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ABSTRACT Store-operated Ca2þ entry occurs through the binding of the endoplasmic reticulum (ER) Ca2þ sensor STIM1 to
Orai1, the pore-forming subunit of the Ca2þ release-activated Ca2þ (CRAC) channel. Although the essential steps leading to
channel opening have been described, fundamental questions remain, including the functional stoichiometry of the CRAC chan-
nel. The crystal structure of DrosophilaOrai indicates a hexameric stoichiometry, while studies of linked Orai1 concatemers and
single-molecule photobleaching suggest that channels assemble as tetramers. We assessed CRAC channel stoichiometry by
expressing hexameric concatemers of human Orai1 and comparing in detail their ionic currents to those of native CRAC chan-
nels and channels generated frommonomeric Orai1 constructs. Cell surface biotinylation results indicated that Orai1 channels in
the plasma membrane were assembled from intact hexameric polypeptides and not from truncated protein products. In addition,
the L273D mutation depressed channel activity equally regardless of which Orai1 subunit in the concatemer carried the muta-
tion. Thus, functional channels were generated from intact Orai1 hexamers in which all subunits contributed equally. These
hexameric Orai1 channels displayed the biophysical fingerprint of native CRAC channels, including the distinguishing charac-
teristics of gating (store-dependent activation, Ca2þ-dependent inactivation, open probability), permeation (ion selectivity,
affinity for Ca2þ block, La3þ sensitivity, unitary current magnitude), and pharmacology (enhancement and inhibition by 2-amino-
ethoxydiphenyl borate). Because permeation characteristics depend strongly on pore geometry, it is unlikely that hexameric and
tetrameric pores would display identical Ca2þ affinity, ion selectivity, and unitary current magnitude. Thus, based on the highly
similar pore properties of the hexameric Orai1 concatemer and native CRAC channels, we conclude that the CRAC channel
functions as a hexamer of Orai1 subunits.
INTRODUCTION
Store-operated Ca2þ entry is a ubiquitous mechanism for
Ca2þ signaling and performs a wide variety of essential
functions, including immune cell activation by antigen
(1,2). The prototypical store-operated channel is the Ca2þ

release-activated Ca2þ (CRAC) channel, which is distin-
guished by a set of biophysical characteristics that includes
an extremely high Ca2þ selectivity and low unitary conduc-
tance, rapid feedback inhibition by intracellular Ca2þ, and
an inwardly rectifying current-voltage relationship (2).
Much progress has been made in elucidating the mechanism
of CRAC channel activation since the discovery of its two
critical components, the ER Ca2þ sensor STIM1 and the
plasma membrane pore-forming subunit Orai1 (2,3). Deple-
tion of Ca2þ from the ER triggers STIM1 oligomerization
and accumulation at ER-plasma membrane junctions where
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it directly binds to and gates Orai1 (2). However, despite our
understanding of the overall mechanism of the store-oper-
ated Ca2þ entry and the molecular domains of STIM1 and
Orai1 that underlie activation, some of the most funda-
mental issues remain poorly understood or controversial.
These include the number of Orai1 subunits that assemble
to form the CRAC channel (4).

Several lines of evidence support a tetrameric CRAC
channel stoichiometry. Tetrameric DNA concatemers of hu-
man Orai1 (hOrai1) subunits produce currents with inward
rectification and a positive reversal potential similar to those
of endogenous CRAC channels or of channels generated
from monomeric hOrai1 DNA (5–8). Furthermore, channels
made from tetrameric concatemers fail to combine with
Orai1 monomers, as inferred from a lack of current inhibi-
tion by dominant negative monomeric Orai1 (E106Q) (6),
and the absence of fluorescence resonance energy transfer
between labeled Orai1 protein tetramers and monomers
(5). Fluorescence brightness analysis of labeled hOrai1 (9)
as well as single-particle photobleaching studies are also
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consistent with a tetrameric stoichiometry. Single channels
made from GFP-tagged hOrai1 or Drosophila Orai (dOrai)
subunits bleach in a stepwise manner, with channels assem-
bled from Orai monomers bleaching mostly in 3–4 steps,
while tandem dimers or trimers bleach in two steps, and tan-
dem tetramers in a single step (5,10,11). Evidence also sup-
ports the existence of hOrai1 and dOrai dimers in the plasma
membrane, which have been proposed to oligomerize into
tetramers upon STIM binding (10–12), although this
conclusion is somewhat controversial (4,9). On balance,
the evidence from electrophysiological and photobleaching
studies favors a tetrameric stoichiometry for the active
CRAC channel.

The argument for a tetrameric CRAC channel stoichiom-
etry was subsequently challenged by the dOrai crystal struc-
ture, which depicts the channel as a hexamer of dOrai
subunits (13). Size exclusion chromatography and cross-
linking studies of dOrai in HEK293 membranes and in
detergent (13), as well as atomic force microscopy of hOrai1
decorated with antibodies (14), further support a hexameric
stoichiometry. Importantly, the pore-lining residues in TM1
of the dOrai crystal structure agree with results of previous
cysteine-scanning studies of hOrai1 in the open and closed
states (15,16). In addition, a constitutively active mutant
of dOrai (V174A) was shown to conduct Naþ after reconsti-
tution into liposomes, and this was prevented by an inhibi-
tory pore mutation (K163W) or by Gd3þ, showing that it
retains at least some CRAC channel properties. However,
subsequent electrophysiological analysis showed that chan-
nels made from a hexameric hOrai1 concatemer construct
lacked two signature features of native CRAC channels,
high Ca2þ selectivity and Ca2þ-dependent inactivation
(CDI) (17), raising questions about whether Orai1 hexamers
accurately replicate the full biophysical fingerprint of the
CRAC channel.

