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Abstract

Rationale—Canonical transient receptor potential 4 (TRPC4) contributes to the molecular
composition of a channel encoding for a calcium selective store operated current, /5oc, whereas
Orail critically comprises a channel encoding for the highly selective calcium release activated
calcium current, /crac. However, Orail may interact with TRPC proteins and influence their
activation and permeation characteristics. Endothelium expresses both TRPC4 and Orail, and it
remains unclear as to whether Orail interacts with TRPC4 and contributes to calcium permeation
through the TPRC4 channel.

Objective—We tested the hypothesis that Orail interacts with TRPC4 and contributes to the
channel’s selective calcium permeation important for endothelial barrier function.

Methods and Results—A novel method to purify the endogenous TRPC4 channel and probe
for functional interactions was developed, using TRPC4 binding to protein 4.1 as bait. Isolated
channel complexes were conjugated to anti-TRPC protein antibodies labeled with cy3-cy5 pairs.
Forster Resonance Energy Transfer among labeled subunits revealed the endogenous protein
alignment. One TRPC1 and at least two TRPC4 subunits constituted the endogenous channel
(TRPC1/4). Orail interacted with TRPC4. Conditional Orail knockdown reduced the probability
for TRPC1/4 channel activation, and converted it from a calcium-selective to a non-selective
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channel, an effect that was rescued upon Orail re-expression. Loss of Orail improved endothelial
cell barrier function.

Conclusion—~Oirail interacts with TRPC4 in the endogenous channel complex, where it controls
TRPCL1/4 activation and channel permeation characteristics, including calcium selectivity,
important for control of endothelial cell barrier function.

Keywords

Store operated calcium entry; /5oc, calcium selective store operated calcium entry current; /crac,
calcium release activated calcium current; Protein 4.1; Endothelium

Diverse environmental signals provoke transient cytosolic calcium elevations that initiate
physiologically relevant cellular adaptations. Such calcium transitions occur in all
eukaryotic cells, in response to chemical, mechanical, and physical first messengers-3. In
endothelium, neurchumoral inflammatory mediators induce a transient rise in cytosolic
calcium that serves as a proximal signal to reorganize the cytoskeleton, disrupt cell-cell
junctions, and induce intercellular gaps*®. These gaps form a paracellular pathway for
plasma-rich exudation, and delivery of immunoglobulins and anti-inflammatory molecules
to sites of injury or infection.

Calcium entry across the cell membrane, and not calcium release from intracellular
organelles, such as the endoplasmic reticulum, is necessary to induce endothelial cell gaps
and increase permeability’. Transient receptor proteins 1, 3, 4 and 6 within the canonical
subfamily (TRPC) have all been incriminated in the calcium influx that is responsible for
increased permeability8-13, yet functional TRPC channels are thought to form by some
combination of four subunits, and the subunit stoichiometry of an endogenously expressed
TRPC channel has yet to be resolved. Recently, the TRPC4 carboxy-terminus was found to
directly interact with protein 4.1, near the channel’s projected pore!2 14, Disrupting the
TRPC4-protein 4.1 interaction abolished calcium entry through the TRPC4 channel, and
prevented inter-endothelial cell gap formation, indicating that TRPC4 is directly tethered to
the membrane skeleton as a means to localize the calcium signal to physiologically
important effectors.

Both TRPC1 and TRPC4 contribute subunits to the protein 4.1-bound channel2 15, 16_This
channel encodes for a calcium selective store operated current, /5oc, in endothelia, which is
small (»1.5 pA/pF), inwardly rectifying, and possesses a reversal potential near +40
mV11.12,14,17 g~ is activated by thapsigargin, inositol 1,4,5 trisphosphate and TPEN, all
of which deplete endoplasmic reticulum calcium. Questions remain as to whether /5o is the
same as, or different from, the calcium release activated calcium current, /crac, Which
displays similar biophysical properties to /5oc, although is thought to be more highly
calcium selectivel8-20, Orai1l is a four transmembrane spanning domain protein that forms a
pore through the coordination of four subunits, and encodes for /crac?t2°. Endothelial cells
express Orai118: 26,27 Trebak and colleagues!® suggest that thapsigargin activates both /oc
and /crac in endothelial cells, and further work indicated that /soc controls permeability
whereas /crac regulates proliferation, migration and angiogenesis.

