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Orai channels mediate store-operated Ca>* signals crucial in
regulating transcription in many cell types, and implicated in
numerous immunological and inflammatory disorders. Despite
their central importance, controversy surrounds the basic sub-
unit structure of Orai channels, with several biochemical and
biophysical studies suggesting a tetrameric structure yet crystal-
lographic evidence indicating a hexamer. We systematically
investigated the subunit configuration of the functional Orail
channel, generating a series of tdTomato-tagged concatenated
Orail channel constructs (dimers to hexamers) expressed in
CRISPR-derived ORAII knock-out HEK cells, stably expressing
STIM1-YFP. Surface biotinylation demonstrated that the full-
length concatemers were surface membrane-expressed. Unex-
pectedly, Orail dimers, trimers, tetramers, pentamers, and hex-
amers all mediated similar and substantial store-operated Ca®*
entry. Moreover, each Orail concatemer mediated Ca®>* cur-
rents with inward rectification and reversal potentials almost
identical to those observed with expressed Orail monomer. In
Orail tetramers, subunit-specific replacement with Orail
E106A “pore-inactive” subunits revealed that functional chan-
nels utilize only the N-terminal dimer from the tetramer. In
contrast, Orail E106A replacement in Orail hexamers estab-
lished that all the subunits can contribute to channel formation,
indicating a hexameric channel configuration. The critical Ca*>*
selectivity filter-forming Glu-106 residue may mediate Orail
channel assembly around a central Ca** ion within the pore.
Thus, multiple E106A substitutions in the Orail hexamer may
promote an alternative “trimer-of-dimers” channel configura-
tion in which the C-terminal E106A subunits are excluded from
the hexameric core. Our results argue strongly against a tetra-
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meric configuration for Orail channels and indicate that the
Orail channel functions as a hexamer.

The members of the Orai family of ion channels are ubiqui-
tously expressed among cell types and mediate “store-oper-
ated” Ca®" entry signals, crucial in the control of many
responses including gene expression, cell growth, secretory
events, and cell motility (1-3). Orai channels are highly Ca**-
selective plasma membrane (PM)* channels activated through
an elaborate intermembrane coupling mechanism by the Ca**-
sensing STIM proteins of the endoplasmic reticulum (ER)
(1-6). Alterations in the function of Orai channels and STIM
proteins are implicated in a large number of immunological,
muscular, and inflammatory disease states (1, 7-9). STIM1
undergoes a complex conformational rearrangement in the ER
membrane in response to depletion of ER luminal Ca®", and
then translocates into discrete ER-PM junctions where it
attaches to the PM surface and is able to directly tether and
activate PM Orail channels (1, 2, 4—6). The structural proper-
ties of Orai channels and STIM proteins and details of the
molecular coupling they undergo are key to understanding
their physiological activation, pharmacological modification,
and pathophysiological role in disease states. Better under-
standing of the molecular coupling interface between STIM1
and Orail continues to emerge (10-12), and significant
advances are being made in discerning the mechanism by
which Orail channels are gated by STIM1 (13-15). Recent
studies have also provided a better understanding of the
arrangement, dynamics, and stoichiometry of STIM proteins
and Orai channels during their activation and coupling
(16-21).

Despite the many advances in identifying the molecular
mechanisms of Orai channel function, considerable uncer-
tainty still exists in some of the fundamental basic structural
properties of Orai channels and how they become activated by
STIM proteins. In particular, the multimeric assembly of the
Orail channel, the most commonly expressed of the three-

“The abbreviations used are: PM, plasma membrane, ER, endoplasmic retic-
ulum; STIM, stromal-interacting molecule; CRAC, Ca®* release-activating
Ca®"; gRNA, guide RNA; BAPTA, 1,2-bis(o-aminophenoxy)ethane-
N,N,N’,N’-tetraacetic acid; Bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-
(hydroxymethyl)propane-1,3-diol.
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member mammalian Orai channel family, has remained a con-
tentious issue (1, 2, 5, 6, 22, 23). Recent crystallographic evi-
dence reveals that Drosophila Orai has a hexameric subunit
structure, a result reinforced by cross-linking and chromato-
graphic evidence (22). The four transmembrane domains of
Orai channels are exceedingly conserved from Drosophila to
human, and the pore-lining residues revealed from the crystal
structure coincide closely with residues predicted to lie in the
pore from elegant structure-function studies (24 —27) that pre-
ceded the crystallization results. However, despite this congru-
ity of structural understanding, several earlier studies revealed
a fundamentally different, tetrameric subunit structure for
Orail. Thus, Shuttleworth and colleagues (28) compared the
function of concatenated Orail channels (dimers, trimers, and
tetramers) and concluded that the functional unit of the Orail
channel is a tetramer. Shortly after, a number of other studies
using a variety of approaches, including recovery after photo-
bleaching, cross-linking, and electron microscopy, reported a
similar tetrameric subunit structure for Orai channels (29 -33).
Reports have also suggested that Orai channels may exist as
dimers, which could associate into tetramers (29, 33) or possi-
bly hexamers (34). A seemingly more definitive study from
Thompson and Shuttleworth (23) directly compared the func-
tional channel properties of tetrameric and hexameric concate-
mers of Orail. It was reported that only the Orail tetramer gave
rise to the Ca”>"-selective, inwardly rectifying, Ca>" release-
activated Ca®" current (I-g ), the hallmark of authentic Orail
channel function. In contrast, the hexameric concatemer gave
an essentially non-selective cation conductance that was dis-
tinct from Iy 5, leading the authors to conclude that the hexa-
meric Orail channel fails to replicate the function of endoge-
nous CRAC channels (23).