In this study we applied an electrophysiological approach
to address the open question regarding the stoichiometry of
the CRAC channel. We designed a concatenated hexameric
hOrai1 construct, confirmed its expression as a functional
hexameric channel at the plasma membrane, and character-
ized its biophysical properties in detail. Our results show
that an Orai1 hexamer can produce the characteristic bio-
physical features of the CRAC channel, including perme-
ation properties that are expected to depend strongly on
pore geometry. Based on these results, we conclude that
the CRAC channel functions as a hexamer of Orai1
subunits.
MATERIALS AND METHODS

DNA constructs

Construction of hexameric Orai1 DNA

Orai1 DNA (containing a T258C silent mutation to remove the endogenous

HindIII site) was PCR amplified with subunit-specific primers to append
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unique restriction sites followed by a linker. For subunit 1, an XhoI site

and myc tag were appended to the N-terminus and a BamHI site was added

to the C-terminus. For subunits 2–6, a cleavable linker consisting of a TEV

protease recognition sequence (TRS), myc tag, and a Gly-Ser stretch

(ENLYFQGEQKLISEEDLNGGGGGS) was added immediately after

the 50 restriction site. All subunits were subcloned into pCR-BLUNT II-

TOPO vectors before digestion and ligation into the hexamer backbone

(Life Technologies, Carlsbad, CA). In the Supporting Material, primer

sequences are listed in Table S1, and Table S2 describes the linkers between

Orai1 subunits.

The hexamer backbone was modified from eGFP-N1 (Clontech, Moun-

tain View, CA) to contain the TRS sequence (ENLYFQG) N-terminal to

the eGFP (primer set 8). The initial WT hexamer was generated by multiple

fragment ligation with the digested backbone (XhoI/BamHI) and Orai1 sub-

unit fragments (cut with their unique restriction enzyme pair). For mutant

hexamer variants, the desired mutations were introduced via site-directed

mutagenesis into specific subunits (carried in TOPO vectors) and then

ligated into a hexamer via the appropriate restriction sites to substitute

for the corresponding WT subunit.

mCherry-STIM1 (mCh-STIM1) has been described in Wu et al. (18).

Orai1-GFP was a gift from Dr. Tao Xu (Chinese Academy of Sciences,

Beijing, China) (19). All constructs were verified by DNA sequencing

(Sequetech, Mountain View, CA).
Cell culture and transfection

HEK293-H cells (Gibco/Life Technologies, Carlsbad, CA) were passaged

in adherent phase in DMEM-based media containing 10% fetal bovine

serum, 2 mM L-alanyl-glutamine, and 100 U/mL penicillin/streptomycin

and maintained at 37�C in 5% CO2. Cells were transfected with Lipofect-

amine 2000 (Life Technologies) at 37�C according to the manufacturer’s

protocol. Unless indicated otherwise, we used a 10:1 DNA mass ratio of

mCh-STIM1 to Orai1 hexamer-GFP, or a 4:1 mass ratio of mCh-STIM1

to monomeric Orai1-GFP DNA. After 6 h incubation, cells were given fresh

media and maintained at 30�C for 2 d before experiments.
Biotinylation and western blotting

After rinsing with PBS, a 6 cm dish of confluent HEK293 cells express-

ing monomeric or hexameric Orai1 constructs were biotinylated with

4 mM sulfo-NHS-LC-biotin (Pierce, Rockford, IL) in PBS for 30 min

at 20–22�C. After biotinylation, cells were quenched and washed with

PBS containing 50 mM Tris (Sigma-Aldrich, St. Louis, MO), then har-

vested by scraping and pelleted by centrifugation. Cells were lysed by

resuspension in ice-cold RIPA buffer containing protease inhibitor cock-

tail (Pierce). Lysates were cleared by centrifugation and incubated with

streptavidin agarose beads for 30 min at 20–22�C, after which the beads

were pelleted by centrifugation and washed three times with RIPA

buffer. Protein was eluted by incubation with 4� lithium dodecyl sulfate

sample buffer containing 250 mM DTT (Life Technologies) for 5 min at

95�C.
Proteins were resolved on 3–8% Tris-acetate polyacrylamide gels (Life

Technologies). After electrophoresis, proteins were transferred to PVDF

membrane and probed with rabbit a-Orai1 (Sigma-Aldrich) and mouse

a-MEK1/2 (Cell Signaling, Beverly, MA) primary antibodies, followed

by detection with goat a-rabbit IR680 and goat a-mouse IR800 secondary

antibodies (LI-COR Biosciences, Lincoln, NE). Blots were visualized and

analyzed using a LI-COR Odyssey system.
Solutions

2 mM Ca2þ Ringer’s solution contained 155 mM NaCl, 4.5 mM KCl,

2 mM CaCl2, 1 mM MgCl2, 10 mM D-glucose, and 5 mM HEPES (pH



Subunit Stoichiometry of CRAC Channels
7.4 with NaOH). The 20 mM Ca2þ Ringer’s was similar to 2 mM Ca2þ

Ringer’s but contained 130 mM NaCl and 20 mM CaCl2. For Na
þ-free

20 mM Ca2þ Ringer’s, Naþ was replaced with equimolar NMDG-Cl

(pH 7.4 with HCl). Divalent-free Ringer’s (DVF) contained 150 mM

NaCl, 10 mMHEDTA, 1 mM EDTA, 10 mM TEA-Cl, and 10 mMHEPES

(pH 7.4 with NaOH). For noise analysis experiments, MaxChelator (20)

was used to calculate the amount of total CaCl2 to add to DVF Ringer’s

to achieve the desired free Ca2þ concentration, and the resulting Ca2þ

concentrations were measured using a Ca2þ-sensitive electrode (Thermo

Fisher Scientific, Waltham, MA). Recording pipette solution contained:

150 mM Cs aspartate, 8 mM MgCl2, 10 mM EGTA, and 10 mM

HEPES (pH 7.2 with CsOH). All chemical reagents were purchased

from Sigma-Aldrich.
Electrophysiology and microscopy

To obtain reliable CRAC channel characteristics in heterologous expres-

sion systems, it is essential to ensure a high ratio of STIM1 to Orai1 pro-

tein (21–25). CDI is known to be sensitive to the STIM/Orai ratio

(21,22,25); therefore, we only analyzed data from cells with a mCherry/

GFP fluorescence ratio sufficient to support full CDI in cells expressing

mCh-STIM1 and WT Orai1 hexamer-GFP. This corresponded to a

STIM1/Orai1 ratio >5, as determined using a mCherry-GFP calibrator

construct (22). mCherry and GFP fluorescence was measured by wide field

imaging at the cell equator, using a 200M Axiovert microscope (Zeiss,

Oberkochen, Germany) with a 40� Fluor NA 1.3 objective, Polychrome

II monochromator with xenon lamp (TILL Photonics, Gr€afelfing,

Germany), GFP filter set (488 5 10 excitation, 515 dichroic, 535 5

15 nm emission), mCherry filter set (535 5 20 excitation, 565 dichroic,

660 5 25 nm emission), and an ORCA-ER CCD camera (Hamamatsu,

Hamamatsu City, Japan), controlled by MetaMorph software (Molecular

Devices, Sunnyvale, CA).