Despite the evidence that Orail can form a channel, it remains unclear as to whether Orail is
sufficient to comprise the pore-forming channel accounting for /crac /7 vivo. For example,
Orail appears to be nearly ubiquitously expressed, and not all cells that express Orail
possess Icrac?®30. Moreover, the Birnbaumer3, Ambudkar32, and Flockerzi28 groups have
independently noted that Orail’s anatomy is unusual for a store or receptor operated calcium
channel, and recognized that it is more reminiscent of channel ancillary proteins, such as the
T channel’s y subunit?’. Orail may be an essential subunit of TRPC channels that is

Circ Res. Author manuscript; available in PMC 2013 May 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cioffi et al. Page 3

required for TRPC proteins to sense calcium store depletion, and hence to be store
operated32, At present this central issue remains unresolved. To address this issue, we
developed a means to enrich for the endogenous TRPC4 channel from endothelial cell
membrane fractions, using protein 4.1 as bait. Using purified fractions, we probed for inter-
molecular interactions by Forster resonance energy transfer (FRET). Cells were engineered
for the conditional expression of Orail sShRNA, so that in the same cells, Orail expression
could be suppressed and then rescued. Our results indicate that Orail constitutively interacts
with TRPC4 in endothelial cells, and with TRPC1 after calcium store depletion.
Furthermore, Orail increases the probability that TRPC4 will be activated following
calcium store depletion, promotes calcium selectivity of the TRPC4 channel, and critically
controls the transmembrane calcium flux that serves as a proximal signal for endothelial cell
barrier disruption.

Materials and Methods

Ethical Approval

All animal use studies were approved by the University of South Alabama’s Institutional
Animal Care and Use Committee.

Cell Cultures

Rat pulmonary artery (PAECs) and microvascular endothelial cells were isolated and
cultured in DMEM supplemented with 10% FBS and penicillin/streptomycin using
previously described methods33: 34,

Reagents
See Supporting Online Material.

Membrane/Cytoskeleton Fractions and Immunoprecipitation
Performed as described in 12,

Preparation of Isolated Immunocomplex
See Supporting Online Material.

SDS-PAGE and Western Blot
As described in 12,

Fluorescently Tagged Antibodies

Antibodies were tagged with the cyanine reagents cy3 and cy5 following the manufacturer’s
directions (Cy3 mAb Labeling Kit #PA33001 and Cy5 mAb Labeling Kit #PA35001; GE
Healthcare Bio-Sciences Corp.; Piscataway, NJ).

FRET Experiments

The FRET-based approach to determine subunit stoichiometry was adapted from 35 36,
Procedure details are presented in online supplement.

Conditional Expression of Orail shRNA

Four pairs of short hairpin RNA (shRNA)-encoding oligonucleotides were designed using
BLOCK-iT RNAI Designer program (Invitrogen), synthesized by Integrated DNA
Technologies (Coralville, 1A), reconstituted in water, annealed, and cloned into Bful-
digested pMA2867; this approach was described previously3’. The identity of the constructs
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was verified by sequencing. Lentivirus-containing supernatants were produced using
standard procedures, as shown previously3’. Supernatants were used to infect tetracycline-
regulated (Tet-On) pulmonary artery endothelial cells, which were then selected to
homogeneity using puromycin.

Whole Cell Patch Clamp Electrophysiology

Patch clamp experiments were performed as described extensively elsewherell: 12,14, 15,17,
Details regarding intra- and extracellular solutions are available in the online supplement.

Statistical Analysis

Results were analyzed using one-way ANOVA, where appropriate, using GraphPad Prism
4.0 software. All data represent mean + SEM. P < 0.05 is considered statistically significant
for the comparisons.

Results

Protein 4.1 functions as bait for isolation of an endogenous TRPC4 channel

We utilized the physical interaction between TRPC4, protein 4.1 and the membrane skeleton
as a way to enrich for the endogenous channel. Pulmonary artery endothelial cells were
lysed and detergent extracted using octyl-3-D-glucopyranoside. The resulting pellet fraction
contained elements of the cytoskeleton and membrane skeleton, including spectrin bound to
protein 4.1. In the presence of salt, protein 4.1 was displaced from the pellet fraction into a
supernatant fraction with TRPC1, TRPC4 and Orail (Figure 1A), whereas actin and other
cytoskeletal proteins remained in the pellet fraction (data not shown). Immunoprecipation of
protein 4.1 and immunoblotting of TRPC proteins revealed that TRPC1, TRPC4 and Orail
co-immunoprecipitate with protein 4.1.

FRET resolves intermolecular interactions between TRPC4 and Orail in endothelium

We next developed a method to resolve the nature of the protein 4.1-bound TRPC4 channel
purified within the salt dissociated supernatant, based upon the use of FRET as a molecular
ruler38-40, to define inter-molecular interactions within a channel (Online Figure I). Protein
4.1 antibody was affixed to Protein A/agarose beads and incubated with the salt dissociated
supernatant fraction, which tethered associated TRPC subunits to the beads as part of the
channel complex. Our FRET approach was derived from studies resolving the GABA 354
and cyclic nucleotide gated cation channel3® stoichiometries, with the notable exception that
in our system, TRPC subunits were not overexpressed. Rather, cy3 and cy5 FRET pairs
were conjugated to TRPC protein antibodies and then incubated with Protein A/agarose
beads containing the protein 4.1 bound TRPC channel over a range of concentrations.
Fluorescence saturation binding curves were determined, and the half maximal
concentration of each antibody was determined to allow for efficient FRET (Online Figure
I1). FRET detection occurs only when the distance between the fluorophores is <1.5 R,
where Ry is the Férster radius®2:63, Using an R, of 50 A for the cy3-cy5 pair®2:63, positive
FRET reflects a distance of < 75 A between proteins.

