanking residues D475, D481, and E482 had lit-
tle effect on CDI, whereas E483A significantly in-
creased the extent of CDI (Fig. 2 L), likely because of 
an increased Ca2+ sensitivity of CDI (Mullins et al., 
2009). These results help explain the effects of neutral-
izing combinations of residues in previous studies. 
Neutralization of D476 and D478 can account for the 
reduced CDI observed for 475/476 DD→AA and 
478/481 DD→GG mutations (Mullins et al., 2009). 
Similarly, neutralization of D478 and D479 may be re-
sponsible for reduced CDI in the 5xA mutation (D478, 
D479, D481, E482, and E483 mutated to alanine; Derler 
et al., 2009b). Finally, preserved CDI for the 3xA muta-
tion (D481/E482/E483>AAA; Derler et al., 2009b) 
and enhanced CDI for the E482/E483>AA mutation 
(Mullins et al., 2009) are consistent with the preserved 
or enhanced CDI we observe for the individual D481A, 
E482A, and E483A mutations (Fig. 2 L). Overall, our 
results suggest a functional organization of IDSTIM in 
which a central core of three neighboring aspartate 
residues (D476, D478, and D479) promote full-strength 
CDI and a flanking residue (E483) tempers the Ca2+ 
sensitivity of the process.

Is IDSTIM a Ca2+ sensor for CDI?
Previous evidence supporting a role of IDSTIM as a Ca2+ 
sensor for CDI has been equivocal. Neutralization of 
residues that reduced CDI caused a parallel reduc-
tion in binding Ca2+ of IDSTIM-containing peptides in a 
45Ca2+ overlay assay; however, the E482/E483→AA mu-
tation increased the apparent Ca2+ sensitivity of CDI 
while reducing 45Ca2+ binding (Mullins et al., 2009). 
Our current results provide direct evidence against a 
required role of IDSTIM as Ca2+ sensor by demonstrat-
ing that the Orai1 Y80A mutant channels can inacti-
vate to a significant degree (two thirds of the WT level) 
in the complete absence of IDSTIM (stimulation with 

D
ow

nloaded from
 http://rupress.org/jgp/article-pdf/147/2/153/1795323/jgp_201511438.pdf by guest on 02 D

ecem
ber 2025



162 Coupling between IDSTIM and the Orai1 pore

Possible models for CRAC channel CDI
Functional insights from this study regarding the roles 
of IDSTIM, W76 and Y80 in CRAC channel CDI are sum-
marized in Fig. 6. Bulky hydrophobic side chains in the 
inner pore appear to be required for CDI, because CDI 
is completely eliminated in the absence of W76 and 
Y80 (Fig. 6 A). Y80 alone is sufficient to support a resid-
ual level of CDI, which occurs independently of IDSTIM 
or W76 (Fig. 6 B). That the removal of Y80 allows W76 
alone to support an increased level of CDI (Fig. 6 C) 
implies that Y80 impedes W76-dependent full CDI. 
When IDSTIM and W76 act together to boost CDI to  
its full extent, Y80 slows the kinetics, suggesting that  
the large hydrophobic Y80 side chain imposes an en-
ergy barrier along the pathway to the inactivated state  
(Fig. 6 D). These results lead us to conclude that a critical 
function of the IDSTIM-W76 module is to overcome the 

sensor itself, a more likely function for IDSTIM is to help 
couple the Ca2+ sensor to movements of W76 leading to 
full strength inactivation.

Strong coupling between IDSTIM and W76 does not 
necessarily imply that the functions of the two elements 
are identical, and in fact, distinct roles of IDSTIM and 
W76 are indicated by the effects of disrupting the  
IDSTIM-W76 module in Orai1 Y80A mutant channels. In 
this channel background, loss of IDSTIM produced an in-
termediate level of CDI, whereas loss of W76 eliminated 
it entirely (Fig. 5). The complete absence of CDI in 
W76A/Y80A channels underscores the critical function 
of W76 in enabling CDI. That W76 alone can support  
a substantial amount of CDI indicates that even in the 
absence of IDSTIM, W76 can respond to Ca2+ binding and 
enable a conformational change or blocking particle 
binding to close the channel.

Figure 6.  A summary of functional roles for W76, 
Y80, and IDSTIM. Open-channel states are on the left, 
and inactivated states supported by the various com-
binations of functional elements tested are on the 
right. For convenience, we depict inactivation sche-
matically as a conformational change in the inner 
pore, but other mechanisms are also possible (see 
Discussion). (A) Bulky hydrophobic side chains of 
W76 and Y80 in the inner pore are required for CDI. 
(B) The Orai1 Y80 side chain by itself is sufficient 
to support residual CDI (approximately one third of 
WT CDI) in the absence of a functional IDSTIM–W76 
module. (C) In the absence of Y80 and IDSTIM, Orai1 
W76 by itself can support an intermediate level of 
CDI (approximately two thirds of WT CDI), reveal-
ing an inhibitory role for Y80. (D) The IDSTIM–W76 
module overcomes the Y80-dependent residual CDI 
depicted in B to enable full CDI. Y80 slows the ki-
netics of CDI, suggesting that it imposes an energy 
barrier on the path to full inactivation.
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constitutive activity, confounding clear interpretation 
with respect to CDI (Nesin et al., 2014). Testing for a 
physiological role of CRAC channel CDI will require 
precise ablation or enhancement of CDI, best accom-
plished by genetic introduction of mutations that alter 
the amount of CDI without perturbing local Ca2+ accu-
mulation. Based on our results, specific knockin muta-
tions at Orai1 W76, Y80, or IDSTIM that reduce or eliminate 
inactivation offer a promising new approach to unrav-
eling the physiological roles of CRAC channel CDI.
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