All patch-clamp measurements were performed at 22–24�C using an

Axopatch 200 or 200B amplifier (Axon Instruments/Molecular Devices,

Sunnyvale, CA), an InstruTECH ITC-16 interface (HEKA Instruments,

Holliston, MA), and a Mac Mini computer (Apple, Cupertino, CA).

Recording electrodes were fabricated from 100-mL borosilicate glass

pipettes (VWR International, Radnor, PA) and had tip resistances of

2–5 MU. After seal formation and break-in, ICRAC was induced by

passive ER store depletion via EGTA in the patch pipette. To follow

the activation time course, voltage commands (100-ms step to

�100 mV followed by a ramp to þ100 over 100 ms) were delivered

to the cell every 5 s from a holding potential of þ30 mV. After ICRAC
reached a stable maximum, current amplitude was measured as the peak

current during steps to �100 mV. CDI was evoked by 200-ms hyperpo-

larizations delivered every 5 s from a holding potential of þ30 mV. CDI

was quantified by the current at the end of the voltage step relative to

the peak current measured 3 ms after the start of the step (23). All

whole-cell currents were leak subtracted using 10–100 mM LaCl3 in

20 mM Ca2þ Ringer’s. Data collection and analysis were performed

using a suite of custom Igor Pro (WaveMetrics, Portland, OR) proced-

ures developed in-house.

The relative permeability of Csþ to Naþ was calculated according to the

Goldman-Hodgkin-Katz equation PCs=PNa ¼ ½Na�o=½Cs�ie�ErevF=RT , where

R, T, and F have their usual meanings, and Erev is the reversal potential.

The noise analysis experimental protocol was adapted from the general

method we have described in Prakriya and Lewis (26) with the following

changes. Cells were predepleted with 1 mM thapsigargin, and upon

break-in cells were continuously held at �100 mV for the duration of the

experiment. 200-ms sweeps were collected every 0.25 s, filtered at

2 kHz, and sampled at 5 kHz. Solutions were perfused locally using

an electronic valve system attached to an 8-channel perfusion pencil

(AutoMate Scientific, Berkeley, CA) which was coupled to a 19-gauge

blunt needle and placed near the cell. The system achieved a local exchange

time of <2 s.
Antibody staining and flow cytometry

HEK293 cells were transfected with mCh-STIM1 and hexameric Orai1

concatemer plasmids and maintained as described above for patch-clamp

experiments. A quantity of 1.5 � 106 cells per sample were incubated

with 10 mg/mL 2C1.1 primary monoclonal antibody (gift from Helen

McBride, Amgen, Thousand Oaks, CA) in FACS buffer (PBS with 2%

FBS) for 45 min at 4�C. Cells were washed once with FACS buffer and re-

suspended in 3 mg/mL goat anti-human IgG conjugated to Alexa594 (Life

Technologies) for 20 min at 4�C. After an additional wash with FACS

buffer, cells were fixed in 2% paraformaldehyde for 10 min at 22–25�C.
Cells were washed twice with FACS buffer before analysis on a FACscan

flow cytometer (BD, Franklin Lakes, NJ) using the GFP (488 nm excitation,

560 SP splitter, 525 5 25 nm emission) and Alexa594 channels (561 nm

excitation, 600 SP splitter, 590 5 10 nm emission).
RESULTS

A hexameric concatemer of Orai1 DNA produces
contiguous and functional hexameric channels

We designed a hexameric hOrai1 concatemer construct
(abbreviated hereafter as ‘‘6xOrai1’’) to address the question
of whether hexameric Orai1 channels display the biophysi-
cal characteristics of native CRAC channels. Our construct
design incorporated several key features. Each hOrai1 sub-
unit was joined to the next by a 24 amino acid linker that
included a myc epitope tag, a TEV protease recognition
sequence (TRS), and a unique restriction enzyme site
(Fig. 1 A; see Materials and Methods). We chose a linker
length that was longer than the 6-residue linker used in a
previous study (17) to avoid changes in channel behavior
that can occur when linkers are too short (27,28). The
TRS was included to enable cleavage of the linkers after
protein synthesis in the event that the linkers did alter chan-
nel behavior, while the unique combination of restriction
sites surrounding each subunit was designed to facilitate
subunit-specific mutagenesis, cloning, and sequencing.

In principle, concatemers should define the protein sub-
unit stoichiometry of the channel as well as enable mutagen-
esis of specific subunits. However, channels made from
concatemeric DNA constructs do not always assemble as
intended. For example, truncated proteins generated by
proteolysis or incomplete transcription or translation may
recombine before transport to the plasma membrane,
creating channels of uncertain and variable subunit compo-
sition (28–32). For this reason, we conducted several tests to
confirm that the channels in the plasma membrane incorpo-
rated all six linked hexamer subunits. SDS-PAGE and west-
ern analysis of the lysate from HEK293 cells expressing
6xOrai1 showed predominantly a single band near the mo-
lecular weight expected from the sequence (239 kDa) with
several faint lower MW bands corresponding to the size of
Orai1-GFP monomer (Fig. 1 D, lysate lane). Visual inspec-
tion of these cells showed that most of the GFP fluorescence
localized to intracellular compartments rather than the
plasma membrane (Fig. 1 B), raising the possibility that
the subpopulation of channels that trafficked successfully
Biophysical Journal 111, 1897–1907, November 1, 2016 1899
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FIGURE 1 The 6xOrai1 plasmid generates a