Since TRPC1 and TRPC4 co-immunoprecipitate®2-53, and since TRPC4 appears to be
required for TRPC1 membrane targeting’6, we began by testing whether TRPC1 and
TRPC4 directly interact. TRPC1 and TRPC4 were labeled with cy3 and cy5 conjugated
antibodies, respectively, and FRET signals examined. As anticipated, strong FRET signals
were observed between TRPC1 and TRPC4, indicating they directly interact within the
native channel (Figure 1B).
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Several control approaches were developed to ensure FRET signals are due to intra-channel
subunit interactions. Dilution experiments were performed where one-fifth the amount of
salt-dissociated supernatant was immunoprecipitated for protein 4.1 (Online Figure 11). If
the FRET measurements are non-specific, then the distance between adjacent TRPC1/4
channel complexes should increase as the sample becomes more dilute. In this instance, the
FRET signal would be abolished. If the FRET measurements are specific, then the distance
between individual proteins in the TRPC1/4 complex should not increase as the sample
becomes more dilute. In this case, the FRET signal would be retained. To do this, FRET
between cy3-labeled TRPC1 and cy5-labeled TRPC4 was tested. In undiluted samples,
FRET was readily apparent between TRPC1 and TRPC4. The overall fluorescence intensity
was decreased in all of the diluted samples compared to the undiluted samples. However,
strong TRPC1-TRPC4 FRET signals were retained in the diluted samples (Online Figure
I11), demonstrating FRET detects intra-channel subunit interactions.

To confirm efficient energy transfer between cy3 and cy5 was occurring as predicted,
photobleaching studies were undertaken. In this case, the cy5-labeled TRPC4 channel was
irradiated to photobleach fluorescence. Such cy5 inactivation prevented energy transfer from
cy3-labeled TRPCL1 to cy5-labeled TRPC4. Consequently, increased cy3 fluorescence was
measured, indicating the signal measured in the FRET channel is specific (Online Figure
IV). Collectively, these data confirm that our FRET approach detects intra-channel subunit
interactions.

To determine whether the channel possesses more than one TRPC1 subunit, TRPC1
antibody was labeled with cy3 and cy5 and FRET responses examined. FRET could not be
detected under these conditions (Figure 1B). However, labeling the TRPC4 antibody with
cy3 and cyb5 revealed strong FRET responses, indicating more than one TRPC4 protein
exists within the channel (Figure 1B).

These initial studies were conducted using pulmonary artery endothelial cells, yet
considerable heterogeneity among endothelial cell phenotypes has been reported,
particularly in regard to calcium signaling. To determine whether stoichiometry of the
protein 4.1-bound TRPC channel is the same among endothelial cell phenotypes, FRET
experiments were repeated using salt dissociated supernatants isolated from pulmonary
microvascular endothelial cells (Figure 1C). The results of these experiments revealed an
identical TRPC protein alignment.

Since TRPC1 and 4 proteins reside in caveolin-rich fractions*!: 42, and since caveolin-rich
fractions can be isolated from pulmonary endothelium in the intact circulation3, we utilized
caveolin fractions obtained from an isolated perfused lung preparation to examine TRPC
channel subunit alignment. These caveolin-rich fractions retain elements of the membrane
skeleton, including spectrin, actin and protein 4.1. Detergent extracted caveolin fractions
were prepared for FRET studies and protein-protein interactions probed. Once again,
identical FRET responses were recorded (Figure 1C), indicating the channel’s subunit
alignment is the same in cultured cells and /n vivo.

Orail interacts with TRPC4 in the protein 4.1-enriched channel complex

TRPC proteins are generally believed to form non-selective cation channels. However, the
protein 4.1-bound TRPC1/4 channel described presently is calcium selectivell: 12. 14,15
albeit less so than the calcium release activated calcium current, /crac, that is thought to be
encoded by Orai12125, Controversy remains as to whether TRPC channels interact with
Orail, and as to whether TRPC channels are activated by calcium store depletion. Orail has
been reported to interact with TRPC1 following calcium store depletion, and this interaction
may be necessary for TRPC1 to sense calcium store depletion3L.
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FRET was utilized to examine whether Orail interacts with the protein 4.1-bound TRPC1/4
channel. Whereas Orail was found to constitutively interact with TRPC4, it did not interact
with TRPC1 (Figure 2A). We next examined whether the nature of this Orail-TRPC4
interaction changed following channel activation. Thapsigargin was used to activate store
operated calcium entry in pulmonary artery endothelial cells, and salt dissociated
supernatants were prepared for FRET studies. Under these conditions, Orail interacted with
both TRPC1 and TRPC4, generally consistent with previous observations (Figure 2B).

