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Abstract Transient receptor potential canonical (TRPC) 1,
the first mammalian homologue of Drosophila trp gene, is
distributed widely in mammalian cells and is involved in
many physiological functions. TRPC1 is reported to be func-
tional following heteromeric formation with other TRPC
channels such as TRPC4 or TRPCS. It is known that the
composition of this widely distributed TRPC1 is far from
simple; functionality of such channels has been highly con-
troversial. Furthermore, TRPC1 gene is known to have two
splicing variants; one encodes long (TRPC1«) and the other
encodes short (TRPC1f3) TRPCI isoforms, respectively. In
this study, we examined the functionality of TRPC1/4 chan-
nels using various activation systems. G/, -coupled receptor
(e.g., M1 or M3 receptors) stimulation significantly increased
TRPC1 /4 currents but induced mild activation of TRPC1 3/
4. In addition, when expressed with TRPC4, TRPC1« acted
as a pore-constituting subunit and not a 3 ancillary subunit.
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Multimerized with TRPC4, TRPCl«x also generated strong
pore field strength. We also found that Gj,-coupled receptor
(e.g., M2 receptor) stimulation was insufficient to activate
TRPCla/4 and TRPC13/4 channels but selectively activated
TRPC4 homomeric channels. These findings demonstrate that
TRPC1/4 channel shows dynamic gating property depending
on TRPCI isoform subtypes and receptor stimulation system.
Therefore, careful discrimination of the specificity of TRPC1
isoforms and upstream activation system is important in thor-
ough understanding of TRPC1 and TRPC1/4 channels.

Keywords TRPC1 - TRPC4 - G-protein coupled receptor
(GPCR) - M1 - M2 - M3 - Splicing variant - Muscarinic
stimulation - Inhibitory G-protein (G;) - Receptor-operated
Ca”" entry (ROCE)

Abbreviations
TRPC Transient receptor potential canonical

TRPCla human TRPCI isoform long

TRPCI13 human TRPCI isoform short

CCh (2-Hydroxyethyl)trimethylammonium chloride
carbamate

Introduction

Transient receptor potential gene (#rp) was first discovered in
Drosophila melanogaster. trp '~ flies showed transient but not
sustained membrane depolarization after exposure to light in
electroretinogram [19, 39]. The first mammalian homologue
of dtrp (Drosophila trp) gene was successfully cloned by two
groups independently in 1995, named Htrp-1 and hTRPCl,
respectively [41, 44]. Subsequently, the first mammalian ho-
mologue, transient receptor potential canonical 1 (TRPC1),
has been the focus for intensive research and its organ/tissue-
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specific distribution and the functional characteristics were
widely acknowledged in over a decade [2, 27]. Among
TRPCI1, TRPC4, and TRPCS5 channels, which share high
amino acid similarity (~40 %), TRPC1 has been shown to
be distributed ubiquitously (such as in the brain, heart, ovaries,
testis, liver, kidney, vascular smooth muscle, gastrointestinal
(GI) tract, salivary glands, endothelium, etc.) [2]. More im-
portantly, TRPC1 is generally considered to be involved in
many physiological functions, such as regulation of smooth
muscle, endothelin-evoked arterial contraction, salivary gland
secretion, endothelial permeability, glutamatergic neurotrans-
mission, growth cone turning, etc. [2].

The widespread expression of TRPC1 in vivo suggests its
multifaceted properties. Accordingly, in vivo and in vitro
approaches show that the functionality of the channel is com-
plicated. Some studies suggest that TRPC1 is one of the
molecular candidates for store-operated Ca*>* entry (SOCE)
that is distinguishable from Ca”*-release activated channel
(CRAC) current; TRPC1 showed lower Ca** selectivity than
CRAC channels [1, 2, 18, 24]. Others report that heteromeric
channel comprised of TRPC1 and TRPCS (TRPC1/5) are
gated by muscarinic receptor stimulation [33-35] and the
channel opening is irrelevant to store-depletion status [34].
Extensive reviews covering the functionality of TRPC1 chan-
nels in details are published elsewhere [2, 20, 27, 40].