contiguous hexameric polypeptide at the plasma

membrane. (A) The hexameric polypeptide con-

sists of six Orai1 subunits connected in tandem

by 24-residue linkers and GFP fused to the C-ter-

minus. Transmembrane segments are depicted

as rectangles. TRS, TEV protease recognition

sequence. (B) Fluorescence images of a HEK293

cell coexpressing GFP-labeled 6xOrai1 and

mCh-STIM1. Scale bar, 4 mm. (C) Validation of

cell surface biotinylation to isolate plasma mem-

brane proteins. HEK293 cells expressing GFP-

tagged 1xOrai1 were labeled with cell-impermeant

sulfo-NHS-LC-biotin, and after lysis proteins were

pulled down with streptavidin and analyzed by

western blot using anti-MEK1/2 and anti-Orai1 an-

tibodies. Molecular weights of Orai1-GFP and

MEK1/2 are 64 and 45 kDa, respectively. The inte-

grated fluorescence intensity of Orai1 was twofold

higher in the pulldown lane relative to lysate,

whereas in the same sample, MEK1/2 intensity in

the pulldown was reduced to 6% relative to lysate,

indicating that%3% of intracellular protein is car-

ried over into the pulldown fraction. (D) Western

analysis of surface-biotinylated HEK293 cells ex-

pressing 6xOrai1. The pulldown lane shows a sin-

gle band near the expected molecular weight of the

hexamer of 239 kDa without significant amounts of

smaller Orai1-derived proteins. Band intensity is

quantified in a line scan of the pulldown lane

(right). To see this figure in color, go online.
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to the plasma membrane might be difficult to detect against
a background of intracellular channels. We therefore probed
plasma membrane channels specifically by biotinylating the
surface proteins of intact cells and isolating them using
streptavidin beads. To confirm the plasma membrane spec-
ificity of biotinylation, control experiments were performed
on cells transfected with monomeric hOrai-GFP plasmid
(abbreviated hereafter as ‘‘1xOrai1’’). Western blot analysis
of the pulldown fraction showed that Orai1 protein was re-
tained whereas the endogenous cytosolic protein MEK1/2
was lost, confirming the specificity of the surface bio-
tinylation and pulldown (Fig. 1 C). Importantly, in cells
transfected with 6xOrai1, the pulldown fraction showed a
single protein band at the expected size of full-length hex-
amer, without significant amounts of smaller Orai1 proteins
that could result from proteolysis or incomplete transcrip-
tion or translation (Fig. 1 D). Thus, membrane-localized
1900 Biophysical Journal 111, 1897–1907, November 1, 2016
channels in these cells are assembled from the intact hex-
americ polypeptide.

These results do not rule out the possibility that some sub-
units within the hexameric polypeptide are excluded to
create channel pores with fewer than six subunits, or that in-
dividual channels assemble from multiple polypeptides. For
example, tetrameric KV channels have been shown to
assemble from linked pentamers with the N-terminal sub-
units being incorporated preferentially (33). To test whether
all six subunits of the Orai1 concatemer are being incorpo-
rated equally, we introduced the L273D point mutation into
subunits 1, 3, or 6 within the hexamer. The L273D mutation
inhibits STIM1 binding to the Orai1 C-terminus (7) and
would be expected to reduce the current amplitude by
an amount dependent on the number of mutations in the
channel. mCh-STIM1 and GFP-tagged 6xOrai1 were coex-
pressed in HEK293 cells, and before recording, GFP and
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mCherry fluorescence was measured at the cell perimeter to
ensure that STIM1 expression was not limiting for channel
activity (see Materials and Methods). Similar to native
CRAC channels, 6xOrai1 channels produced inward cur-
rents that developed slowly over tens of seconds after
break-in, due to passive ER Ca2þ depletion elicited by
EGTA in the recording pipette (Fig. 2 A). We found that
regardless of its position in the hexamer (subunit 1, 3, or
6), the L273D mutation inhibited the maximum steady-state
current to the same degree (~2/3) relative to currents carried
by the wild-type (WT) 6xOrai1 (Fig. 2 B; p ¼ 0.0045, sig-
nificant between WT and L273D; not significant among
L273D variants using analysis of variance). The reduced
current levels in the three mutant channels were not the
result of reduced expression; WT and mutant hexamers
were all expressed at equivalent levels at the plasma mem-
brane as assessed by staining with 2C1.1, a monoclonal anti-
body that specifically binds the extracellular III-IV loop of
human Orai1 (34) (Fig. S1). CDI also varies with the degree
A

B

C

FIGURE 2 All subunits of the Orai1 hexamer contribute equally to channel g

cellular Ca2þ (Ca2þo) from HEK293 cells transfected with mCh-STIM1 and 6x

after break-in with 10 mMEGTA in the recording pipette and was blocked by add

introduced into the indicated subunit (SU) of the hexamer. Channel activity is plo

lines, mean5 SE; n ¼ 7–11 cells per hexamer variant). (C) Effects of single L2

the holding potential ofþ30 mV to the indicated test potentials. The L273Dmuta

the WT hexamer. (D) The extent of CDI plotted as a function of voltage for WT

of the step relative to the peak current (see Materials and Methods). The L273Dm

across the entire voltage range (mean 5 SE, n ¼ 4–6 cells per hexamer varian
of STIM1 binding to Orai1 (21,22,25), providing an addi-
tional test of subunit incorporation that is independent of
expression level. Like the current amplitude, the extent
of inactivation was reduced to a similar degree for the three
mutant 6xOrai1 constructs relative to WT 6xOrai1 (Fig. 2, C
and D; not significant among L273D variants at all test
potentials using analysis of variance). Thus, the effects of
L273D on activation and inactivation indicate that each
subunit in the hexamer participates equally in forming
functional channels. Combining the biochemical and elec-
trophysiological data, we therefore conclude that each chan-
nel in the plasma membrane functions as a hexamer of Orai1
subunits.
Orai1 hexamers display the characteristic
properties of CRAC channels

Given that the 6xOrai1 construct produces functional
hexameric channels, we next considered whether the
D

ating. Whole-cell currents were recorded in the presence of 20 mM extra-

Orai1-GFP. (A) Wild-type 6xOrai1 current at �100 mV developed slowly

ition of 10 mMLa3þ. (B) Reduction of channel activity by L273Dmutations

tted as the peak CRAC current density at�100 mV (circles, individual cells;

73D mutations on the extent of CDI. CDI was evoked by 200-ms steps from

tion in each of three indicated subunits reduced the extent of CDI relative to

and L273D mutant hexamers, and quantified as current remaining at the end

utation reduced CDI similarly regardless of its location in subunit 1, 3, or 6,

t).
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FIGURE 3 Ion selectivity of hexameric Orai1 concatemers. After whole-

cell currents reached steady state, I/V relations were collected in response

to voltage ramps from �100 to þ100 mV. (A) The average I/V relations in

the presence of 20 mM Ca2þo are similar for 6xOrai1 (red) and 1xOrai1

channels (black). To facilitate comparisons, currents in (A) and (B) were

normalized to their value at �100 mV before averaging (n ¼ 4 cells).