Orail impacts TRPC4 channel activation and calcium permeation

The functional significance of an Orail-TRPC1/4 interaction is not known. We developed
an approach to test whether Orail impacts TRPC1/4 channel activation and permeation
characteristics. Four ShRNA targeting Orail mRNA were generated and tested; one
sequence was particularly effective at reducing Orail protein and was therefore selected for
further study (Online Figure V). Pulmonary artery endothelial cells were then engineered to
express the Tet-On reverse transactivator protein (rtTA) (Online Figure VI). The construct
was stably introduced using a retro-lentiviral system. rtTA was followed by an internal
ribosomal entry site and a fusion between enhanced green fluorescent protein (EGFP) and
blasticidin resistance gene. Infected cells were selected to homogeneity using blasticidin
resistance and confirmed by EGFP fluorescence. Once these cells were selected to
homogeneity, they were re-infected with a second virus containing the shRNA sequence
driven by doxycycline, enabling rtTA interaction with Tet-operator sequences. Cells
expressing Orail shRNA were selected using puromycin, and confirmed by observing
mCherry fluorescence upon doxycycline induction.

Using this system, the ability of ShRNA to decrease Orail expression, and the time required
for doxycycline withdrawal to result in Orail re-expression, was examined (Figure 3A).
Within 72 hours of doxycycline treatment, western blot analysis revealed that Orail
expression was nearly abolished, and within 48 hours after withdrawing doxycycline, Orail
expression had returned to near normal levels. Doxycycline concentrations as low as 0.1 g/
mL effectively reduced Orail, with maximal protein inhibition ranging from 1-3 pg/mL.
Salt dissociated supernatant fractions were generated from these engineered cells, and FRET
studies were performed. As shown previously in control cells, constitutive FRET was seen
between Orail and TRPC4 (Figure 3B). In doxycycline-treated cells, ShRNA expression
abolished Orail fluorescence on the agarose beads; TRPC protein expression was not
decreased by Orail knockdown. As anticipated, in the absence of Orail protein, an
interaction between Orail and TRPC4 could not be detected by FRET, yet upon doxycycline
withdrawal, Orail fluorescence was rescued, as was the Orail-TRPC4 interaction.

Whole cell electrophysiology experiments were performed using doxycycline naive cells,
and following doxycycline treatment and withdrawal. Thapsgargin was delivered in the
patch pipette using internal solutions designed to clamp intracellular calcium at 100 nM.
Under these conditions, thapsigargin induced a small, inward calcium current that displayed
a reversal potential near +40 mV (Figure 4A). Eighty six percent of the control cells tested
displayed the current. Four important differences were noted in cells treated with
doxycycline for 72 hours to reduce Orail expression. First, thapsigargin activated a current
in only 47% of the cells lacking Orail, suggesting that Orail plays a critical role in coupling
calcium store depletion to channel activation (Odds ratio = 5.25; p < 0.05 chi square).
Second, of the cells that responded to thapsigargin, the current density was decreased by
approximately 25% at all of the negative test potentials, although the current was not
abolished, indicating Orail is not necessary for cation permeation through the /soc (Figure
4B). Third, the reversal potential was left shifted to +20 mV, indicating a loss of calcium
selectivity (Figure 4B). Fourth, calcium dependent inactivation was reduced (Figure 4C).
The TRPC1/4 channel displays a calcium dependent inactivation, where the macroscopic
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current is decreased approximately 40% in sixty seconds. In cells lacking Orail, TRPC1/4
inactivation was reduced by approximately 20%, suggesting less calcium was permeating
through the channel. When doxycycline was withdrawn and Orail expression returned to
normal levels, the thapsigargin-induced current, including the percent of cells activated,
current density, and reversal potential, were normalized.