Given the controversy in defining the functional Orail chan-
nel structure, we undertook a systematic investigation of the
subunit configuration of the Orail channel. We generated a
series of tdTomato-tagged concatenated Orail channel con-
structs containing from two to six Orail subunits. We
expressed these concatemers in CRISPR-derived HEK cells in
which endogenous Orail expression was eliminated. We con-
firmed that all of the Orail concatemers were PM-expressed
and retained their concatemeric structure at the PM. Unex-
pectedly, the dimeric, trimeric, tetrameric, pentameric, and
hexameric Orail constructs all mediated substantial store-op-
erated Ca®" entry. Still more surprisingly, each one of the dif-
ferent concatemers mediated current with inward rectification
and reversal potentials virtually identical to those observed
with expressed Orail monomers. Replacement of specific sub-
units within each of the concatemers with Orail E106A “pore-
dead” subunits revealed that the functional channels are pre-
dominantly formed from insertion of just the N-terminal pair of
Orail subunits into the channel structure. The hexameric con-
catemer appears distinct from shorter concatemers in being
able to at least partially form functional channels by itself. Our
results argue strongly against a tetrameric configuration for
Orail channels and provide evidence consistent with the con-
clusion that the functional Orail channel is hexameric.
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Results and Discussion

Design and Expression of Orail Concatemers in a Null
Background—The recent controversy in understanding the
molecular composition of Orail channels (22, 23) led us to
examine the function of concatenated multimers of Orail. To
ensure that there was no interference from endogenous Orail
channels, we expressed the Orail concatemers in HEK cells in
which the expression of endogenous Orail channels was
eliminated through CRISPR/Cas9 gene editing. As shown in
supplemental Fig. S1A4, endogenous Orail was entirely absent
in these cells. The Orail-deleted HEK cells (HEK-O1°) were
transfected to stably express STIM1-YFP (HEK-O1%°S1* cells)
(supplemental Fig. S1, B and C). Using fura-2-loaded HEK-
01%°S17 cells, the depletion of Ca®" stores with 2.5 uM iono-
mycin resulted in no detectable Ca®" entry in Ca>* add-back
experiments (supplemental Fig. S1D). The lack of any store-
operated Ca®>" signals in these STIM1-overexpressing store-
depleted cells reveals that there is no detectable Ca®>" entry
mediated by Orail, Orai2, or Orai3 in the cells.

We made a series of Orail concatemers comprising two, three,
four, five, or six subunits of Orail joined together with intervening
36-amino acid linker sequences (supplemental Fig. S2A4). Each
concatemer was tagged with the high fluorescence intensity
tdTomato protein at the C terminus. Using the HEK-O1*°S1*
cells, we compared the plasma membrane expression and func-
tion of each of these Orail concatemers as well as tdTomato-
tagged Orail monomer. Deconvolved z axis images revealed
that each tagged Orail construct was expressed at the PM (Fig.
1A). We verified this by imaging cells 10 min after plating and
prior to cells spreading, which provides enhanced PM visibility
(supplemental Fig. S2B). It was important to assess whether the
PM-expressed surface Orail concatemeric proteins were
authentic in size or had undergone alteration or degradation.
Cells expressing Orail monomer or each of the Orail concate-
mers were biotinylated, and then surface proteins were isolated
with NeutrAvidin resin, and following elution, assessed by
Western analysis with an Orail antibody as shown in Fig. 1B.
Each construct was observed as a discrete protein with molec-
ular mass corresponding closely to the calculated size of the
tdTomato-linked concatemers (see the legend for Fig. 1B). We
also examined the proportion of expressed Orail concatemeric
protein in the non-biotinylated state, which appeared in the
NeutrAvidin resin flow-through, corresponding to the non-
PM-expressed concatemer. As shown in Fig. 1C for the Orail
hexamer, considerably more protein (~70% of total) is
expressed on the cell surface when compared with that within
the cell.

Orail Concatemers Function Identically Regardless of Sub-
unit Length—Having established the authentic cell surface
expression of each Orail concatemer, we examined their func-
tion. Surprisingly, in each case (dimer, trimer, tetramer, penta-
mer, and hexamer), expression of the tagged Orail constructs
resulted in large and comparable store-operated Ca*>"* entry,
which matched almost exactly the rate and extent of Ca®* entry
observed with the Orail monomer (Fig. 2, A and B). Non-trans-
fected cells in each case showed no Ca®>* entry. Considering
previous results (23) in which only the Orail channel concate-
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FIGURE 1. Orai1 concatemers localize to the plasma membrane and exist
in there with molecular masses corresponding to those predicted by
their sequence. A, deconvolved fluorescence images of HEK-O1*°S1* cells
expressing tdTomato-tagged Orail monomer, dimer, trimer, tetramer, pen-
tamer, or hexamer constructs revealing their plasma membrane localization.
B, Western blot of surface-isolated proteins isolated from the HEK-O1%°S1+
cells expressing tdTomato-tagged Orai1 monomers, dimers, trimers, tetram-
ers, pentamers, or hexamers shown in A. Cells were biotinylated, and surface
proteins were isolated with NeutrAvidin resin, eluted with DTT-containing
sample buffer, and assessed by Western analysis with Orai1 antibody. The
calculated molecular masses for tdTomato-linked Orail concatemers are:
91.2 kDa (monomer); 127.1 kDa (dimer); 163 kDa (trimer); 198.9 kDa
(tetramer); 234.8 kDa (pentamer); 270.7 kDa (hexamer). C, comparison of the
surface (PM) expression of Orail hexamer with that expressed elsewhere in
the cell. Western blotting analysis used an Orai1 antibody to detect surface-
biotinylated (left) and non-biotinylated (right) Orail protein derived from
HEK-01%°S1™ cells expressing tdTomato-tagged Orail hexamer. Following
biotinylation of cells, lysates were applied to NeutrAvidin resin. The flow-
through lane is the fraction that was not retained on NeutrAvidin resin. The
surface protein lane is the fraction eluted with sample buffer/DTT after bind-
ing to NeutrAvidin resin. Details are given under “Experimental Procedures.”

meric tetramer was reported to give rise to authentic CRAC
channel function, we examined the current properties of each
construct. As shown in Fig. 2C, the Orail monomer and each of
the five concatemeric Orail constructs all gave rise to similar
levels of authentic CRAC current with the same inwardly rec-
tifying properties that define the operation of Orail channels
(1). Indeed, from numerous recordings with each construct, the
reversal potential for the inward current mediated by all five
Orail concatemers lay within a narrow range (51-58 mV) (Fig.
2D) with no significant difference from that observed with
monomeric Orail (p < 0.05).