It is known that the two TRPC1 genes cloned in 1995
was not identical. One of them encodes human long
TRPC1 gene [44] whereas the other is the alternative
splicing short gene [41]. Although accumulating results
clarify the functional property of TRPCI, discrimination
between the two splicing variants is sparse. Undoubtedly,
it is important to discriminate the specificity of TRPCI1
isoforms and their functionalities, e.g., TRPC4 isoforms
have distinct characteristics in view of PIP, binding affin-
ities [23], concurrently different gating property. Similar
differences have been described in details for transient
receptor potential melastatin 3 channels [9, 22].

In a number of studies, we have shown that TRPC4 and
TRPCS channels are gated by muscarinic stimulation and
thereby these channels are classified as receptor-operated
channels. Although receptor-operated TRPC4 may have been
confined by classical Gy/;1-PLC pathway, recently we have
also shown that G;,-coupled receptor stimulates (e.g., M2
stimulation) TRPC channels [15].

In this paper, we validated functional characteristics of
TRPC1 and TRPC1/4 channels based on the questions raised
above. We prepared both unspliced TRPC1 and alternatively
spliced TRPC1 and examined their electrophysiological char-
acteristics. We examined whether TRPC1 contributes to form
a distinct ion channel pore following heteromeric formation
with TRPC4. We also investigated if Gj,-coupled receptor
stimulation is sufficient to activate TRPC1/4 heteromeric
channels.
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Materials and methods
Cell culture and transient transfection

Human embryonic kidney (HEK293) cells (ATCC,
Manassas, VA) were maintained according to the supplier’s
recommendations. For the transient transfection, the cells
were seeded in 12-well plates. The following day, 0.5~1 g/
well of cDNA was transfected using the transfection re-
agent FUGENE 6 (Roche Molecular Biochemicals), as de-
tailed in the manufacturer’s protocol. Co-expression of
TRPC channels with the receptor stimulation system was
achieved using a TRPC1 channels to TRPC4 channels to
receptor transfection ratio of 2:2:1. Empty vectors (e.g.,
pcDNA3.1, ECFP-C1, EYFP-C1) were used for corre-
sponding control expressions. After 3040 h, the cells were
trypsinized and transferred to a small recording chamber for
whole-cell recording.

Cloning and mutagenesis

Human TRPC1 isoform long cDNA (GenBank ID: U31110,
UniProt ID: P48995-1) inserted in pcDNA3.1 vector or
pIRES2-EGFP vector was kindly donated by Dr. Michael
Mederos. Human TRPCI1 isoform short cDNA (GenBank
ID: U31110, UniProt ID: P48995-2) was cloned in our hands
by performing deletion mutation using sense primer 5'-
CTTTTGGACTACGGTTGTCAGAAACTAATGGAACG
AATTCAG-3" and anti-sense primer 5'-CTGAATT
CGTTCCATTAGTTTCTGACAACCGTAGTCCAAAAG-
3'. Pore-dead mutation switching three amino acids L, F, and
W at position 594, 595, and 596 to alanine of human TRPC1
isoform long was achieved by using sense primer 5'-
GCCACCTGCTTCGCTGCGGCCGCGTATATTTTCTCC
TTAGCG-3' and anti-sense primer 5'-CGC TAAGGAGAAA
ATATACGCGGCCGCAGCGAAGCAGGTGGC-3". All
mutagenesis was conducted using QuikChange site-directed
mutagenesis kit (Stratagene). cDNA of human TRPCI1 iso-
form long tagged with CFP at N-terminus was kindly donated
by Dr. Vaca Luis. Mouse TRPC4 isoform short cDNA
(GenBank ID: U50921.1, UniProt ID: Q9QUQS5-2) was kind-
ly donated by Dr. Michael Schaefer. DNA sequences
encoding the channel was truncated by BglIII and Sall restric-
tion enzymes and inserted into pEGFP-N1 vector. Mouse
TRPC5 c¢cDNA (GenBank ID: AF029983, UniProt ID:
Q9QX29) inserted in pIRES2-EGFP vector was kindly do-
nated by Dr. Michael Mederos.