We next tested the anomalous mole fraction behavior of /5oc in the presence and absence of
Orai144. In cells possessing Orail, typical anomalous mole fraction behavior was observed,
where the /5oc current was greatest in 100 nmol/L extracellular calcium, reflecting sodium
permeation through the TRPC1/4 channel (Figure 5A). Increasing extracellular calcium
concentrations reduced this sodium current, revealing smaller calcium currents, especially at
10 mmol/L extracellular calcium. In the absence of Orail, the sodium current was preserved
while the calcium-dependent inhibition of the sodium current was nearly abolished. Orail
did not influence the reversal potential when extracellular calcium concentrations were
below 1 mmol/L, but when 10 mmol/L calcium concentrations were studied to reveal a
calcium current, cells possessing Orail displayed a reversal potential of approximately +40
mV whereas cells lacking Orail had a reversal potential near +20 mV (Figure 5B). These
findings suggest that Orail is necessary for the TRPC4-dependent /spoc to display calcium
selectivity. Using this anomalous mole fraction protocol, /5oc inactivation was again tested
(Figure 5C). The decay fraction was greatest in cells expressing Orail, indicating the
presence of Orail is an important determinant of the amount of calcium that permeates the
TRPC1/4 channel.

Orail contributes to the calcium entry that disrupts the endothelial cell barrier

Inflammatory agonists that activate SOC entry induce gaps between adjacent endothelial
cells as a paracellular pathway for exudation; TRPC1/4 localizes to junctional

complexes’: 12, Here, we tested whether the presence of Orail contributes to endothelial cell
barrier disruption. Time-lapse videomicroscopy was performed to investigate whether
thapsigargin induces gaps in the presence and absence of Orail (Figure 6 and Online Figure
VII). As previously reported, thapsigargin induced multiple small gaps ranging in size from
20-200 pm?, and fewer gaps larger than 200 wm2. Inter-endothelial cell gap formation was
transient, as most gaps resealed within 30 minutes. This effect was dependent upon the
presence of Orail, as Orail knockdown prevented thapsigargin from inducing gaps.

Discussion

In this study, we illustrate the privileged inter-molecular interaction within caveolin-rich
membrane domains between the protein 4.1-bound TRPC1/4 channel and Orail. This
interaction is functionally important, as Orail increases the probability that TRPC1/4 will be
activated by calcium store depletion, and it critically influences the calcium selectivity of the
TRPC1/4 channel and, hence, the calcium concentration that permeates through the channel.
These results prompt further consideration of the molecular structure and function of the
endothelial cell TRPC1/4 channel.

Few channels are known to bind to protein 4.14°. Precedence for a role of protein 4.1 in both
the scaffolding and regulation of ion channels was first vetted in neurons, where protein
4.1R was shown to co-associate with NaVq 5 channels in the Nodes of Ranvier4>-49, Protein
4.1R knockout mice were later revealed to display a cardiac phenotype, with bradycardia
accompanied by prolongation of the QT interval. In this case, a delay in NaVq 5 channel
inactivation was reported. Similar findings were reported in TRPC4-channels, as a protein
4.1-TPRC4 interaction was shown to be essential for channel gating 1214, There is an
absolute dependence on protein 4.1-actin binding for thapsigargin to activate /5oc, and
protein 4.1 in turn directly links the spectrin membrane skeleton to the TRPC4 channel.

Circ Res. Author manuscript; available in PMC 2013 May 25.
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Both the introduction of a peptide targeting the conserved protein 4.1 binding domain on the
TRPC4 carboxy-terminus and heterologous expression of a chimeric TRPC4 protein lacking
the protein 4.1 binding domain prevent /soc activation2. We recently recognized that Orail
also possesses a conserved protein 4.1 binding domain (residues 24-33; TSGSRRSRRR)?”.
Unlike TRPC4, however, the Orail protein 4.1 binding domain is located in the amino-
terminus; structural analysis revealed no such protein 4.1 binding domain in either Orai2 or
Orai3. At this time, the function of the Orail protein 4.1 binding domain is unknown.

Recognition that relatively few ion channels interact with protein 4.1 prompted us to utilize
protein 4.1 as bait to enrich for the endogenous TRPC4 channel, and probe for its molecular
binding partners. As in earlier studies6: 50-53 we found that TRPC4 and TRPC1 co-
immunoprecipate with one another. However, by using FRET as a molecular ruler we were
able to identify that the TRPC4 and TRPC1 interaction is within 75 A, indicative of direct
protein-protein binding. Using this FRET approach, only one TRPC1 subunit was resolved
within the complex, while at least two TRPC4 subunits were identified. Along with these six
transmembrane domain proteins, Orail was found to interact with TRPC4. There are at least
three explanations for resolving Orail within the TRPC4 complex. First, since Orail
possesses a protein 4.1 binding domain it could have been selected by our use of protein 4.1
as bait, and hence, represent an independent channel that is not associated directly with
TRPCA4. This possibility is unlikely, as in dilution experiments — studies designed to dilute
channels that are not a part of the same molecular complex — strong TRPC4-Orail
interaction was retained. Second, Orail constitutes an independent channel that directly
binds with the TRPC1/TRPC4 channel. This possibility has not been entirely ruled out by
our studies, although as discussed below, if Orail is an independent channel, calcium
permeation through the channel is not required to activate TRPC1/4. Third, Orail directly
interacts with the TRPC4 protein complex; this possibility is most likely. Data to this point
do not permit us to conclude whether Orail directly interacts with TRPC4 through
membrane spanning domains, or whether it interacts with TRPC4 through protein 4.1 or
another scaffolding protein. FRET studies would suggest the interaction is sufficiently close
to constitute direct binding.