Mean 5 SE is displayed for every 10th point. (B) Under DVF conditions

that allow monovalent cations to permeate, the I/V relations of the 6xOrai1

(red) and 1xOrai1 channels (black) are identical. Ramp currents from four

cells were recorded within 3–10 s after DVF was applied, averaged, and

plotted on a normalized scale as in (A). To see this figure in color, go online.
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channels exhibit characteristic CRAC channel properties
by comparing currents in cells expressing 1xOrai1 and
6xOrai1. Previous work has shown that channels made
from monomeric hOrai1 constructs generate currents that
are highly similar to endogenous CRAC channels (2). We
assessed a comprehensive set of characteristics, including
ion selectivity, CDI, sensitivity to 2-aminoethoxydiphenyl
borate (2-APB), Ca2þ binding affinity, unitary conductance,
and open probability.

Ion selectivity

CRAC channels are extremely Ca2þ selective, with pro-
nounced inward rectification and a reversal potential
>þ50 mV in the presence of extracellular Ca2þ (Ca2þo)
(2). The current-voltage relations of 6xOrai1 and 1xOrai1
channels in 20 mM Ca2þo were indistinguishable with
reversal potentials >þ50 mV (Fig. 3 A), consistent with
a high Ca2þ selectivity. Replacement of extracellular
Naþ with the large cation NMDG did not reduce the cur-
rent produced by 6xOrai1 channels, confirming that the
current is carried entirely by Ca2þ (data not shown). In
the absence of divalent cations, Ca2þ no longer occupies
the selectivity filter of CRAC channels, allowing mono-
valent cations to permeate (26,35,36). Under divalent-
free (DVF) conditions the I/V relations for 6xOrai1 and
1xOrai1 currents were indistinguishable, with reversal
potentials of 45.8 5 1.2 mV (6xOrai1, four cells) and
46.8 5 0.6 mV (1xOrai1, four cells), corresponding to a
PCs/PNa ratio of 0.16 (Fig. 3 B). These results demonstrate
that the ionic selectivity of the Orai1 hexamer for Ca2þ

and Naþ matches that of the CRAC channel.

Rapid Ca2þ-dependent inactivation

Local accumulation of intracellular Ca2þ near the CRAC
channel pore feeds back to inhibit current over a timescale
of tens of milliseconds (37,38). CDI was evoked by
200-ms hyperpolarizing voltage pulses in the range of
�60 to �120 mV (Fig. 4 A). The 6xOrai1 and 1xOrai1
channels inactivated to the same extent over this voltage
range (Fig. 4 B). In addition, CDI for the 6xOrai1 and
1xOrai1 channels followed a biexponential time course
with comparable fast and slow time constants and ampli-
tudes (Fig. 4, C and D). Thus, 6xOrai1 channels display
the same inactivation gating behavior as channels made
from unlinked Orai1, which is similar to that of native
CRAC channels.

Biphasic effects of 2-APB

2-APB enhances CRAC current at low doses (1–5 mM) and
causes transient enhancement followed by inhibition at
higher doses (R10 mM) (21,39). When applied at low and
high doses, 2-APB evoked similar degrees of current
enhancement and inhibition in cells expressing 6xOrai1
and 1xOrai1 channels (Fig. 5).
1902 Biophysical Journal 111, 1897–1907, November 1, 2016
Ca2þ block of monovalent permeation

The extremely small conductance of CRAC channels pre-
cludes the use of single-channel recording to determine
directly the unitary conductance and open probability (Po).
However, these elementary channel properties may be esti-
mated from ensemble current noise measurements, based on
the ability of micromolar Ca2þ to reversibly bind to the
selectivity filter and transiently inhibit Naþ flux, creating
current fluctuations and reducing the overall open probabil-
ity of the channel (26). After induction of CRAC current in
the presence of Ca2þ, divalent-free solution was applied to
allow Naþ conduction, manifest as a large current increase
followed by a slow decline due to channel depotentiation
(26,35,40) (Fig. 6 A). The peak current was taken to indicate
the maximal Naþ current level, while various concentrations
of Ca2þ were added to the DVF solution to reduce the peak
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FIGURE 4 Ca2þ-dependent inactivation of hexameric Orai1 concatemers. (A) Inactivating currents evoked in 20 mM Ca2þo by hyperpolarizing pulses to

the indicated potentials in two cells coexpressing mCh-STIM1 with 6xOrai1 or 1xOrai1 constructs. (B) The extent of CDI is identical for 6xOrai1 and

1xOrai1 channels over a wide voltage range. In (B–D), mean5 SE values (n ¼ 4 cells) are shown from cells expressing 6xOrai1 (6) and 1xOrai1 channels

(B). (C and D) Time constants (top) and amplitudes (bottom) from a biexponential function ðI ¼ I0 þ A1e
�t=t1 þ A2e

�t=t2Þ fitted to the current time course

for each hyperpolarization in (A). Fast and slow time constants and amplitudes are not significantly different for 6xOrai1 and 1xOrai1 channels.

Subunit Stoichiometry of CRAC Channels
Naþ current and measure Ca2þ block affinity. Ca2þ blocked
Naþ current through the 6xOrai1 channel pore with the
same affinity and Hill coefficient as seen for 1xOrai1 chan-
nels (Fig. 6 C; Table 1), suggesting that the Ca2þ binding
site in channels made from 6xOrai1 DNA closely resembles
that of native CRAC channels and channels made from
1xOrai1 DNA.