Human muscarinic acetylcholine receptor types 1, 2, 3, and
alpha subunit of intrinsic GTPase-deficient mutant (constitu-
tively active form) of inhibitory heterotrimeric G-protein type
2 (Gajp) in pcDNA3.1+ vector were all purchased from
Missouri S&T cDNA resource center (Missouri, USA). Rat
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histamine receptor type 1 in pEGFP-N1 vector was kindly
donated by Dr. Young Duk Yang.

Electrophysiology

The cells were transferred to a small chamber on the stage of
an inverted microscope (Eclipse Ti, Nikon, Japan) and at-
tached to coverslips in the small chamber for 10 min prior to
the patch recording. Glass microelectrodes with 2-2.5 MQ
resistance were used to obtain gigaohm seals. The bath solu-
tions were constantly perfused with an extracellular solution at
a rate of 1-2 ml/min. The currents were recorded using an
Axopatch 200B patch-clamp amplifier (Axon Instruments,
USA). The current was recorded for 550-ms duration ramps
from +100 to —120 mV with time resolution of 0.4 mV/ms and
with a holding membrane potential of —60 mV. pCLAMP
software v.10.2 and a Digidata 1440A (Axon Instruments)
were used for data acquisition and application of the command
pulses. The data were filtered at 5 kHz and displayed on a
computer monitor. The data were analyzed using pCLAMP
v.10.2 and Origin Pro 8 software (OriginLab, MA, USA). For
recordings of the TRPC channels, we used normal Tyrode
solution unless otherwise mentioned and occasionally Cs'-
rich external solution. The normal Tyrode solution contained
135 mM NaCl, 5 mM KCl, 2 mM CaCl,, | mM MgCl,,
10 mM glucose, and 10 mM HEPES with a pH of 7.4 adjusted
with NaOH. The Cs'-rich external solution contained equi-
molar CsCl rather than NaCl and KCI. pH was adjusted to 7.4
using CsOH. For receptor stimulation, 100 uM carbachol
(carbamoylcholine chloride) and 10 uM histamine (histamine
dihydrochloride) was added to each extracellular bath solu-
tion. The internal solution contained 140 mM CsCl, 10 mM
HEPES, 0.2 mM Tris—GTP (Tris-guanosine 5'-triphospate),
0.5 mM EGTA, and 3 mM Mg-ATP (adenosine 5'-triphos-
phate) with a pH of 7.3 adjusted with CsOH.

For analysis of cationic conductance activation curves,
each group of conductance—voltage (G, V) data points were
fitted by Boltzmann equation in the following form:

_Gmax

L+ e[ (r-11,,) /4]

where G is cationic conductance (siemens), Gy, is the max-
imum conductance, V7, is the potential at which G=0.5G .,
and k is the slope factor (volts).

For analysis of relative monovalent cation permeability, the
Goldman—Hodgkin—Katz equation [10, 12] in the following
form was used:

G=

+ Gmax

Py X+, Abyey F
= X @ RT
PNa [Na+]

o

where F is a Faraday constant, R is the gas constant, AF,., is
the difference in reversal potential (volts), and T'is the absolute
temperature (room temperature, 298.15 K). E,, was corrected
for liquid junction potential, which was achieved by using
JPCalcW (Axon Instruments). For calculating molar concen-
trations of monovalent ions ([X'],), activity coefficient (y) of
0.75 was used for Na', Li", and Cs" ions. The Na'-, Li*-, and
Cs"-rich solution contained 2 mM CaCl,, 1 mM MgCl,, 10 mM
glucose, 10 mM HEPES, and 140 mM NaCl, LiCl, and CsCl,
respectively. pH was adjusted to 7.4 using NMDG-OH. All
reagents were purchased from Sigma (Sigma Aldrich, USA)