In a previous study, dimeric and trimeric concatemers of
Orail were observed to give rise to CRAC current, albeit
smaller than the CRAC current observed with tetramer expres-
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sion (28). It was concluded that the dimers and trimers could
give rise to current through incorporation of monomers of
endogenous Orail channel subunits to form tetramers. How-
ever, in the present case, we undertook all our experiments in
the HEK-O1°S1™ cells in which endogenous Orail was elimi-
nated, and there was no functional detection of any other Orai
channel activity. Thus, the currents observed are attributable to
the expressed constructs alone and not any combinations with
endogenous Orail channels. The more recent report from
Thompson and Shuttleworth (23) indicated that a hexameric
Orail concatemer gave a current-voltage relationship very dif-
ferent from authentic CRAC channels. In that report, the hexa-
meric construct was observed to have less inward rectification
and prominent outward currents at reversal potentials of +20
mV or above. In contrast, the tetrameric Orail construct in the
same study gave rise to the strong inwardly rectifying current
properties of an authentic CRAC current, very different from
the properties of the hexamer. As shown in Fig. 2, C and D, we
observe almost identical authentic CRAC current properties
for both tetrameric and hexameric constructs, a result that is
very different from the previous study (23). One possible differ-
ence could be the linker segments used: the earlier study used a
6-amino acid linker, whereas ours is 36 amino acids and is the
same as that used to successfully attach STIM1 fragments to the
Orail channel (16). It is possible that the longer linker could
permit a more authentic configuration to be achieved in the
multimers. However, in the earlier study (23), why there should
have been a differential detrimental effect of a short linker only
on the hexamer is difficult to reconcile. Also, in the previous
studies and our own studies, the linkers are placed immediately
upstream of the Orail N terminus of each conjoined Orail
subunit. This N-terminal segment has ~70 amino acids that are
redundant in the function of Orail channels (35, 36), and sec-
ondary structure analysis reveals little predicted secondary
structure. These flexible 70 amino acids may therefore assist in
linking the Orail units, making it still less clear why the 6-
versus the 36-amino acid linker would selectively affect the
function of Orail concatemers.

E106A Pore-dead Subunit Substitution in Orail Dimers and
Tetramers—Next we sought to understand what could possibly
allow all the concatemeric Orail constructs to function almost
identically, and what we can determine about the nature of the
functional Orail channel. The crystal structure of Drosophila
Orai reveals it to be hexameric (22), and from its sequence sim-
ilarity in critical transmembrane regions, the human Orail
likely has a similar structure. We undertook functional studies
on Orail concatemers in which we introduced one or more
Orail residues that contained the E106A mutation. The Glu-
106 residue is the crucial ion selectivity filter on the external
surface of the channel pore (1), and its mutation to alanine
completely prevents ion conductance (37). Initially, we substi-
tuted mutated Orail E106A subunits within the Orail dimer
(Fig. 3A). Not surprisingly, mutation of either the first or the
second subunit in the dimer to E106A (these constructs are
termed “XO” or “OX,” respectively) or mutation of both sub-
units in the dimer (XX) in each case almost completely pre-
vented the function of the Orail dimer.
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FIGURE 2. Orai1 dimeric, trimeric, tetrameric, pentameric, and hexameric concatemers mediate store-operated Ca>*

entry and CRAC current indis-

tinguishable from that mediated by Orai1 monomer. tdTomato-tagged Orail concatemer constructs were transiently expressed in HEK-01%°S17" cells. A,

fura-2 ratiometric Ca?
ionomycin in Ca®*-free medium followed by the addition of 1 mm Ca®*
B, summary scatter plots with means = S.D. for peak Ca**

* add-back measurements for cells transfected with the concatemers shown. Ca?

* stores were released upon the addition of 2.5 um

(arrows). Traces (means = S.E.) are representative of three independent experiments.
entry of all individual cells recorded in three independent experiments with the Orai1 concatemer

constructs shown in A. C, representative I/V plots from whole-cell recordings from HEK-O1%°S1* cells transiently expressing each of the tdTomato-tagged
concatenated Orail constructs shown in A. D, summary statistics of the reversal potential measurements for each Orai1 concatemer construct described in C.
Scatter plots are means = S.D. for all the cells recorded in three independent experiments.

We also introduced E106A subunits into the Orail tetramer.
Unexpectedly, the introduction of two E106A-mutated resi-
dues into the Orail tetramer caused entirely opposite results
depending on the position of the mutated units. If the two
N-terminal Orail residues were mutated to E106A (XXOO),
the resulting construct was devoid of any Ca>* entry (Fig. 3B) or
CRAC current (Fig. 3C). In contrast, if the two C-terminal
Orail residues were mutated (OOXX), then the construct
retained full Ca>* entry and normal CRAC current activity (Fig.
3, Band C). We considered whether the tdTomato tag at the C
terminus would somehow influence the ability of these Orail
constructs to assemble into functional channels. To test such
possible directionality, we constructed similar Orail concate-
meric tetramers that were N-terminally tagged with tdTomato.
As shown in Fig. 3D, these constructs gave virtually identical
results, the XXOO constructs having no function and the
OOXX constructs mediating full Ca®>* entry indistinguishable
from the OOOO construct. An earlier report (38) had exam-
ined the effects of substituting Orail concatenated tetramers
with subunits containing the pore-inactive R91W mutation
found in patients with severe combined immunodeficiency dis-
ease. The results were shown only for an “XXOO” version of the
substituted concatemer, and revealed that it had essentially
negligible function in agreement with our results. However, in
that study, the “OOXX” version of the concatemer was not
examined.
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Substitution with E106A in the Orail Hexamer—Because we
know that E106A has a powerful and dominant inhibitory effect
on Orail channel function, we interpreted these results to sug-
gest that the two distal (C-terminal) residues of the tetramer
might not be participating in formation of the functional chan-
nel. We also considered that, if the real functional Orail chan-
nel is a hexamer, the substitution of E106A units in the hexam-
eric concatemer might have different functional consequences
than in the tetrameric concatemer. We therefore compared the
effects of substituting a single E106A unit in the first two posi-
tions of the concatemeric Orail hexamer as opposed to the
Orail tetramer. As shown in Fig. 44, a single E106A unit in the
tetramer, regardless of whether in the first or second position
(XOOO0 or OXOO0), almost completely blocked store-operated
Ca®* entry (SOCE). In contrast, substitution of E1I06A in either
of the first two positions of the hexamer gave constructs with
much more activity (Fig. 4, B and C). Substituted at the first
position (XOOOOO), SOCE was observed to be ~15% of the
wild-type hexameric channel. Substituted at the second posi-
tion (OXOOOO), the channel was ~35% as functional as the
wild-type hexamer (OOOOQQ). This indicates that the hex-
amer is behaving quite differently from the tetramer. A com-
parison of the relative Ca®" entry for each of the first or second
E106A-substituted dimers, tetramers, and hexamers is shown
in Fig. 4C, from which it is clear that the hexamer is a special
case.
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FIGURE 3. Orai1 pore-inactive E106A subunit substitution in concatenated Orai dimers and tetramers. A, fura-2 ratiometric Ca>* add-back measure-
ments for HEK-O1%°S17 cells expressing similar levels of the C-terminal tdTomato-tagged Orai1 dimer constructs shown. Ca?" stores were released upon the
addition of 2.5 um ionomycin in Ca**-free medium followed by the addition of 1 mm Ca®" (arrows). Traces are for wild-type Orai1 dimer (OO, red), dimer with
Orail E106A substitution at the first (N-terminal) position (XO, green), second (C-terminal) position (OX, blue), E106A substitution at both positions (XX, orange),
or untransfected control cells (black). B, fura-2 ratiometric Ca®* responses as in A with cells expressing similar levels of tdTomato-tagged Orai1 tetrameric
concatemers, including the all-wild-type Orail tetramer (OOQO, red), Orai1 tetramer with the first subunit pair E106A-mutated (XXOO, blue), Orail tetramer
with the second subunit pair E106A-mutated (OOXX, green), or untransfected control cells (black). C, representative I/V plots from whole-cell recordings from
HEK-01%°S17 cells transiently expressing each of the tdTomato-tagged concatenated Orail tetramer constructs shown in B. Summary scatter plot (means +
S.D.) of reversal potential measurements taken from multiple 1/V curves for the OO00 and OOXX constructs, as shown. Current for the XXOO construct was
essentially zero. D, fura-2 ratiometric Ca®>"* responses as in B with cells expressing similar levels of tetrameric concatemers, but instead, all tagged with
tdTomato at the N terminus. Traces are for the all-wild-type Orai1 tetramer (OOQO, red), Orail tetramer with the first subunit pair E106A-mutated (XXOO, blue),
Orail tetramer with the second subunit pair E106A-mutated (OOXX, green), or untransfected control cells (black). For each of the results shown in A, B, and D,
traces (means = S.E.) are representative of three independent experiments. In each case, summary scatter plots with means *+ S.D. of the percentage of peak
Ca®" entry relative to wild type peak Ca>* entry are shown for all the cells derived from three independent experiments.