Orail is recognized as the protein responsible for the /crac, and data supporting this
assertion are compelling?1-25, Orail mutation, dysfunction, or suppression abolishes the
Icrac, and in cells devoid of the /crac, the current can be rescued by Orail expression.
Nevertheless, /crac has not been measured in all of the cells that express Orai128-39, and
the predicted channel membrane topology is atypical for known calcium channels?8:31-32,
prompting the hypothesis that Orail may function as an ancillary subunit for TRPC
channels31-32, In some cell types, Orail interacts with TRPC1, or interacts with TRPC1
following calcium store depletion, suggesting it may confer sensitivity of TRPC channels to
calcium store depletion32. We did not detect a constitutive interaction between Orail and
TRPCL in endothelium using our FRET approach as a molecular ruler, however, we did
detect an Orail-TRPCL1 interaction following calcium store depletion. Our findings are
consistent with the previous studies concluding that Orail confers calcium store depletion
sensitivity to TRPC channels.

There remains some skepticism as to whether TRPC channels are indeed activated by
calcium store depletion in endothelium. Although thapsigargin activates a TRPC1/4-
dependent /5oc, questions persist as to whether calcium release from the endoplasmic
reticulum or calcium entry through another store operated channel, such as Orail, is
sufficient to activate the channel®*-59. In our studies, intracellular calcium was buffered to
100 nM, making it unlikely that calcium release from the endoplasmic reticulum activates
TRPC4 channels. Moreover, Orail silencing did not prevent /5oc activation, suggesting that
calcium permeation through an Orail-dependent pore was not required for TRPC1/4
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activation, at least not in an absolute sense, as with the protein 4.1-actin and protein 4.1-
TRPC4 interactions!?: 14,

Our data reveal that the Orail-TRPC4 interaction is functionally important, however, as
Orail silencing decreased the probability for /5oc activation. Loss of Orail likely decreased
the coupling efficiency between stromal interaction molecule 1 (STIM1) and store operated
calcium entry channels, most notably between STIM1 and Orail and TRPC channels32, The
independent or combined roles of STIM1 and protein 4.1 in channel activation are not
presently known, although their binding sites on Orail and TRPC proteins are distinct.

Loss of Orail coincided with a left shift in the reversal potential. We interpreted these data
to mean that Orail influences the calcium selectivity of the TRPC4 channel directly, or
alternatively, by contributing a calcium current that is embedded within the macroscopic
current. To better understand this issue, we studied the anomalous mole fraction behavior of
Isoc in the presence and absence of Orail. Thapsigargin-induced ion permeability was
measured in the absence of extracellular calcium, and then in the presence of increasing
calcium concentrations. With calcium selective channels, sodium permeates through the
channel in the absence of extracellular calcium?*. At relatively low extracellular calcium
concentrations, this sodium permeability is inhibited, and then at higher extracellular
calcium concentrations a smaller, calcium current is revealed. In our studies, Orail right
shifted the calcium current reversal potential, consistent with the idea that Orail contributes
to calcium selectivity of the TRPC4 macroscopic current.

It will be of interest to determine how Orail organizes into the larger TRPC1/4 complex,
and how it controls TRPC1/4 channel calcium selectivity, as our data suggest the nature of
interaction between Orail and TRPC1/4 changes as a function of channel activation status.
TRPC1/4 and Orail are resolved within caveolin rich membrane fractions, along with
junctional complex proteins such as cadherins. These membrane regions are highly dynamic.
It is presently unknown whether a larger TRPC1/4-Orail complex is preassembled and
stably inserted into the membrane, or whether, as with K* channels, channels or subunits of
channels dynamically enter and exit the membrane80: 61,

The junctional locale of the TRPC1/4-Orail complex suggests its calcium signal controls
endothelial cell barrier integrity. Calcium permeation through the TRPC1/4 channel has
previously been incriminated in endothelial cell barrier disruptionll: 12.15 Here, however,
we identify that Orail’s regulation of the TRPC1/4 calcium selectivity is critically
important. Recent work by Abdullaev and coworkers!8 indicates Orail also controls
endothelial cell proliferation. Together, these results suggest that Orail regulation of
calcium influx disrupts the endothelial cell barrier while activating a mechanism that
promotes vascular repair. Future studies will be needed to determine how the calcium signal
is coordinated to regulate diverse intracellular effector mechanisms.

