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Summary

Receptor-mediated Ca2* release from the endoplasmic reticulum (ER) is often followed by Ca2*
entry through Ca?*-release-activated Ca?* (CRAC) channels in the plasma membrane [1-5]. RNAI
screens have identified STIM1 as the putative ER Ca2* sensor [6-8] and CRACM1 (Orail; [9-11])
as the putative store-operated Ca?* channel. Overexpression of both proteins is required to
reconstitute CRAC currents (Icrac; [11-14]). We show here that CRACM1 forms multimeric
assemblies that bind STIM1 and that acidic residues in the transmembrane (TM) and extracellular
domains of CRACML1 contribute to the ionic selectivity of the CRAC-channel pore. Replacement
of the conserved glutamate in position 106 of the first TM domain of CRACM1 with glutamine
(E106Q) acts as a dominant-negative protein, and substitution with aspartate (E106D) enhances
Na*, Ba2*, and Sr2* permeation relative to Ca2*. Mutating E190Q in TM3 also affects channel
selectivity, suggesting that glutamate residues in both TM1 and TM3 face the lumen of the pore.
Furthermore, mutating a putative Ca2* binding site in the first extracellular loop of CRACM1
(D110/112A) enhances monovalent cation permeation, suggesting that these residues too
contribute to the coordination of Ca2* ions to the pore. Our data provide unequivocal evidence that
CRACM1 multimers form the Ca%*-selective CRAC-channel pore.
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Supplemental Data
Supplemental Data include Experimental Procedures and are available with this article online at: http://www.current-biology.com/cgi/
content/full/16/20/2073/DC1/.

Note Added in Proof

After completion of the present study and while this manuscript was under review, two online publications presented data that partially
overlap with our findings. Yeromin et al. (2006, NMature, 10.1038/nature05108) found that Drosophila STIM and Orai
coimmunoprecipitate and that the Drosophila Orai E180D mutation (corresponding to our human E106D mutant) reduces the
selectivity of CRAC currents. Prakriya et al. (2006, Nature, 10.1038/nature05122) used the same E106D mutant as we did and arrive
at similar conclusions regarding its reduced selectivity. The latter study finds that the E190Q mutation also affects selectivity, in
general agreement with our findings. Neither of the studies demonstrates CRACM1 multimerization or identifies the aspartate residues
(our D110/112A mutation) as a third site that alters pore selectivity.


http://www.current-biology.com/cgi/content/full/16/20/2073/DC1/
http://www.current-biology.com/cgi/content/full/16/20/2073/DC1/
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Results and Discussion

CRACM1 Associates with Itself to Form the CRAC-Channel Complex

Both STIM1 and CRACM1 are crucial elements of store-operated CaZ* entry. The STIM1
protein, containing a single membrane-spanning domain, likely senses endoplasmic
reticulum (ER) Ca?* levels by virtue of its luminal-facing EF-hand domain [6-8, 15] and
accumulates into ER puncta close to the plasma membrane in response to store depletion [6—
8, 15, 16], whereas CRACML1 is proposed as the pore-forming unit of the channel itself
because, reconstituted with STIMA, it results in massive Ca2*-release-activated CaZ*
(CRAC) channel activation in response to store depletion [11-14]. CRACML1 is a relatively
small protein (301 amino acids), predicted to contain four transmembrane domains with N
and C termini facing the cytosol [9, 10]. Because many ion channels multimerize to form a
functional ion pore, we tested CRACM1’s propensity to multimerize by co-overexpressing
two differently tagged versions of the protein in HEK293 cells and performing reciprocal
coimmunoprecipitation experiments followed by immunoblotting with the relevant anti-tag
antibodies. Figure 1A illustrates that each tagged version of CRACM1
coimmunoprecipitates with the other, indicating that CRACM1 indeed multimerizes with
itself. Because STIM1 moves to the plasma membrane after store depletion, it might interact
with CRACML1. We tested this with differently tagged CRACM1 and STIM1
cooverexpressed in HEK293 cells and subjected to reciprocal immunoprecipitation followed
by immunoblotting with the relevant anti-tag antibodies. As shown in Figure 1B, both
proteins coimmunoprecipitated, suggesting that they bind to each other.