In further experiments, we examined a series of hexamers and sixth positions (OOOOXX) in the hexamer, there was
in which we substituted a single E106A unit at the third again substantial Ca®>" entry function.
(O0XO000), fourth (OOOXOO0), fifth (OOOOXO), or sixth Co-expression of Orail E106A Monomers with Orail
(OO00O0X) positions in the hexamer. The results shown in  Tetramers and Hexamers—In an earlier report, the Orail
Fig. 5A reveal that each of these concatemers (especially with X  tetramer was reported to be uniquely resistant to the dominant
at the fourth, fifth, and sixth positions) had substantial Ca®>" negative effects of co-expressing the pore-dead Orail mono-
entry. A summary of results for all the single X mutationsin the mer, E106Q (28). Thus, it was argued that the Orail tetramer
Orail hexameric concatemer is shown in Fig. 5A (right). These  was a structurally intact channel that could resist Orail mono-
results indicate that the position of the E106A unit does not mer insertion, unlike other concatemers (for example, the
make that much of a difference, with the exception of the first Orail trimer) that were blocked as a result of Orail E106Q
place (XOOOOO), which shows rather little function (Fig. 4, B monomer incorporation. In contrast, we observed that the
and C). This is important information indicating that all the = Orail E106A monomer co-expressed with the Orail tetrameric
residues in the expressed Orail hexameric concatemer can concatemer substantially blocked the function of the latter, and
contribute to its channel function. We continued investigation also had the same inhibitory effects on the Orail hexamer (Fig.
of the hexamer by substituting two adjacent E106A units at 6, A and B). To be sure that this effect did not result from
three different positions (Fig. 58). When the E106A units were  competition of the E106A monomer for STIM1 binding, we
at the first and second position in the hexamer (XXOOOOQ), introduced the L273D mutation (which completely eliminates
there was almost no function. However, when the E106A units STIM1 binding (16, 39)) into the E106A monomer. This Orail
were at the third and fourth positions (OOXXOO) or at the fifth  E106A/L273D monomer still substantially blocked the func-
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FIGURE 4. The Orai1 tetrameric and hexameric concatemers differ in the
effects of substituting Orai1 pore-inactive E106A subunits at the first or
second positions. A, fura-2 ratiometric Ca®" add-back measurements for
HEK-01%°S17 cells expressing similar fluorescence levels of the C-terminal
tdTomato-tagged Orai1 tetramers shown. Ca®" stores were released upon
the addition of 2.5 um ionomycin in Ca®* -free medium followed by the addi-
tion of 1 mm Ca®" (arrows). Left, traces are for wild-type Orail tetramer
(O0O0Q0; red) or Orail tetramer substituted with E106A at the first position
(XOOO, orange). Middle, traces are for wild-type Orai1 tetramer (OOOO, red) or
Orai1 tetramer substituted with E106A at the second position (OXOO, purple).
Untransfected control cells are shown for each experiment (black). Traces
(means = S.E.) are representative of three independent experiments. Right,
summary scatter plots of peak Ca" entry relative to wild type; results are
means = S.D. of all cells derived from three independent experiments. B,
fura-2 ratiometric Ca?* add-back measurements for HEK-O1%°S1* cells
expressing similar levels of the C-terminal tdTomato-tagged Orail hexamers
shown. Ca®" measurements were as in A. Left, traces are for wild-type Orai
hexamer (OO00OQO, red) or Orail hexamer substituted with E106A at the first
position (XOOOOO, turquoise). Right, traces are for wild-type Orail hexamer
(000000, red) or Orail hexamer substituted with E106A at the second posi-
tion (OXOOOO, brown). Untransfected control cells are shown for each exper-
iment (black). Traces (means =+ S.E.) are representative of three independent
experiments. C, summary scatter plots of peak Ca®* entry relative to wild
type; results are means = S.D. of all cells from three independent experi-
ments. The summary results for the XO and OX dimers from Fig. 3A are
included for comparison.

tion of both the tetramer and the hexamer (Fig. 6, C and D).
Thus, neither the tetramer nor the hexamer has any special
exclusionary properties that lessen sensitivity to insertion and
blockade by the monomer, a result further militating against
the conclusion that the tetramer is the functional Orail channel
configuration.