Open probability and unitary conductance

Current variance was measured during 200-ms sweeps
collected during the peak Naþ current after each solution ex-
change (Fig. 6 B). Fig. 6 D shows examples of the parabolic
relationship of variance to current in two cells, indicating Po

values of 0.82 and 0.74 and unitary currents of �87 fA and
�91 fA at �100 mV for 6xOrai1 and 1xOrai1, respectively.
The mean Po and unitary current amplitudes of 1xOrai1 and
6xOrai1 channels from several cells are shown in Table 1
and compared to values reported for endogenous CRAC
channels in Jurkat T lymphocytes (26). The results show
that the Orai1 hexamer reproduces elementary channel
properties of the CRAC channel, including the characteristic
low unitary conductance and high open probability.
DISCUSSION

The subunit stoichiometry of the CRAC channel is currently
unresolved, with conflicting evidence for Orai1 tetramers
and hexamers based on biochemical and structural ap-
proaches. Here we have characterized a concatenated hex-
amer of Orai1 and show that it reproduces the unique
biophysical characteristics of the CRAC channel, including
ion selectivity, activation and inactivation gating, and uni-
tary current and open probability. These results offer strong
functional evidence to support the hexameric CRAC
channel stoichiometry described by the dOrai crystal struc-
ture (13).
Assembly of channels from hexameric Orai1
concatemers

Our conclusion regarding CRAC channel stoichiometry
rests on evidence that functional channels form from
the complete hexameric construct. Thus, it is important
to consider several problems known to cause improper as-
sembly of concatemers. First, partial polypeptide synthe-
sis occurring through mRNA degradation, premature
termination of translation, or proteolysis can generate
polypeptides with only a subset of concatemer subunits,
which may then recombine to form channels. This issue
was described in a study of trimeric P2X1 channels, in
which functional channels in the plasma membrane
formed from monomer and dimer byproducts whereas
full-length protein was found to be trapped in intracel-
lular aggregates (29). In whole-cell lysates it can be diffi-
cult to detect partial protein products at the plasma
membrane against a much higher background of aggre-
gated intracellular protein; thus, surface biotinylation is
key for specifically characterizing the plasma membrane
fraction (29). In our experiments, the majority of 6xOrai1
protein appeared to be intracellular, possibly reflecting
aggregated or misfolded protein. However, biotinylated
plasma membrane proteins displayed the expected size
of the full Orai1 hexamer, without significant amounts
of smaller fragments. Thus, we conclude that the channel
activity we record is derived from full-length 6xOrai1
polypeptides.
Biophysical Journal 111, 1897–1907, November 1, 2016 1903
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FIGURE 5 Enhancement and inhibition of hexameric Orai1 concatemers

by 2-APB. (A) 5 mM 2-APB enhances steady-state Ca2þ current through

1xOrai1 (left) or 6xOrai1 channels (right). Currents are from two cells at

�100 mV in 20 mMCa2þo. (B) A higher dose of 2-APB (50 mM) transiently

enhances and stably inhibits currents through 1xOrai1 (left) and 6xOrai1

channels (right). 100 mM La3þ was added as indicated to fully block cur-

rent. (C) Summary of the effects of 2-APB. Enhancement and inhibition

of current are normalized to the current magnitude immediately before

application of the drug. Averages are mean 5 SE, n ¼ 4–7 cells.
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Despite the presence of full-length hexameric protein in
the plasma membrane, another potential complication is
that only a subset of subunits might assemble to form chan-
nels (33), raising the possibility that 6xOrai constructs
could form tetrameric channels. In addition, subunits
from multiple polypeptides could combine with each other,
so that the assembled protein would fail to reproduce the
number and locations of mutations in the concatemer.
Because the L273D mutation reduced both channel activity
and the extent of CDI by the same amounts regardless of its
position in subunits 1, 3, or 6, it appears that each of the six
subunits contributes equally to the channel. The simplest
scenario consistent with this result is that each channel as-
sembles as a hexamer from a single polypeptide. While it is
possible that a subset of subunits could form a tetramer, or
subunits from separate 6xOrai1 polypeptides combine to
form a hexameric channel, each concatemeric subunit
would have to incorporate with equal probability. Previous
studies have shown that subunit usage is biased in cases
1904 Biophysical Journal 111, 1897–1907, November 1, 2016
where only a subset of concatemeric subunits assemble to
form a channel, with N-terminal subunits incorporating
more efficiently; examples include tetrameric Kv1.1 chan-
nels made from pentameric concatemer DNA (33) and
trimeric P2X2 receptors made from tandem tetramer or
hexamer constructs (41). Thus, our observations of equal
subunit incorporation strongly suggest that the channel
stoichiometry is not less than six. Equal usage of conca-
temer subunits also argues against the possibility that mul-
tiple polypeptides contribute subunits to a single hexameric
channel, considering that the high local concentration of
subunits within a single polypeptide would be expected
to favor coupling between contiguous subunits and thereby
bias subunit usage. Thus, the equal contributions of sub-
units 1, 3, and 6 we have observed would not be expected
if channels were formed from a subset of subunits or
from multiple polypeptides. For this reason, we conclude
that the channels likely formed from single full-length
hexameric polypeptides.
Hexameric Orai1 channels display the
biophysical fingerprint of native CRAC channels