CRAC channels are highly selective for Ca2* ions [1, 2], with limited permeation of Ba2* or
Sr2* and largely impermeant to monovalent cations such as Na*, K*, or Cs* [1, 2, 17].
Removal of extracellular CaZ*, while maintaining 1-2 mM Mg?2*, essentially abolishes
CRAC inward currents. However, upon removal of all divalent cations, Icrac becomes a
nonselective current that conducts monovalent ions [2]. Previous work on voltage-gated
Ca?* channels has elucidated the structural basis for their Ca2* selectivity and identified
transmembrane glutamate residues in the S5-S6 linker regions as crucial structural features
of the ion-conducting pore [18, 19]. We analyzed the primary sequence of CRACM1 and
identified glutamate residues E106 in TM1 and E190 in TM3, both of which are highly
conserved for CRACML and its homologs CRACM2 and CRACM3 (Orai2 and Orai3) as
well as across several species (see Figure 1C). In addition, the first extracellular loop,
linking TM1 and TM2 domains, contains several negatively charged aspartate residues
(D110, D112, and D114) that could potentially be part of a Ca2* binding site. We
constructed several CRACM1 mutants in which we modified these residues to test for their
possible involvement in forming the pore of the CRAC channel and conferring the high
specificity for Ca2*. Coimmunoprecipitation confirmed that these mutant proteins retain the
capacity to multimerize (Figure 1D), and confocal microscopy revealed proper targeting to
the plasma membrane (Figure 1E). We then overexpressed these mutant proteins in HEK293
cells that stably overexpress STIM1 and analyzed them electrophysiologically by whole-cell
patch-clamp recordings in which we induced CRAC currents by IPs-mediated Ca?* store
depletion.
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Transmembrane Domains 1 and 3 of CRACM1 Form the Ca2*-Selective lon-Channel Pore

We first generated a point mutant of CRACML1 in which the glutamate in TM1 at position
106 was changed to a glutamine residue (E106Q). When transfected into STIM1-
overexpressing HEK293 cells, this mutant inhibited thapsigargin-induced Ca2* influx in
fura-2 fluorescence measurements (data not shown), and patch-clamp recordings confirmed
that this mutant not only failed to produce large CRAC currents as did the wild-type
CRACML1 (Figures 2A and 2B), but also caused a complete suppression of the small
endogenous CRAC currents (~0.5 pA/pF) typically seen in STIM1-overexpressing cells or
untransfected HEK293 cells [10, 13]. Even exposure to divalent-free solution, which in
wild-type CRACM1 generates large monovalent currents [13], failed to produce sizeable
inward currents (Figure 2A). Given that the mutation did not affect the capacity of CRACM1
to multimerize (Figure 1D) or its transport to the plasma membrane (Figure 1E), this result
suggests that the E106Q mutant acts as a dominant-negative protein that can form normal
CRACM1 complexes and even coassemble with endogenous CRACML, but is not able to
provide a pore that would allow permeation of either Ca2* or Na* ions.

We therefore made a charge-conserving mutation by converting the glutamate into an
aspartate residue (E106D). This mutant exhibited membrane currents that activated similarly
as wild-type CRACML1 after IP3-mediated store depletion, but were smaller on average (-8
+ 1 pA/pF, n =12 versus —30 + 6 pA/pF, n = 14; cf. Figures 2A and 2C). The selectivity of
these mutated CRACML channels also differed markedly from that of wild-type CRACM1,
converting the typically inwardly rectifying current-voltage relationship into outwardly
rectifying and shifting its reversal potential from far positive voltages toward 0 mV (cf.
Figures 2B and 2D), suggesting a significant loss in Ca2* selectivity. The prominent outward
currents developed with exactly the same time course as the inward current and are therefore
likely carried by the major intracellular cation Cs* flowing through CRAC channels. Upon
removal of extracellular Ca2*, the current reversed to inward rectification as a result of a
massive increase of inward current and a slight increase in outward current. It should be
noted that these effects were obtained by a simple removal of Ca?* while the presence of 2
mM Mg?2* was maintained, which normally prevents any monovalent inward or outward
currents through wild-type CRACML1 channels. The large increase in inward current upon
removal of Ca2* suggests that the channel still conducts Ca2* ions inwardly when Ca2* ions
are present and precludes massive Na* flux. We confirmed this by experiments in which we
maintained extracellular Ca%* at 10 mM and replaced extracellular Na* by nonpermeant
TEA®. This caused a reduction in inward current by ~50% (Figures 2C and 2D), where the
remaining inward current is carried by Ca2* ions and the outward current by the
predominant intracellular Cs* ions.