A Model for the Functional Assembly of Orail Channel
Concatemers—The picture emerging from our concatemer
studies shows a substantial difference between the operation of
the dimer, tetramer, and hexamer. For dimers, both residues
are essential and equal in their role in forming channels. For the
tetramer, there is a complete distinction in the contribution of
the first two (N-terminal) as opposed to the second two (C-ter-
minal) subunits. In the hexamer, although all of the subunits
can contribute to channel function, they do not contribute
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equally, and the double “XX” results reveal that the first two
(N-terminal) subunits are more critical than the subsequent
four residues. Based on the tetramer data, we conclude that
channels are being formed by the concatemer in which some of
the Orail subunits remain external from the functional channel
core. Based on the strong crystallographic evidence that the
channel is a hexamer (22), we postulate that the probable func-
tional configurations of the dimers, tetramers, and hexamers
are as shown in Fig. 7.

With the dimers, we assume that three dimers can assemble
into a hexamer as a “trimer-of-dimers” (Fig. 7A). If both sub-
units in the dimer are E106A, there is no possibility of channel
function. If one of the units in the dimer is EI06A, there would
be three E106A units in the hexamer, and this would likely also
result in a channel with very little function. Indeed, the results
with OX and XO (Fig. 34) reveal very small Ca®>" entry, but
slightly more than observed with XX, which cannot form any
functional channel protein. The lack of function of the XO and
OX dimers indicates that functional channels are not formed
from the assembly of six dimers each contributing just one
functional monomer to the hexameric assembly. Thus, we con-
clude that the Orai channel may be assembled from dimers, in
agreement with other studies (29, 33, 34) as well as with the
crystallographic structure that reveals that Orai channels com-
prise a trimer-of-dimers (22).

With concatemeric tetramers, substitution with E106A at
the first two N-terminal positions (XXOO) results in virtually
no Ca”>" entry (Fig. 3B). However, substituted at the third and
fourth positions (OOXX), the channel has the same function as
wild-type OOOO. Clearly, these two C-terminal residues of
OOXX are not contributing to the hexamer and are likely
extending out of the hexamer as depicted in Fig. 7B. Thus, we
conclude that the N-terminal pair of residues in the tetramer is
fed into a hexameric structure as a trimer-of-dimers, whereas
the C-terminal pair remains external to the channel. Remark-
ably, the pair of subunits feeding into the hexamer is not altered
by the position of the tdTomato tag. Thus, when we take this
large fluorescent tag and place it on the N terminus instead of
the C terminus of the Orail tetramer, the functional results
with the tetramers are exactly the same (Fig. 3D). Hence, the
dimers of Orail still feed into the hexamer from the N-terminal
end, despite the presence of the bulky tdTomato residue imme-
diately adjacent to the N terminus. This is not so unexpected
because tdTomato-tagged Orail monomers themselves can
form functional channels (Fig. 2) with tags present on each
Orail unit in the hexameric channel.

If we did not have the hindsight of the hexameric channel
crystal structure (22), would our results with the dimers and
tetramers be consistent with the previously proposed Orail
tetramer model (23, 28)? The dimer data would be explainable
because if the dimers were simply combining to form tetra-
meric channels, the OX and XO constructs would have no
function. However, our results with the tetramers reveal that
they are clearly not forming simple tetrameric ring structures as
concluded in the earlier studies (23, 28). Thus, there would be
no explanation for the completely opposite effects of OOXX as
opposed to XXOO (Fig. 3, B-D) under the tetramer theory.
Also, the XOOO and OXOO tetramers might be expected to
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FIGURE 5. Substitution of pore-inactive E106A subunits in the Orai1 hexamer reveals that all the subunits in the hexamer contribute to channel
function. A, fura-2 ratiometric Ca>" add-back measurements for HEK-O1%°S17 cells expressing similar fluorescence levels of the C-terminal tdTomato-tagged

Orail hexamers shown. Ca®* stores were released upon the addition of 2.5 um

ionomycin in Ca**-free medium followed by the addition of 1 mm Ca" (arrows).

In each case, traces for wild-type Orail hexamer (OOOOOQQ, red) are compared with traces for Orai1 hexamer substituted with E106A at the third (OOXO0O0,
orange), fourth (OOOXOO, gray), fifth (O000XO, blue), or sixth position (O0O000X, purple). Untransfected control cells are also shown (black). B, Ca>* add-back

measurements were as in A using hexamers substituted with pairs of E106A

residues. In each case, traces for wild-type Orail hexamer (OOOO0OQO, red) are

compared with traces for Orai1 hexamer substituted with two E106A subunits at the first and second (XXOOOO, purple), third and fourth (OOXXOO, green), or

fifth and sixth position (OOOOXX, blue). Untransfected control cells are also

shown (black). Traces (means * S.E.) are representative of three independent

experiments. Note that for the OOOOXO data (A, third panel), the wild-type trace (OOOOQO) is the same as that shown for the OXOOOO data (Fig. 4B, right
panel) because the data were obtained in the same experiment. In each case, summary scatter plots of peak Ca* entry relative to wild type are shown; results

are means = S.D. of all cells from three independent experiments.

have some function in a ring tetramer because only one out of
the four subunits is deficient. However, these constructs are
almost devoid of function (Fig. 44).

Our results with the hexameric concatemers make a strong
argument that the functional Orail channel is a hexamer, sup-
porting the crystallographic identification of a hexameric chan-
nel structure. Thus, in the hexamers, substitution with a single
E106A at any of the positions in the hexamer reduces function.
However, the hexamer can still have good channel function,
which would be expected with a single EI06A substitution.
Therefore, we conclude that the hexamer can indeed form a
single ring that functions as a channel as shown in Fig. 7C.
However, it seems that this is not the only functional assembly,
and that the concatemeric hexamer can also form a functional
trimer-of-dimers species equivalent to that formed by the
tetramer, but now with four Orail units extending out from the
hexameric core (Fig. 7C). This conclusion is strongly supported
by the function of the double E106A-substituted hexamers
shown in Fig. 5B. Thus, E106A subunits in the first two posi-
tions (XXOOOO) result in almost no channel function,
whereas a pair of EI06A units in the third and fourth, or fifth
and sixth positions, results in significant channel function. This
conclusion is reinforced by the observation that single E1I06A
substitutions at different positions in the hexamer are not
equal, those at the N terminus having more effect than those at
the C terminus (Fig. 54, right). If all the hexamer were in the
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ring configuration, there would be no positional difference
observed with single EI06A substitutions. If all the hexamer
were in the trimer-of-dimers configuration, the two XOOOOO
and OXOOOO constructs would have little activity. Thus, our
hexameric concatemer is likely forming a combination of both
configurations. Importantly, the hexamer is a special case and is
able to tolerate a single X at the first (XOOOOO) or second
position (OXOOOO) because at least some fraction of the hex-
amer can form as a hexameric ring. This sets it apart from the
tetramer, which is unable to form a channel with a single X in
either of the first two positions (XOOO, OXOO), because in
contrast to the hexamer, the tetramer cannot form a complete
ring assembly by itself.