Several lines of evidence show that Orai1 hexamers display
the same activation and inactivation gating properties as un-
linked (native or overexpressed) CRAC channels. First,
6xOrai1 current developed gradually in response to passive
ER store depletion, consistent with STIM1-dependent acti-
vation. Upon maximal activation, 6xOrai1 channels dis-
played a high open probability similar to Jurkat CRAC
channels (26), implying that STIM1 binding activates
6xOrai1 and native CRAC channels to the same high-Po

state. Second, 2-APB modulated 6xOrai1 and 1xOrai1 cur-
rents similarly. While 2-APB mechanisms are not well un-
derstood, the enhancement and inhibition of current are
thought to reflect changes in STIM1 binding to Orai1 or
the coupling of STIM1 binding to CRAC channel opening
(42–44). Thus, the similar effects of 2-APB on 6xOrai1
and 1xOrai1 currents are consistent with a shared activation
gating mechanism. Finally, 6xOrai1 channels inactivate to a
similar extent and with the same kinetics as unlinked chan-
nels, indicating that they share a common inactivation
mechanism. The mechanism of CDI is still unclear, but
the concerted action of the inactivation domain of STIM1
(IDSTIM) and Orai1 inner pore residue W76 control its
extent while the pore residue Y80 modulates CDI kinetics
(24). Activation and inactivation gating are both sensitive
to the STIM1 binding stoichiometry (7,21,22,25). That these
processes are normal in 6xOrai1 channels suggests that link-
ing Orai1 subunits together does not negatively impact
STIM1 binding to the Orai1 C-termini to cause channel
opening, nor does it prevent IDSTIM from acting with the
Orai1 N-terminus to drive inactivation. We cannot rule out
subtle binding or allosteric changes caused by linking
Orai1 subunits, but if such changes do occur, they should
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FIGURE 6 Ensemble variance analysis of hexameric Orai1 concatemers. (A) A thapsigargin-pretreated cell coexpressing 6xOrai1 and mCh-STIM1 was

transiently exposed to a series of DVF solutions containing various amounts of free Ca2þ to partially block monovalent current. Current at a holding potential

of �100 mV is displayed, with the gray line indicating 2 mM Ca2þo and colored bars indicating DVF with added Ca2þ. (B) 200-ms current sweeps collected

at the times indicated by the colored dots in (A). Current variance increases and then declines in response to increasing block by Ca2þ. (C) Ca2þ-dependent
block of Naþ current in two cells expressing 1xOrai1 (black) or 6xOrai1 (red). Curves represent best fits of the Hill equation, block ¼ 1=½1þ ðK1=2=½Ca�ÞnH �,
with K1/2¼ 17.6 mM and nH¼ 1.3 (1xOrai1), or K1/2¼ 16.2 mM and nH¼ 1.1 (6xOrai1). (D) Plots of baseline-corrected current variance versus amplitude in

two cells expressing 1xOrai1 (black) or 6xOrai1 (red) and exposed to DVF with partially blocking Ca2þ concentrations. Parabolic fits indicate the unitary

current amplitude (–87 fA for 6xOrai1, –91 fA for 1xOrai1) and channel open probability in the absence of Ca2þ (Po ¼ 0.82 for 6xOrai1, 0.74 for 1xOrai1)

(see Materials and Methods). To see this figure in color, go online.
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be obviated by cleaving the intersubunit linkers with TEV
protease.

Orai1 hexamers also possess a permeation pathway
that is functionally similar to that of unlinked Orai1 or
native CRAC channels. Like CRAC channels, 6xOrai1
channels in the presence of extracellular Ca2þ are inwardly
rectifying, lack a clearly defined reversal potential
(>þ50 mV), and are completely blocked by 10 mM La3þ.
Ca2þ blocks monovalent cation permeation through
6xOrai1, 1xOrai1, and CRAC channels with the same
affinity (Table 1). In the absence of divalent cations, the
TABLE 1 Unitary Properties of Native CRAC Channels and Channe

Channel Po iNa (fA)

Native CRACa 0.79 5 0.02 �90.9a

1xOrai1b 0.81 5 0.04 �89.5 5 1.5

6xOrai1b 0.76 5 0.04 �86.9 5 7.0

Values are mean 5 SE. For all properties, p > 0.05 between 1xOrai1 and 6xO
aData from Jurkat cell ICRAC measured at �110 mV, taken from Prakriya and Le

the Naþ-ICRAC I/V relation.
b1xOrai1 and 6xOrai1 channel properties measured at �100 mV.
6xOrai1 channels and unlinked channels show the same
low permeability of Csþ relative to Naþ, and their Naþ

flux rates as indicated by unitary current amplitudes are
also similar. It is important to note that the pore properties
of Ca2þ block affinity, ion selectivity, and unitary conduc-
tance are sensitive to the precise geometry of the selectivity
filter and other flux-limiting regions of the permeation
pathway. Thus, it is highly unlikely that these permeation
properties would be identical for tetrameric and hexa-
meric arrangements of Orai1 pore subunits. Therefore, the
shared permeation properties of 6xOrai1 and native CRAC
ls Derived from 1xOrai1 or 6xOrai1

Ca2þ Affinity (K1/2, mM) nH n

19.6 1.2 3–10

16.4 5 1.2 1.33 5 0.08 3

15.9 5 2.7 1.15 5 0.02 4

rai1 using a two-tailed t-test.

wis (26). The iNa value here is extrapolated to a potential of �100 mVusing
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channels strongly suggest that the native CRAC channel
functions as a hexamer of Orai1 subunits.
Comparisons with previous work

Our observations that hexameric Orai1 channels have hall-
mark CRAC channel properties conflict with a previous
report in which a concatemeric hexamer of Orai1 displayed
significantly reduced Ca2þ selectivity and completely
lacked CDI (17). One potentially significant difference be-
tween the two studies is our use of longer linkers (24 vs. 6
amino acids in the earlier study). A study of pentameric
GABAA receptor concatemers showed that linkers below a
critical length reduced channel activity and apparent
GABA binding affinity (27). Further tests will be needed
to determine the impact of linker length on the properties
of concatemeric Orai1 channels, and whether this can
explain the difference between the two studies.

Previous results supporting a tetrameric stoichiometry for
the CRAC channel contrast with our evidence in favor of
hexamers. Interestingly, single-molecule photobleaching
experiments have provided evidence for multiple Orai1 stoi-
chiometries at the plasma membrane. While one study re-
ported that PM Orai1 is exclusively tetrameric in resting
cells (5), two others concluded that PM Orai1 is mostly
dimeric in the resting state, but rearranges into higher-order
multimers following store depletion in the presence of
STIM1 (10,12). These multimers may encompass a mixture
of dimers, tetramers and hexamers (12), although the sto-
chastic and flickery nature of GFP fluorescence precludes
a precise assignment. Thus, several studies support the pos-
sibility of multiple Orai1 protein stoichiometries in the
plasma membrane; however, because single-molecule mea-
surements require extremely low expression levels, function
is not easily assigned to any particular stoichiometry.