Additional ion-substitution experiments confirmed that the modified selectivity of this
mutant is not limited to monovalent cations, but also affects the relative permeability of Ba2*
ions. Figures 2E and 2F illustrate that the equimolar substitution of Ca2* by Ba2* causes
only a small decrease in inward current, a result that is in marked contrast to the wild-type
CRACML1 channel, where the same ion substitution reduces inward currents by ~90%. Thus,
the E106D mutant has a significantly increased Ba2* permeation compared to the wild-type.
Together, these results suggest that the E106 residue is a crucial structural element that
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confers the CRAC channel’s high Ca?* selectivity und unequivocally demonstrates that
CRACML indeed represents the poreforming subunit of the CRAC channel. In addition, it
seems plausible to suggest that the E106 residues of several CRACM1 subunits may form a
concentric ring of negative charges lining the channel pore to form the selectivity filter and
favor Ca2* ions over all other cations. However, in voltage-gated CaZ* channels, it is found
that four glutamate residues in equivalent positions of each of the four repeats I-1V interact
to allow the binding of two Ca?* ions in close proximity [19]. Hence, the CRACM1 channel
may contain additional residues that contribute to Ca2* binding and selectivity.

Sequence analysis reveals in TM3 another acidic and negatively charged residue (E190) that
is equally well conserved across CRACM proteins. We constructed a mutant in which we
replaced this glutamate by a glutamine residue (E190Q mutation). When transfected into
STIM1-expressing HEK?293 cells, we found that this mutant activated normally after 1P3-
induced store depletion and generated inward currents that were primarily carried by Ca2*,
because removal of extracellular Ca2* (while maintaining 2 mM Mg?2*) reduced inward
currents by about 70% (Figure 2G). The remaining Na* current is larger than in wild-type
CRACM1, suggesting reduced selectivity for Ca2* over Na*. However, in marked contrast to
the E106D mutant, inward currents did not increase. Interestingly, the outward current
through the E190Q mutant was more prominent and linear than that of the E106D mutant
(Figure 2H), suggesting that monovalent outward permeation of Cs* is significantly
enhanced in this mutant. Finally, we tested the E190Q mutant for Ba2* permeability, which
is very low in wild-type CRACML, but significantly increased in the E106D mutant.
Substitution of Ca2* by Ba2* resulted in almost complete abolition of inward current with
only 5% of inward current remaining under Ba2* (Figure 2G), suggesting that the E190Q
mutant retains high Ca2* selectivity over BaZ* similar to wild-type CRACML.

Together, these results suggest that both glutamates in position 106 in TM1 and position 190
in TM3 participate in shaping the selectivity of the CRAC channel. It is therefore reasonable
to conclude that both likely face the luminal side of the aqueous pore and jointly provide the
necessary constraints that impose the exquisite Ca2* selectivity of the channel.

The First Extracellular Loop of CRACML1 Contributes to the Pore Selectivity

Adjacent to the critical E106 residue, in the first extracellular loop of CRACML1, there are
three closely spaced aspartate residues (D110/112/114) that may participate in coordinating
the binding of Ca2* at the outer mouth of the channel. We generated a double mutant in this
region by changing the most conserved negatively charged aspartate residues at positions
110 and 112 into alanines (D110/112A mutation). The predominant plasma-membrane
localization of this mutant and its multimerization potential were comparable to those of
wild-type CRACM1 (Figure 1D and 1E). The CRAC currents generated by the D110/112A
mutant activated with a similar time course as those produced by the wild-type channel
(Figure 3A). The inward currents of both constructs at =80 mV also were quite similar;
however, the mutant showed a distinctive and much larger outward current at +130 mV than
the wild-type channel. The current-voltage relationships of the wild-type and mutant
constructs illustrate these features in more detail (Figure 3C). Thus, at negative voltages,
both constructs exhibit similar inwardly rectifying currents, whereas at voltages more
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positive than +80 mV, the D110/112A mutant passes a significantly larger amount of
outward current. Figure 3A also demonstrates that the inward currents of both wild-type and
mutant channels remained largely unaffected when extracellular Na* was removed by
replacing it with TEA* and maintaining 10 mM Ca2* as the only charge carrier. This
suggests that both channel constructs retain high selectivity for Ca2* over Na* influx when
10 mM Ca?* is present extracellularly.