FRET microscopy

Three Foster Resonance Energy Transfer (FRET) images (cube
settings for CFP, YFP, and Raw FRET) were gained from a pE-
1 Main Unit to three FRET cubes (excitation, dichroic mirror,
filter) through a fixed collimator: CFP (ET435/20 m, ET CFP/
YFP/mCherry beamsplitter, ET470/24 m, Chroma), YFP
(ET500/20 m, ET CFP/YFP/mCherry beamsplitter, ET535/
30 m, Chroma), and Raw FRET (ET435/20 m, ET CFP/YFP/
mCherry beamsplitter, ET535/30 m, Chroma). The excitation
LED and filter were sequentially rotated, and rotation period for
each of filter cubes was ~0.5 s. All images (three for CFP/YFP/
Raw FRET, respectively) were obtained within 1.5 s. Each
image was captured on a cooled 10 MHz (14 bit) CCD camera
(DR-328G-CO01-SIL: Clara, ANDOR technology, USA) with
an exposure time of 150 ms with 2 x2 binning (645 % 519 pixels)
under the control of MetaMorph 7.6 software (Molecular
Devices, Japan). To obtain the FRET efficiency of a cell, we
utilized a microscope (IX70, Olympus, Japan) with a x60 oil
objective and the three-cube FRET method calculation [8].

Surface Biotinylation

Cells were washed in PBS, and after washing in PBS, cells were
incubated in 0.5 mg/ml sulfo-NHS-LC-biotin (Pierce) in PBS
for 30 min on ice. Free biotin was quenched by the addition of
100 mM glycine in PBS. Lysates were prepared in lysis buffer
by passing 7-10 times through a 26-gauge needle after sonica-
tion. Lysates were centrifuged at 13,300 x g for 10 min at 4 °C,
and protein concentration in the supernatants was determined.
Forty microliters of a 50 % slurry of avidin beads (Pierce) was
added to cell lysates (400 pg protein). After incubation for 1 h at
RT, beads were washed three times with 0.5 % Triton X-100 in
PBS, and proteins were extracted in sample buffer. Collected
proteins were then analyzed by Western blot.

Sequence alignment
cDNA sequences and amino acids sequences, either aimed for

material preparation or data analysis, were conducted by
MultAlin webpage (http://multalin.toulouse.inra.fi/multalin/) [4].
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Statistics

Results are expressed as means £SEM. Results were com-
pared using Student’s ¢ test between two groups or using
ANOVA followed by post hoc test among three groups or
more. P<0.05 was considered statistically significant. All
statistical analysis was done with Origin Pro 8 software
(OriginLab, MA, USA).

Results

TRPC1 o homomeric channel is not affected by M receptor
stimulation but contributes to a distinct pore formation
with TRPC4

TRPClx cDNA (human TRPC1 long gene) was expressed
heterologously into HEK293 cells and co-expressed with hu-
man muscarinic receptor 1 (M;R) and 3 (M3R), respectively, to
investigate the functional regulation of TRPC1 x by muscarinic
receptor stimulation. As shown in Fig. 1c, d, carbachol (CCh,
100 uM) stimulation of M;R and M;R did not affect TRPC1
(Fig. lc, d). Similarly, the amplitude or the /-V relationship
was not different from the currents measured from M;R- and
M;R-only expressing cells (Fig. 1a, b).

Although homomeric TRPC1 is not regulated by CCh, it is
possible that TRPC1 form an ion channel pore following
heteromeric formation with TRPC4 channels. However, de-
spite many reports regarding TRPCI1, it remains elusive
whether TRPCI1 is the actual pore-constituting or not [13,
27, 29, 33-36]. Therefore, we hypothesized that TRPC1
may work as an ancillary subunit or another channel regulator
aside from channel quartet.