Functional evidence for tetrameric Orai1 channels has
instead been derived from cells overexpressing a tetrameric
Orai1 DNA. Coexpression of a dominant negative Orai1
E106Q monomer DNA failed to inhibit current from
Orai1 tetrameric concatemer, suggesting that the tetrameric
polypeptides do not combine to form higher-order multi-
mers (6). However, it is difficult to exclude the possibility
that at high expression levels, multiple tetramers may pref-
erentially combine to form hexamers rather than incorporate
exogenous monomeric subunits. A definitive description of
channel assembly from tetrameric concatemers is beyond
the scope of this study, but may be approachable using a
biochemical method such as crosslinking of cysteines intro-
duced at subunit interfaces, as has been applied to determine
subunit arrangements in other channels (45). Importantly,
our finding that hexameric Orai1 channels share the detailed
pore properties of the CRAC channel strongly implies that
the native CRAC channel has the same pore geometry as
the Orai1 hexamer, and hence is likely to function as a hex-
amer rather than a tetramer.
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Others have suggested the possibility that the Drosophila
Orai stoichiometry reported by Hou et al. (13) might differ
from that of native human Orai1 because of species differ-
ences, mutations and truncations that were introduced to
allow crystallization, and the use of detergents that have
the capacity to alter channel stoichiometry (4,17) as has
been documented for the S. aureus MscL channel (46).
While the reconstituted dOrai protein with an activating
pore mutation did flux Naþ (13), it was not clear from this
result alone whether the hexamer faithfully reproduces a
definitive set of CRAC channel properties. Thus, our obser-
vations that hexameric CRAC channels are biophysically
identical to native CRAC channels provide essential func-
tional evidence to support the hexameric dOrai crystal struc-
ture (13). In addition, these results validate the use of the
hexameric Orai1 concatemer as an important experimental
tool for dissecting the roles of individual subunits and coop-
erative interactions in the control of CRAC channel gating
and permeation.
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Table S1: PCR primers used to generate Orai1 subunit inserts 
 
Primer Purpose Sequence 

1 SU1 for 
 
SU1 rev 

TCTAAGGCTCGAGGCCACCATGGAGCAAAAGCTCATTTCTGAG
GA 
ACGGCAAGCTTGGCATAGTGGCTGCCGGGCGT 

2 SU2 for 
 
SU2 rev 

TAATAAAGCTTGAAAACCTATACTTCCAAGGAGAGCAAAAGC
TCATTTCTGAGGA 
ACGGCGAATTCGGCATAGTGGCTGCCGGGCGT 

3 SU3 for 
 
SU3 rev 

AGGAAGAATTCGAGAACCTCTACTTCCAAGGAGAGCAAAAGC
TCATTTCTGAGGA 
AGCAAGGTACCGGCATAGTGGCTGCCGGGCGT 

4 SU4 for 
SU4 rev 

AGACACGGTACCGAAAACCTATACTTCCAAGGAGAGCAAAAG 
ACGGCGACTGCAGCATAGTGGCTGCCGGGCGTCAG 

5 SU5 for 
 
SU5 rev 

AATAAACTGCAGAAAACCTATACTTCCAAGGAGAGCAAAAGC
TCATTT 
TACGGCGATATCGGCATAGTGGCTGCCGGGCGTCAGGG 

6 SU6 for 
SU6 rev 

TTACTAGATATCGAAAACCTATACTTCCAAGGAGAGCAAAAG 
ATGCGTGGATCCCATAGTGGCTGCCGGGCGT 

7 
(SDM) 

ΔHind for 
ΔHind rev 

AGCCGCGCCAAGCTCAAAGCCTCCAGCCG 
CGGCTGGAGGCTTTGAGCTTGGCGCGGCT 

8 
(SDM) 

TRS for 
 
TRS rev 

GGCCCGGGATCCACGAGAACCTTTATTTCCAGGGATCGGTCGC
CACCATGGTGAG 
ACCATGGTGGCGACCGATCCCTGGAAATAAAGGTTCTCGTGG
ATCCCGGGCCCGC 

9 
(SDM) 

L273D for 
L273D rev 

ACCGACAGTTCCAGGAGGACAACGAGCTGGCGGAG 
CTCCGCCAGCTCGTTGTCCTCCTGGAACTGTCGGT 

Primer sets were used for PCR amplification except where indicated.  Primers used for site-
directed mutagenesis are denoted by “SDM” 
  



Table S2: Linking sequences in the Orai1 concatemeric hexamer 
 
 

Orai1 
Subunit # 

N-term appended sequence C-term appended sequence 

1 XhoI-myc HindIII 
2 HindIII-linkera EcoRI 
3 EcoRI-linkera KpnI 
4 KpnI-linkera PstI 
5 PstI-linkera EcoRV 
6 EcoRV-linkera BamHI 

C-term eGFP BamHI-TRS  
 
alinker = TRS (ENLYFQG) + myc (EQKLISEEDL) + Gly-Ser stretch (NGGGGGS) 
  



 
 

 
 
Figure S1.  Flow cytometry analysis of 6xOrai1 expression in the plasma membrane.  (A)  
Bivariate plot showing GFP (total Orai1) vs 2C1.1-Alexa594 (surface Orai1) fluorescence in 
untransfected HEK cells and HEK cells transfected with GFP-tagged 6xOrai1 variants.  In cells 
transfected with 6xOrai1-GFP, GFP expression was proportional to Alexa594 fluorescence 
(upper right quadrants).  Untransfected cells stained with 2C1.1 were used to establish a cutoff 
for GFP and Alexa594 negative and positive populations, as indicated by the quadrant gates.  
The gates were chosen separately such that 99% of untransfected cells fell in the negative 
population for GFP and for Alexa594. (B) Histogram of the GFP and Alexa594 double positive 
population in cells expressing Orai1 hexamer and untransfected cells.  The Alexa594 
fluorescence distribution is similar between WT and L273D hexamer populations.  Each 
histogram contained > 1000 cells. 
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