In summary, our studies reveal a previously unappreciated interaction between an
endogenous TRPC1/4 channel and Orail, where Orail constitutively interacts with TRPCA4.
This interaction is important for TRPC1/4 channel activation, and for the biophysical
properties of the TRPC1/4 channel once it is activated, as Orail determines calcium
selectivity of the TRPC1/4 macroscopic current and the calcium concentration permeating
the channel. This tight control of calcium influx is physiologically relevant, as calcium that
permeates through the TRPC1/4 channel disrupts the endothelial cell barrier.
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Novelty and Significance

What |s Known?

e  Transient receptor potential channel proteins TRPC1 and TRPC4 mediate
endothelial cell store-operated calcium entry.

e Oralil is also a component of endothelial cell store-operated calcium channels.

e Calcium entry through TRPC1- and TRPC4-containing channels disrupts the
endothelial cell barrier, but it is not clear whether Orail interacts with TRPC
protein to alter ion channel properties and endothelial permeability

What New | nfor mation Does This Article Contribute?

e Orail interacts with TRPC4 and is a component of the TRPC1- and TRPC4-
containing channel in endothelium, both /n vitro and /n vivo.

» Orail increases calcium selectivity of, and calcium permeation through, the
TRPC channel.

e Orail is required for calcium influx through store-operated calcium channels to
induce inter-endothelial cell gaps.

In acute inflammatory conditions, inflammatory mediators increase cytosolic calcium in
the endothelium, which serves as a signal for reorganization and contraction of the actin
cytoskeleton, loss of cell-cell apposition, and inter-endothelial cell gap formation, which
increases tissue edema. This increase in cytosolic calcium is due to calcium influx across
the cell membrane. While store-operated calcium channels mediate calcium entry, the
molecular composition and function of endothelial cell store-operated calcium channels
remain incompletely understood. Presently, we found that pulmonary artery endothelial
cells express TRPC1, TRPC4, and Orail proteins, which co-immunoprecipitate with
protein 4.1 within caveolin-rich membrane fractions. To ascertain the molecular
composition of the endogenous endothelial cell store-operated calcium channel complex,
we developed a novel Forster Resonance Energy Transfer approach using protein 4.1 as
bait. Isolated channel complexes were conjugated to anti-TRPC protein or anti-Orail
antibodies labeled with cy3-cy5 pairs. The protein 4.1-bound channel complex contains
one TRPCL1 and at least two TRPC4 subunits. Orail constitutively interacts with TRPCA4,
and with TRPCL after the channel has been activated. The presence of Orail in this
channel complex is necessary to optimize channel activation, and to control the amount
of calcium that permeates through the TRPC channel. Moreover, the presence of Orail
within the complex is necessary for calcium entry through the store-operated calcium
channel to induce inter-endothelial cell gaps. These findings define Orail as an essential
constituent of the endogenous endothelial cell store-operated calcium channel that
controls endothelial cell permeability in the acute inflammatory response.
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Figure 1. Protein 4.1 interactswith TRPC1 and TRPC4 in vitro and in vivo
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[A] Pulmonary artery endothelial cell membrane/cytoskeleton fractions were detergent
extracted in the presence of 100 mM potassium iodide, KI. Pellet and supernatant fractions
were separated on SDS-PAGE and immunoblot analysis performed. Protein 4.1, TRPC4,
TRPCL1, and Orail were resolved in the salt-dissociated supernatant (left panel). Protein 4.1
was immunoprecipitated and co-immunoprecipitation of TRPC4, TRPC1, and Orail was
probed via immunoblot. TRPC4, TRPC1, and Orail co-immunoprecipitated with protein
4.1. [B] The protein 4.1-bound TRPC channel possesses TRPC1 and TRPC4 subunits.
Protein 4.1-bound immunocomplexes containing the TRPC channel were isolated on
agarose beads and treated with cy3-(donor channel) and cy5-(acceptor channel) labeled
antibodies at their ECsg concentrations; a single bead is shown. FRET analyses were
performed using the sensitized emission approach (FRET channel). FRET pairs refer to the
cy3- and cy5-labeled proteins, respectively. FRET efficiency is derived from the summary
of a minimum of 9 separate measurements. ND refers to not detected. [C] The TRPC
channel FRET signal is identical /n vitroand /n vivo. The protein 4.1-bound
immunocomplex was isolated from pulmonary artery endothelial cells, pulmonary
microvascular endothelial cells and lung caveolin-enriched fractions purified from the intact
pulmonary circulation. FRET efficiency is derived from the summary of a minimum of 15
separate measurements.
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[A]
Thapsigargin
Treatment FRET Pair Channel FRET Efficiency
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[B]