We tested this hypothesis by expressing mouse TRPC4[3
with TRPCl« in M R or M3R expressing cells. Co-expressed
with TRPC4, TRPClx was successfully translocated into
plasma membrane which was not the case for single expres-
sion (Supplementary Fig. 1a). In other words, surface level of
TRPClx was dramatically increased when TRPC4 was co-
expressed. Under these conditions, CCh elicited outwardly
rectifying TRPC1 /4 currents (Fig. le, ). Similar results were
also shown with TRPC1o/5 (Supplementary Fig. 2a, b). The
TRPClo/4 current is far different from that of TRPC4 since
homomeric TRPC4 channels show double-rectifying I~V
curves (Fig. 1g, h). The current densities of TRPC1a/4 cur-
rents at +80 and —60 mV were 30.9+14.8 and —2.8+1.5 pA/
pF (MR stimulation) and 64.0+9.6 and —10.2+1.9 pA/pF
(M;R stimulation). TRPC4 currents at the same voltage points
were 15.19+1.5 and —12.44+4.2 pA/pF (M;R stimulation) and
26.0+£11.3 and —24.9+13.7 pA/pF (M;R stimulation) (Fig. 11,
left panel). Current ratio at +80 mV (Iigp mv) and =60 mV
(6o mv) Was devised as a rectification factor to show the
sheer difference in -V curve signature (Fig. 11, right panel).
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Moreover, another rectification factor parameterizing
slope conductance at voltage regions from —120 to
—80 mV (g-120~-80 mv) and from 10 to 50 mV
(g10-50 mv) Was designed to quantify the order of outward
rectification. The idea was from analyzing conductance
(G)—voltage (V) plot of two different /-V curves
(Supplementary Fig. 3a, b). Owing to I~V signatures, G—V
plot of TRPC1a/4 showed monotonic increase but TRPC4
showed typical N shape inflection. Curve fitting to Boltzmann
equation resulted Vi, of —79.4+0.8 mV (TRPC4) and
29.5+1.7 mV (TRPClwa/4) with G of 25.0£0.3 nS
(TRPC4) and 28.0+0.4 nS (TRPClw/4) (Supplementary
Fig. 3c). When we set two voltage intervals in G-V plot as
mentioned above, we could observe clear conductance differ-
ences between two channels. This new rectification factor
named after p (Rho) was 22.2+3.9 and 1.5+0.6 for MR-
activated TRPCla/4 and TRPC4 channels, respectively.
M;R-activated channels yielded 18.4+3.0 (TRPC1w/4) and
0.3+0.1 (TRPC4), respectively (Fig. 1j).

To determine whether TRPC1« contributes to form a dis-
tinct pore in TRPC1o/4 heterotetramer, we performed site-
directed mutagenesis and cloned pore-dead mutant of
TRPClx, TRPC1x*"W/AAA based on putative pore-
constituting amino acids [27]. The mutant TRPCl«x (L, F,
and W at position 594, 595, and 596 were switched to alanine)
was expressed and we tested whether TRPC1x™FWV/AAA/4
heterotetramer remains functional in whole-cell recordings.
As expected, cells expressing TRPC1o""W/A%A/4 Jost the
outwardly rectifying currents and showed only the double-
rectifying ones. In addition, TRPC1o"""V/A yielded double-
rectifying /-V curves when expressed with TRPCS channels
(Supplementary Fig. 2¢c, d). Moreover, current densities were
decreased as the level of TRPC1a™"™W/AA% expression with
cDNA increased, without changing the /-J signature
(Fig. 2a—c, left and right panel). These results suggest that
mutation of the pore of TRPClwa/4 channels suppresses
whole-cell current, yielding residual TRPC4 currents.

Although mutagenesis experiments suggest that TRPC1«x
may possess pore-constituting nature in its heteromeric for-
mation, it is not known whether TRPC1LFWAAA o
assembles with TRPC4 and deprives its channel activity by
collapsing the pore or it is merely an artifact from mutation. In
order to isolate the variable, we co-expressed CFP-tagged
TRPC1 with YFP-tagged TRPC4 and measured FRET effi-
ciency. Both CFP-TRPC1a™" and CFP-TRPC1FWV/AAA
showed significant FRET efficiency with YFP-TRPC4
(14.9+1.1 and 17.1+0.7 %) but not with YFP alone
(1.6+0.8 and 3.4+1.3 %, Fig. 2d).

Taken together, these results suggest that TRPC1« alone
does not form an ion channel in plasma membrane and thus
not functional in response to muscarinic stimulation.
However, it contributes to form a distinct pore in heteromeric
formation with TRPC4. More specifically, TRPCl isnota 3
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Fig. 1 Ggji-coupled receptor stimulation and TRPCla, TRPCla/4,
TRPC4 channel activity. From a to h, all left panels indicate I~V rela-
tionship and right panels indicate corresponding current traces. Inset
legends at upper lefi area of I-V curves demonstrate heterologously
expressed proteins. a, bln cells expressing M1 or M3 receptor, receptor
stimulation by extracellular carbachol (100 uM) did not induced signif-
icant whole-cell current. ¢, dCells expressing TRPC1« channels showed
indistinguishable current increment in response to M1 or M3 stimulation
achieved by extracellular carbachol (CCh, 100 uM). e, f Heteromeric
TRPCla/4 channel showed typical outward-rectifying /~V curves in
response to M1 or M3 stimulation. g, h Genuine TRPC4 homomeric

ancillary subunit but & subunit that is readily assembled with
other tetrameric constituents in equal position.