The observation that Orail hexamers can function with one
or more pore-inactive subunits has relevance to the expression
of pore-inactive mutations (for example, R91W) in severe
combined immune deficiency (SCID) patients. Ca®>" entry
responses in T cells derived from heterozygous disease carriers
were relatively normal although diminished under conditions
of lowered external Ca®>" (40). Whether structures excluding
pore-inactive subunits may result in the relatively normal
behavior of Orail channels in the heterozygous case is an inter-
esting possibility.

The Selectivity Filter Glu-106 Appears Critical in Orail
Channel Assembly—Interestingly, increasing the number of
E106A units beyond two provided some further perspective on
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FIGURE 6. The function of the Orai1 tetramer or Orai1 hexamer is substantially reduced by co-expression of pore-inactive Orai1 E106A monomer, and
this effect is independent of any STIM1 binding of the monomer. A, fura-2 ratiometric Ca®>" add-back measurements for HEK-O1%°S1™ cells expressing
similar levels of the C-terminal tdTomato-tagged Orai1 tetramer (left) or hexamer (right), either with (blue traces) or without (red traces) co-expression of Orai1
E106A monomer. Ca®" stores were released with 2.5 um ionomycin in Ca®* -free medium followed by the addition of 1 mm Ca" (arrows). In each case, traces
(means =+ S.E.) are representative of all cells in two independent experiments. B, summary scatter plots of peak Ca®* entry in the presence of E106A monomer
when compared with Ca?* entry without monomer; results are means = S.D. of three independent experiments represented in A. C, exactly the same
experimental design as in A except that the monomer used is the double mutant, Orai1 E106A/L273D, which is devoid of any ability to bind STIM1. Traces
(means * S.E.) are representative of three independent experiments. D, summary scatter plots of peak Ca* entry in the presence of E106A monomer when
compared with Ca®" entry without monomer; results are means + S.D. of all cells in two independent experiments represented in C. Note that the levels of
expression of tdTomato-tagged Orail tetramer or hexamer were not affected by Orail E106A monomer expression, and in each experiment, the level of

tdTomato fluorescence, with or without monomer expression, was the same.

the function and assembly of the Orail channel. EI06A units in
the first three positions of the hexamer (XXXOOO) resulted in
a nonfunctional channel (Fig. 8, A and C). Similarly, EI06A
substituted at the second, fourth, and sixth positions
(OXOXOX) resulted in no function. These results would be
expected, because regardless of the two alternative functional
hexameric structures shown in Fig. 7C, these concatemer con-
structs would result in at least three E106A subunits in the
channel and would therefore have little function. When we
expressed the hexamer with three ELI06A subunits in the fourth,
fifth, and sixth positions (OOOXXX), we obtained small but
significant Ca®" entry (Fig. 8, D and F). This would again be
expected because some functional channel likely arises through
the trimer-of-dimers structure shown in Fig. 8C, whereas any
ring structure would be nonfunctional by virtue of the three
E106A units. Quite unexpectedly, introducing a fourth E106A
residue into this hexamer (OOXXXX) resulted in high Ca>"
entry, almost identical to that of the complete wild-type hex-
amer (OOOOOO) (Fig. 8, E and F). Thus, there is an extraor-
SASBMB
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dinary recovery of function by simply replacing the third sub-
unit of the OOOXXX hexamer with E106A. This result appears
counter-intuitive because the addition of a further non-func-
tional channel subunit would be expected to further reduce
rather than dramatically increase channel function.

This unexpected result has a most interesting possible
rationale and may provide information about how the Orail
channel assembles. We interpret the result to indicate that the
OOXXXX construct has been forced to exist exclusively in the
trimer-of-dimers configuration. Because the Glu-106 residue is
itself the crucial Ca®>* binding selectivity filter of the Orail
channel pore, we postulate that by binding Ca**, this residue
may also function to instigate the hexameric assembly of the
Orail channel around a central Ca®>* ion. We would assume
that the OOOOOO hexamer would favor formation of the ring
structure, although we do not know the proportion of ring ver-
sus trimer-of-dimers species present with that construct. As
more E106A units are added to the C terminus, the channel not
only becomes less conductive as a hexameric ring, but may also
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FIGURE 7. Model of the possible assembly of concatenated Orai1 con-
structs to form functional hexameric channels. The model depicts the abil-
ity of concatenated Orail dimers (A) or tetramers (B) to form functional hexa-
meric channels through the insertion of three N-terminal dimers into a
hexameric trimer-of-dimers complex. The concatenated Orail hexamer is dis-
tinct from the dimer and tetramer in being able to form a hexameric ring (C) in
which all six of the subunits contribute to the function of the channel. The
data suggest that the hexamer can additionally form a trimer-of-dimers com-
plex similar to that formed by the tetramer. Details of the evidence and logic
favoring formation of these functional assemblies are given under “Results
and Discussion.” 36-aa linker, 36-amino acid linker.
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become less susceptible to forming a ring nucleated by a Ca>"
ion. By default, this would favor assembly of trimer-of-dimers
species. With OOOOXX or OOOXXX, there may still be suf-
ficient driving force for some ring formation, but such rings are
with little or no channel function. Thus, three or four N-termi-
nal O’s might still be effective in preventing the trimer-of-dimer
assembly as a result of promoting ring formation. However,
with the OOXXXX structure, there is now no driving force
for ring formation, and the assembly of trimer-of-dimers is
strongly favored.

Concluding Comments—QOur results provide strong support
for the hexameric structure of the Orail channel. Moreover,
our studies contradict previous studies that were interpreted to
favor the tetramer model. First, concatemeric hexamers and
tetramers both give rise to authentic CRAC currents, identical
in properties to those mediated by the expression of Orail
channels in native cells (Fig. 2). This directly refutes the previ-
ous evidence (23) that the tetramer is functionally distinct from
the hexamer in mediating CRAC channel activity. Second, the
function of dimers, trimers, and other multimers of Orail does
not require the presence of endogenous Orail subunits to
reconstitute functional CRAC channel activity as suggested
earlier (28); thus, we observe the function of 2/l Orail multim-
ers in cells devoid of endogenous Orail. Third, our experiments
disprove the earlier report that the Orail tetramer is uniquely
resistant to the dominant negative effects of co-expressing the
pore-dead Orail monomer, E106Q (28).