However, because outward movement of monovalent cations was enhanced in the
D110/112A mutant, we tested whether monovalent inward currents might be enhanced at
low extracellular Ca2*. We assessed this by ion-substitution experiments in which we
removed extracellular Ca*. When Ca2* is removed, while 130 mM Na* and 2 mM Mg?2*
are retained, the wild-type CRAC current is essentially abolished (Figure 3B), demonstrating
that the remaining Mg2* completely prevents monovalent Na* permeation. In contrast, the
inhibition of the inward current by the D110/112A mutant is not as complete, suggesting
that the absence of Ca2* allows for more Na* permeation than in the wild-type. The
remaining Na* inward current could then be blocked completely when replacing
extracellular Na* by TEA* (Figure 3B). Additional experiments revealed that the
D110/112A mutant also allows limited permeation of K* ions, but negligible permeation of
Cs* in the inward direction (Figure 3D). These results suggest that the aspartate residues in
the loop between TM domains 1 and 2 contribute to the selectivity profile of CRACM1
channels, presumably by coordinating Ca2* binding to the outer mouth of the channel and
thereby contributing to the discrimination of CaZ* ions against monovalent cations.

On the basis of the above results, one would expect the D110/112A mutant to modify the
interplay of divalent and monovalent permeation, which in the wild-type CRAC channel
manifests itself in a dose-response curve for extracellular Ca2* with a characteristic
anomalous mole-fraction behavior (Figure 3F). Thus, in the complete absence of
extracellular divalent ions (nominally divalent- free solution + 10 mM EDTA), CRAC
channels allow significant Na* permeation. However, exposing cells to just nominally
divalent-free solutions without EDTA (free Ca2* and Mg2* estimated at ~1 uM) or adding
10 uM Ca?* virtually eliminates inward currents in wild-type CRACM1 channels (Figure
3E). As Ca?* is increased into the millimolar range, CRAC currents increase again as a
result of selective Ca2* permeation. The inhibitory effect of low Ca2* concentrations on Na*
permeation could be mediated by the binding of Ca2* to the aspartate residues in the first
extracellular loop. Indeed, the D110/112A mutant produces significant inward currents even
when 10 uM Ca?* is present extracellularly (Figure 3E), changing the anomalous mole-
fraction behavior of CRAC channels (Figure 3F). At higher concentrations of Ca2*, the
current again behaves similar to the wild-type and becomes Ca2* selective. Finally, we tested
whether this mutant also affects selectivity among divalent cations. When extracellular Ca2*
is replaced by equimolar Ba2* or Sr2*, wild-type CRACML currents are significantly smaller
than those carried by Ca?*, amounting to <10% (Figure 3G). Figure 3H shows that the
D110/112A mutant produced only marginally increased Ba?* and Sr2* currents, indicating
that the mutant largely retains relative selectivity for divalent cations. The bar graph in
Figure 31 summarizes the relative magnitude of inward current carried by divalent and
monovalent cations in wild-type and D110/112A CRACM1 channels, demonstrating similar
divalent permeation, but significantly increased permeation of Na* in particular.
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The present results, summarized by the hypothetical schematic in Figure 4, would be
consistent with a scenario that is analogous to voltage-gated Ca2* channels, in that multiple
acidic and negatively charged glutamate and aspartate residues interact to coordinate the
binding of Ca?* to the outer mouth of the CRAC channel, thereby providing the molecular
basis for its high CaZ* selectivity. This notion would also be consistent with the possible
binding of one Ca2* ion in the vicinity of the E106 and E190 residues and a second Ca2* ion
that is coordinated by the aspartates in the extracellular loop. Multiple CaZ* binding sites
would then be responsible for both discrimination against other cation species and
electrostatic repulsion that moves Ca2* ions through the pore in single-file manner. Multiple
Ca?*-ion occupancy of the channel could also account, at least in part, for the behavior of
outward currents in the mutants. Thus, the occupancy of the wild-type channel pore by two
Ca?* ions may present too much of a barrier for the outward movement of cations, whereas
partial removal of Ca2* binding sites by the mutant channels may enable significant outward
fluxes of monovalent cations.