Thapsigargin
Treatment FRET Pair Channel FRET Efficiency

Donor Acceptor FRET

Figure2. Orailinteractswith TRPC4 in the protein 4.1-bound TRPC channel

Protein 4.1-bound immunocomplex was isolated from pulmonary artery endothelial cells
either before [A] or after [B] thapsigargin treatment (1 uM for 15 minutes). The TRPC
channel was treated with cy3-(donor channel) and cy5-(acceptor channel) labeled antibodies
at their ECgq concentrations. FRET analyses were performed using the sensitized emission
approach (FRET channel). FRET pairs refer to the cy3- and cy5-labeled proteins,
respectively. Whereas Orail only interacted with TRPC4 in the unstimulated state, it
interacted with both TRPC1 and TRPC4 following thapsigargin treatment. FRET efficiency
is derived from the summary of a minimum of 15 separate measurements. ND refers to not
detected.

+ Orai1/TRPC4

+ Orai1/TRPC1
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Figure 3. The Orail-TRPC4 interaction isnot detectable after Orail mRNA issilenced using
doxycycline-inducible shRNA

The TRPC1/4 complex was purified from pulmonary artery endothelial cells. [A] Orail was
expressed in control cells, and was resolved in the supernatant and not the pellet fraction
following lysate exposure to salt (100 mM KI). Doxycycline treatment for 72-hours
decreased Orail protein, an effect observed at concentrations as low as 0.2 pg/mL, with
maximal effect seen at 1-3 pg/mL (left panel). This effect of doxycycline was reverseable
48-hours following doxycycline withrawal (right panel). [B] FRET was observed between
TRPC4 and Orail in control cells (data not shown). Exposure to doxycycline for 72-hours
abolished the Orail-TRPC4 FRET response. Doxycycline withdrawal resulted in a recovery
of Orail-TRPC4 FRET, consistent with the re-appearance of Orail in the TRPC1/4
complex. FRET efficiency is derived from the summary of a minimum of 15 separate
measurements. ND refers to not detected.
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Figure4. Orail regulates TRPC1/4 channel amplitude and calcium selectivity

[A] Control pulmonary artery endothelial cells were treated with doxycycline and the
TRPC1/4 current density tested. Thapsigargin (1 uM) was applied in the patch pipette, and
induced a calcium selective current with a typical peak current (~ —45 pA at =100 mV) and
reversal potential (+40 mV). [B] Cells were engineered using a Tet-On system for
doxycyline induction of Orail shRNA. Orail downregulation decreased the peak current
and left shifted the reversal potential, effects that were reversed following doxycycline
withdrawal and the re-emergence of Orail. [C] Time-dependent inactivation of the
thapsigargin-induced current was measured for 60 seconds, from the standard ramp
protocol11-12.14-15 '\Whereas the current density decreased in control cells, this effect was
reduced in doxycycline-treated cells lacking Orail. Following doxycycline withdrawal, the
time dependent current inactivation was recovered.
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Figure 5. Anomalous mole fraction behavior and calcium-dependent inactivation of the
thapsigar gin-evoked current in PAECs

[A] The whole cell transmembrane current values of the thapsigargin-evoked current in
PAECs treated with () and without (0) doxycycline are shown. Data were collected using
the stepwise voltage protocol (see Material and Methods) in 130 mmol/L extracellular Na*
and various extracellular calcium concentrations ([Ca2*]ey). Cells were clamped with the
pipette containing 100 nmol/L free Ca* and 1 wmol/L thapsigargin, 130 mmol/L
extracellular Na* and the indicated [Ca%*]ey:. [B] Reversal potential of the thapsigargin-
evoked current in PAECs treated with (closed bar) and without (open bar) doxycycline in
the indicated [Ca2*]ey; is shown. Data were calculated using a piecewise cubic spline
function. [C] The fraction decay of the thapsigargin-evoked whole cell current in PAECs
treated with (I) and without (U) doxycycline, measured for 100 seconds at —80 mV using the
stepwise voltage protocol. * P < 0.05 (doxycycline-treated vs. doxycycline non-treated,
Student £test.
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Figure6. Orail contributesto the calcium signal that inducesinter-endothelial cell gaps

[A] Cells engineered for conditional regulation of Orail shRNA were grown to confluence
in the presence or absence of doxycycline. In the absence of doxycycline, thapsigargin
induced the formation of transient inter-endothelial cell gaps that resealed within 45
minutes. In contrast, gaps were not visible in cells lacking Orail following doxycycline
treatment. Data are representative of 3 experiments. [B] Analysis of number of gaps (left
panel) and the gap size (right panel) reveals thapsigargin induces multiple small gaps,
ranging in size from 20-200 wm, with fewer gaps larger that 200 pm. Gaps were not visible
in cells following Orail silencing. * P < 0.05 vs. time 0.
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