Overall, our results provide functional data for the Orail
channel that are highly consistent with the compelling struc-
tural data (22) from Drosophila Orai, indicating that the Orail
channel is a hexamer. The crystal structure reveals that Dro-
sophila Orai exists as a trimer-of-dimers, with each pair held
together by hydrophobic interactions between the C termini of
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each of the two Orai subunits in the dimer. Such an assembly is
consistent with other reports that indicate Orai channels are
assembled from dimers (29, 33). Indeed, recent data indicate
that PM dimers predominate in the resting state (90%) and can
assemble into multimers up to hexamers, upon store depletion
(34). This lends support to the evidence presented here that
several combinations of concatemers may form hexamers
through the assembly of dimers. When this happens, it seems
that the dimers are always donated from the N terminus of
concatemers. The presence of the E1I06A mutation may not
only prevent the function of channels formed in this way, but
it may also actively prevent the assembly of channels. This
explains why the N-terminal Orail subunit in the concatemeric
hexamer is the most susceptible to mutation (Figs. 4 and 5). We
speculate that Ca®>" binding to Glu-106 in this subunit may
mediate a “seeding” role in Orail channel assembly; thereafter,
the bound Ca®* functions as a template for channel assembly as
described above. The strong inhibitory action we observe of
E106A monomer co-expression with tetramers or hexamers
(Fig. 6) may therefore reflect its dominant role in preventing
channel assembly as well as channel function. Clearly, investi-
gation of the subunit assembly of Orail channels will be an
important area for future investigation.

Experimental Procedures

DNA Constructs—The human Orail with 36-amino acid
linker sequence was derived by PCR from the Orail S-S con-
structed previously (16). The DNA sequence was inserted into
the pEGFP-N1 vector with the BamHI and Xhol restriction
sites. The original EGFP tag was deleted using the BamHI and
Notl restriction sites, and the tdTomato tag from ptdTo-
mato-N1 with the same restriction sites was inserted into the
construct to give ptdTomato-N1-Orail. For the concatenated
Orail dimer, the ptdTomato-N1-Orail was digested by BamHI
and Xhol to obtain the Orail-linker fragment, and this frag-
ment was inserted into the same plasmid digested by BamHI
and Sall. The trimer, tetramer, pentamer, and hexameric con-
catemers were constructed by repeating these digestion and
ligation steps. Orail E106A mutations were derived using the
QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent;
210518).

Generating Human ORAII Knock-out Cell Lines Using the
CRISPR-Cas9 Nickase System—OQOrail sequence-specific guide
RNAs were inserted into the lentiCRISPR V2 vector (Addgene
52961) with the BsmBI restriction site to create a gRNA-Cas9-
encoding plasmid. HEK cells were transfected with the gRNA-
Cas9 plasmid using the cell line Nucleofector Kit (Lonza,
VCA-1003) and the Amaxa Biosystems Nucleofector protocol
(Lonza) according to the manufacturer’s protocol. 48 h after
transfection, cells were cultured in DMEM supplemented with
10% fetal bovine serum, penicillin, and streptomycin contain-
ing puromycin (2 pg/ml) (Gemini Bio Products, West Sacra-
mento, CA) in 5% CO, at 37 °C. 6 days after puromycin selec-
tion, cells were collected and seeded at one cell per well into
96-well plates. Disruption of the ORAII gene in individual col-
onies was detected using the Guide-it Mutation Detection
Kit (Clontech Laboratories, 631443) and confirmed by se-
quencing, as well as Western blotting and functional responses
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FIGURE 8. The position and number of pore-inactive E106A subunits substituted in the Orai1 hexamer reveal profound differences in channel
function likely reflecting different combinations of assembly as described under “Results and Discussion.” A, fura-2 ratiometric Ca®>" add-back mea-
surements for HEK-01°S17 cells expressing similar levels of the C-terminal tdTomato-tagged Orail hexamers shown. Ca2* stores were released with 2.5 um
ionomycin in Ca**-free medium followed by the addition of 1 mm Ca®* (arrows). The trace for wild-type Orai1 hexamer (OO0QQO, red) is compared with that
for Orail hexamer substituted with E106A at the first three positions (XXXOOO, orange). B, Ca®>" add-back measurements as in A using Orail hexamer
substituted with three E106A residues in the second, fourth, and sixth positions (OXOXOX, olive). Traces (means = S.E.) are representative of three independent
experiments. C, summary scatter plots of peak Ca* entry when compared with wild type; results are means =+ S.D. of all cells in three independent experiments
represented in Aor B.D,Ca®" add-back measurements as in A using Orai1 hexamer substituted with three E106A residues in the last three positions (OOOXXX,
cyan). E, Ca®" add-back measurements as in A using Orai1 hexamer substituted with four E106A residues in the last four positions (OOXXXX; green). Traces
(means = S.E.) are representative of three independent experiments. F, summary scatter plots of peak Ca®" entry when compared with wild type; results are

means * S.D. of all cells in three independent experiments represented in D or E.

(supplemental Fig. S1). The ORAII knock-out cell line gener-
ated was named HEK-O1*°. The cell line STIM1-YFP-express-
ing HEK-O1%°S1" was generated from the cells as described
below. The oligonucleotides used for creating the Orail guide
RNAs were: Orail gRNA 6F: 5'-CAC CGG TTG CTC ACC
GCCTCGATG T-3'; and Orail gRNA 6R: 5'-AAA CACATC
GAG GCG GTG AGC AACC-3'.

Cell Culture and Transfection—The stable HEK-O1%°S1™
cell line expressing STIM1-YFP was derived from HEK-O1*°
cells using the transfection and selection methods described
previously (41, 42). Cells were cultured in DMEM (Corning
Cellgro) supplemented with 10% fetal bovine serum, penicillin,
and streptomycin containing puromycin (2 ug/ml) (Gemini Bio
Products) at 37 °C with 5% CO,. All transfections were per-
formed by electroporation at 180 V, 25 ms in 4-mm cuvettes
(Molecular Bio-Products) using the Bio-Rad Gene Pulser Xcell
system in OPTI-MEM medium as described previously (43).
Experiments were all performed 18 —24 h after transfection.