Taken together, the results of the present study demonstrate that the CRACML1 protein forms
multimeric ion-channel complexes in the plasma membrane, where they can be activated
after Ca2* store depletion, presumably by interacting with STIM1. The channel pore of
CRACML1 is highly selective for Ca?* ions because of the presence of critical glutamate
residues in TM1 and TM3 (E106 and E190) as well as aspartate residues (D110 and D112)
within a Ca%* binding motif located in the extracellular loop that connects TM1 and TM2.
Mutations of either of these critical residues alter the CRAC-channel selectivity by
enhancing monovalent cation permeation relative to Ca2*, providing unambiguous evidence
thatCRACM 1harbors the CRAC-channel pore.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CRACM 1 Multimerizes with Itself to Form the CRAC Channel
(A) Coimmunoprecipitation (co-1P) of CRACM1 from HEK?293 cells cotransfected with

Flag-CRACM1 and CRACM1-Myc-His. Lane 2 shows that Flag-CRACM1 can co-IP
CRACM1-Myc-His. Lane 3 shows the reverse co-IP, and lanes 1 and 4 show the control IPs.
(B) Co-IP of Flag-CRACML1 and STIM1-Myec-His, cotransfected in HEK293 cells. Whole-
cell lysates were immunoprecipitated with either myc antibody (first lane) or Flag antibody
(second lane) and blotted with either myc antibody (upper panels) or Flag antibody (lower
panels). The same experiment was done with the E106Q, D110/112A, and E190Q CRACM1
mutants. These mutations did not impair CRACM1-STIM1 coassociation (data not shown).
(C) Sequence alignment of human CRACM1, CRACM2, and CRACM3 as well as
CRACML from various species (Drosophila, mouse, rat, and chicken), highlighting the
acidic residues (residue numbers pertain to the human sequence of CRACML1).

(D) Co-IP of D110/112A-CRACML1 and E106Q-CRACM1 mutant with the wild-type
CRACML. Lane 1 shows that D110/112A-CRACM1-Myc-His can co-IP Flag-CRACM1,
and lane 3 shows that CRACM1-Myc-His can co-IP Flag-E106Q-CRACML. Lanes 2 and 4
show the controls.
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(E) Confocal images of HEK293 cells transfected with Flag-CRACM1, D110/112A-
CRACM1-Myc-His, Flag-E190Q-CRACM1, and Flag-E106Q-CRACM1 and stained with
myc or Flag antibodies, respectively, to show cellular localization of the mutants.
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Figure 2. The E106 Residue Is Part of the Selectivity Filter of CRACM 1
(A) Normalized average time course of IPs-induced (20 uM) CRAC currents measured in

HEK?293 cells co-overexpressing STIM1 and wild-type CRACML1 (black circles, n = 14) and
E106Q mutation (red circles, n = 9). Currents of individual cells were measured at —80 mV,
normalized by cell capacitance, averaged and plotted versus time (x SEM). Cytosolic
calcium was clamped to near zero with 20 mM BAPTA. The bar indicates application of

divalent-free (DVF) solution.

(B) Average current-voltage (I/V) relationships of CRAC currents extracted from
representative HEK293 cells shown in (A) at 120 s into the experiment. Data represent leak-
subtracted currents evoked by 50 ms voltage ramps from —100 to +150 mV, normalized to
cell capacitance (pF). Traces correspond to STIM1 + wild-type CRACM1 (wild-type, n =
12) or STIM1 + E106Q mutant (n = 6).
(C) Normalized average time course of IP3-induced (20 uM) currents at —80 and +130 mV
produced by the E106D mutant. Cells were exposed to nominally Ca2*-free external solution
(black circles, n = 6) or Na*-free solution (red circles, n = 6) for the time indicated by the

black bar. Currents were analyzed as in (A).