Cytosolic Ca®* Measurements—Cytosolic Ca®" levels were
measured as described earlier (44) by ratiometric imaging using
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fura-2 (Molecular Probes). Cells were used 18 —24 h after trans-
fection, and then incubated with 2 uMm fura-2 in buffer contain-
ing: 107 mm NaCl, 7.2 mm KCl, 1.2 mm MgCl,, 1 mm CaCl,, 11.5
mM glucose, 0.1% BSA, 20 mm HEPES, pH 7.2, for 30 min at
room temperature, followed by treatment with fura-2-free
solution for another 30 mins. Fluorescence ratio imaging was
measured utilizing the Leica DMI6000B fluorescence micro-
scope and Hamamatsu camera ORCA-Flash 4 controlled by
SlideBook 6.0 software (Intelligent Imaging Innovations; Den-
ver, CO) as described previously (45). Consecutive excitation at
340 nm (F,,,) and 380 nm (F55,) was undertaken every 2 s, and
emission fluorescence was collected at 505 nm. Intracellular
Ca®" levels are shown as Fj,/F,4, ratios obtained from groups
of 8 -25 single cells on coverslips. For the Orail concatemer
experiments, data are shown for cells expressing a narrow range
of tdTomato fluorescence to maximize the consistency of
responses between cells. For each concatemer experiment, we
simultaneously examined each set of mutants with the corre-
sponding wild-type concatemer. The expression levels for wild-
type and mutant concatemers were within a similar narrow
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range of fluorescence intensity. All Ca®" imaging experiments
were performed at room temperature, and representative
traces of at least three independent repeats are shown. Scatter
plots with means = S.D. are shown for all the cells recorded.

Deconvolved Fluorescence Image Analysis—For the imaging
of cells, we used the inverted Leica DMI6000B automated fluo-
rescence microscope and Hamamatsu ORCA-Flash 4 camera
controlled by SlideBook software to collect and analyze high
resolution fluorescence images. For the PM localization studies
of tdTomato-tagged Orail concatemers, stacks of 10-20 3D
Z-axis image planes close to the cell-glass interface were col-
lected at 0.35-um steps. The no-neighbor deconvolution func-
tion of the SlideBook 6.0 software was used to analyze images
and derive enhanced deconvolved images with minimized fluo-
rescence contamination from out-of-focus planes. The tdTo-
mato-tagged Orail concatemer images shown were typical of at
least three independent analyses.

Electrophysiological Measurements—Whole-cell patch clamp
recording was performed on HEK-O1*°S1™" cells transiently
transfected with tdTomato Orail concatemer constructs, or
not transfected, as described (11). To passively deplete ER Ca>"
stores, the pipette solution contained: 135 mm cesium (aspi-
rated), 10 mm HEPES, 8 mm MgCl,, and 10 mm BAPTA (pH 7.2
with CsOH). The bath solution contained: 130 mm NaCl, 4.5
mwm KCl, 5 mm HEPES, 10 mm dextrose, 10 mm tetraethylam-
monium chloride (TEA-CIl), and 20 mm CaCl, (pH 7.2 with
NaOH). Currents were recorded in the standard whole-cell
configuration using the EPC-10 amplifier (HEKA). Glass elec-
trodes with a typical resistance of 2—4 megaohms were pulled
using a P-97 pipette puller (Sutter Instruments). A 50-ms step
to —100 mV from a holding potential of 0 mV, followed by a
50-ms ramp from —100 to 100 mV, was delivered every 2 s.
Currents were filtered at 3.0 kHz and sampled at 20 kHz. A
+10-mV junction potential compensation was applied to cor-
rect the liquid junction potential between the bath and pipette
solutions. The current measure at —100 mV was used in I-V
curves. All data were acquired with PatchMaster and analyzed
using FitMaster and GraphPad Prism 6.

Western Blotting and Biotinylation Analyses—Cells were
washed with ice-cold PBS and lysed on ice using lysis buffer (50
mM Tris-HCI, pH 8.0, 150 mm NaCl, 1% Nonidet P-40, and 1X
protease inhibitor cocktail) for 30 min, followed by centrifuga-
tion at 14,000 X g for 10 min at 4 °C. Supernatants were col-
lected, and protein was quantified using Bio-Rad DC kits. Pro-
teins were resolved on 4-15% NuPAGE Bis-Tris precast gels
and transferred to Bio-Rad Immuno-Blot PVDF membranes.
After blocking in 5% nonfat milk for 1 h at room temperature,
the membrane was incubated with primary antibody at 4 °C
overnight. Membranes were washed three times in PBST
(phosphate-buffered saline supplemented with 0.1% Tween-
20) and incubated with secondary antibody for 1 h at room
temperature. Subsequently, membranes were washed three
times with PBST. Peroxidase activity was examined with Super-
Signal West Pico Chemiluminescent Substrate (Thermo Scien-
tific), and fluorescence was collected using the FluorChem M
imager (ProteinSimple). Cell surface proteins were isolated
after biotinylation using the Pierce Cell Surface Protein Isola-
tion kit (Thermo Scientific, 89881). HEK-O1*°S1™ cells were

25774 JOURNAL OF BIOLOGICAL CHEMISTRY

transfected with ptdTomato-N1-Orail or each of the concate-
mers described (dimers through hexamers) for 24 h followed by
washing cells twice with ice-cold PBS. Cells were incubated
with 0.25 mg/ml Sulfo-NHS-SS-Biotin for 30 mins at 4 °C.
Thereafter, quenching solution (Thermo Scientific, 1859386)
was added to stop the reaction. Cells were collected and rinsed
with TBS. Cells were then lysed in 200 ul of Lysis Buffer
(Thermo Scientific, 1859387) on ice for 30 min and centrifuged
at 10,000 X g for 10 mins at 4 °C. The supernatant containing
biotinylated proteins was incubated with Immobilized Neutr-
Avidin Gel (Thermo Scientific, 1859388) in the kit columns at
room temperature for 1 h on a rocking platform. After centri-
fuging at 1,000 X g for 2 min, flow-through from the columns
was collected and applied to gels to assess the level of non-
biotinylated Orail concatemeric protein, that is, the levels of
concatemer that did not reach the PM. Columns were washed
three times with Wash Buffer (Thermo Scientific, 1859389),
and the biotinylated protein was eluted with 200 ul of SDS-
PAGE Sample Buffer with 50 mm DTT and resolved on 4—12%
NuPAGE Bis-Tris precast gels (Life Technologies) as described
above.
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