(D) Average 1I/V traces of the ELI06D mutant extracted at 120 s (black trace, n = 6) and at the
end of the application of Ca2*-free (blue trace, n = 6) or Na*-free (red trace, n = 6) solutions
(same cells as in [C]). Data analysis was as in (B).
(E) Normalized average time course of CRAC currents in HEK293 cells expressing STIM1
and wild-type CRACML1 (black circles, n = 9) or EL06D mutant (red circles, n = 7). Analysis
was as in (A). Cells were superfused with external solution containing 10 mM Ba?* (and 0
Ca?") at the time indicated by the black bar. Note that cells were superfused with Ba2* in the
absence of extracellular Na* (replaced by TEA™) to avoid Na* current contamination.
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(F) Average I/V data traces of currents extracted from representative HEK293 cells
expressing the E106D mutant shown in (E), before (120 s, n = 4) and at the end (180 s, n =
4) of Ba2* application. Analysis was as in (B).

(G) Normalized average time course of IPz-induced (20 pM) currents at —80 and +130 mV
produced by the E190Q mutant. Cells were exposed to nominally Ca2*-free external solution
(black circles, n = 7) or Na*-free solution, where Ca%* was substituted with Ba2* (red
circles, n = 8) for the time indicated by the bar. Currents were analyzed as in (A).

(H) Average I/V traces of the E190Q mutant extracted at 120 s (black trace, n = 8) and at the
end of the application of 10 mM Ba2* (red trace, n = 8) or Ca2*-free solutions (blue trace, n
=7; same cells as in [G]). Data analysis was as in (B).

Curr Biol. Author manuscript; available in PMC 2017 November 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Vig et al.

>

Current Density (pA/pF)

O

Norm. Current (I/14545)

9}

Norm. Current (I/1;0s)

10 Ca/0 Na
20~ oryITHTIILHEREL
4 IF.O"."
O—o'gow'mﬁi‘!w
20 % »
Hﬂ gt
ao-| UL
1 = wt - R
604 QUOMIZA__ '
0 80 160 240
Time (s)

— &a
'1~5‘|D11|0/11|2A' | _T_CS]
0 80 160 240
Time (s)
" ORI, ey AR
-0.5+
-1.0
. —e— 10 Ba/0 Na
_1.5_1 1 : ' —-—I105:r/0Nla
0 80 160 240
Time (s)

Norm. Current (I/l;295)

m

Norm. Current (I/1;595)

X

Norm. Current (I/14505)

-0.5

-1.0

-1.54

0 Ca

wt
—-o— D110/112A
—-e— D110/112A 0 Na

-1.54

L T
80 160 240
Time (s)

—o— wt

[t I

I I ¥
0 80 160
Time (s)

1
240

—e— 10 Ba/0 Na

D110/112A

—e— 10 Sr/0 Na

T
0 80

¥ T L) 1
160
Time (s)

-

i
©
(6]
e
=
=
P
=
o
=
=
&)
=
f
S
zZ

Rest Current (%)

1

5
4-
3
2

-—h
1

100

N\

N A O @
o ©O O O O
| | | | 1

0/!\
5 o

Page 12

25— pA/pF

100

— wt 10 Ca
— D110/112A 10 Ca
11— D110/112A0Ca

—o— Wt

—o— D110/112A

Ca

D110/112A

10°
Calcium (M)

Ba Sr Na K GCs

g 55 53 535 ES
= = = B o=
o (=} o o o
6 B A B e

Figure 3. A Putative Extracellular ca?t Binding Site Contributesto Selectivity of CRACM 1
(A) Normalized average time course of IP3-induced (20 uM) CRAC currents measured in

HEK?293 cells coexpressing STIM1 with either wild-type CRACML1 (black circles, n = 12)
or the D110/112A mutant of CRACML (red circles, n =11). Currents of individual cells were
measured at —80 mV and +130 mV, normalized by cell capacitance, averaged, and plotted
versus time (x SEM). Cytosolic calcium was clamped to near zero with 20 mM BAPTA. The
black bar indicates application of an external solution containing 10 mM Ca2* with Na*

replaced by TEA™.

(B) Average time course of IPz-induced (20 pM) currents produced by wild-type CRACM1
(black trace, same data as in Figure 2A) or D110/112A mutant. Currents were normalized to
unity at 120 s (1/1120s). Cells expressing the D110/112A mutant were superfused with
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nominally Ca2*-free external solution in the presence (130 mM, n = 13) or absence of Na*
(TEA* substitution, n = 5). Perfusion time is indicated by the black bar. Currents were
analyzed as in (A).

(C) Average I/V relationships of CRAC currents extracted from representative HEK293 cells
shown in (A) and (B). Data represent average leak-subtracted currents evoked by 50 ms
voltage ramps from —100 to +150 mV and normalized to cell capacitance (pF). Traces show
wild-type CRACM1-expressing cells (black trace, n = 10; scaled by 1.7 to fit inward-current
size of D110/112A mutant) at the end of application of a Na*-free solution containing 10
mM Ca2* (180 s) and D110/112A mutants extracted before (at 120 s, blue trace, n = 11) or
during application of nominally Ca?*-free solution containing normal Na* (red trace, n =
11).

(D) Normalized average time course (1/112qs) of IP3-induced (20 pM) currents produced by
the D110/112A mutant in cells superfused with nominally Ca?*-free solution containing Na*
(red line, same data as in [B]), K* (black circles, n = 12) or Cs* (blue circles, n = 9).
Application time is indicated by the black bar. Currents were analyzed as in (A).

(E) Normalized average time course (1/112gs) of IP3-induced (20 uM) currents produced by
wild-type CRACML (black circles, n = 8) or D110/112A mutant (red circles, n = 8). Cells
were superfused with nominally divalent-free external solution supplemented with 10 uM
Ca?* as indicated by the black bar. Currents were analyzed as in (A).

(F) Anomalous mole-fraction effect of wild-type CRACML1 (black circles, n = 5-14) or
D110/112A mutant (red circles, n = 5-8). Current sizes measured at different Ca*
concentrations were set in relation to current amplitudes obtained with 10 mM Ca?*,
averaged and plotted against increasing extracellular Ca%* concentrations.

(G) Normalized average time course (I/112qs) of IPz-induced (20 pM) currents produced by
wild-type CRACML1 in cells superfused with an external solution where 10 mM Ca?* was
equimolarly substituted with Ba2* (black circles, n = 9) or Sr2* (blue circles, n = 7) in the
absence of Na* (replaced by TEA* to avoid Na* current contamination). Currents were
analyzed as in (A).

(H) Normalized average time course (I/112qs) of IPz-induced (20 uM) currents produced by
the D110/112A mutant in cells superfused with an external solution where 10 mM Ca2* was
substituted equimolarly with Ba2* (black circles, n = 7) or Sr2* (blue circles, n = 7) in the
absence of Na* (replaced by TEA* to avoid Na™ current contamination). Currents were
analyzed as in (A).

(1) Permeation profile of wild-type CRACML1 (black, n = 5-12) or D110/112A mutant (red,
n = 5-14). Currents at —80 mV were assessed at the end of an external application exchange
(180 s), set in relation to currents before application (120 s), averaged, and plotted as rest
current in percent (%). Data are sorted by application condition (10 mM Ca2*, 10 mM Ba2",
10 mM Sr2*, 130 mM Na*, 130 mM K*, 130 mM Cs*). Note that monovalent conductances
were assessed in nominally CaZ*-free solutions in the presence of standard Mg2*
concentrations (2 mM). Data represent the summary of (A) through (H).

Curr Biol. Author manuscript; available in PMC 2017 November 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Vig etal.

Page 14

OGlu O Asp O Ca*

Figure 4. Hypothetical Schematic of CRACM 1 Assembly
The schematic summarizes our experimental observations, depicting three CRACM1

molecules within a multimeric assembly, whose exact unit number remains to be established.
Because glutamate residues E106 in TM1 and E190 in TM3 affect ion selectivity, both likely
face the lumen of the pore. This could be achieved by an N shaped geometry of the four TM
domains so that TM domains 1 and 3 become neighbors, each providing slightly asymmetric
orientations of glutamate pairs. Together, the multimers can form a ring of negative charges
that provides a high-affinity binding site for one Ca2* ion. The aspartate residues in the loop
between TM1 and TM2 might create a second high-affinity Ca?* binding site that, when
occupied with Ca%*, could provide electrostatic potential for moving the glutamate-bound
Ca?* ion through the pore.
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