TRPCl1 « generates strong pore field strength when assembles
with TRPC4

The results above suggest that TRPC1 « contributes to form a
distinct pore when it heteromerizes with TRPC4. Next, we

currents (without co-expression of TRPC1«) in response to M1 or M3
receptor stimulation. i Left panel indicates summarized current density
measured above and right panel indicates rectification factor (|/ g mv/
160 mv]) analysis which was devised in order to show the sheer difference
in -V curve signature. j Lefi panel compares double-rectifying I~V
curves of CCh-activated TRPC4 (light gray) and outward-rectifying /—
V curves of CCh-activated TRPCla/4 (black). In order to quantify the
order of outward rectification, another rectification factor p (Rho) was
devised which parameterizes two different slope conductance: p=|
2410~+50 mvl/|€-120~80 mv|- Two different /~V curves show stark differ-
ence in p value

examined whether heteromerization with TRPC1«x affects the
permeability of TRPC4 and the preference for ions. Therefore,
we prepared Na'-rich ([Na'],=140 mM), Li'-rich
([Li"],=140 mM), and Cs'-rich ([Cs"],=140 mM) solution
and tested the relative monovalent cation permeability
(Px/Pna) of M3R-activated TRPCl1a/4 channels.

Our results showed that the permeability for Na* ions
was the highest in TRPClo/4 channel and that for Cs*

@ Springer
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Fig. 2 Pore-constituting nature of TRPClx in heteromeric formation
with TRPC4 channel. a Effect of pore-dead TRPC1 o (TRPC1o"FW/AA%)
on M, R-activated TRPClov/4 current. Expression of TRPC1alFW/AAA
abolished outward-rectifying /~V curves but only elicited small double-
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symbol represents currents from cells expressing only TRPC4 channels;
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ratio of 1:1; open black symbol represents cDNA ratio of 2:1; open gray
symbol represents cDNA ratio of 3:1. bEffect of pore-dead TRPClx
(TRPC1a"W/AA%) on MyR-activated TRPClav4 current. The result
was similar to M;R-activated TRPC1a/4. Symbol notation is same to a.

ions was the lowest. Li" ions showed intermediate perme-
ability (Pri/Pna=0.87+0.005, n=6; Pcy/Pn,=0.77£0.005,
n=6, Fig. 3a—c). This sequence of relative monovalent
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and [ ¢y v For all groups, rectification factors were not significantly
different. d FRET measurement between CFP (donor) and YFP (accep-
tor) that were tagged to N-terminus of TRPC 1o and TRPC4, respectively.
Both of CFP-TRPCl1a™" and CFP-TRPC1a™ showed significant
FRET efficiency with YFP-TRPC4 while showing low FRET efficiency
with YFP protein alone. Inset diagram depicts last three transmembrane
domains (S4, S5, and S6) of TRPC1 e and putative pore-forming domain
spanning intermediate region between S5 and S6. L, F, W amino acids are
located at positions 594, 595, and 596, respectively

cation permeability (Pna>PL;>Pcs) can be assigned to one
of the Eisenmann sequences VIII, IX, and X [11], which are
candidates of strong field pores. TRPC4 channels are known
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Fig. 3 Strong pore field strength of TRPC4 induced by heteromerization
with TRPClo. a Representative /) curves of three monovalent

cations—Li", Na*, and Cs" ions. All three cations yielded typical out-
ward-rectifying -V curves. Inset diagram shows different reversal
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potentials. b Representative current traces of three monovalent cations.
¢ Relative monovalent cation permeability (Px/Pn,) among three mono-
valent cations. TRPC1a/4 showed highest monovalent cation permeabil-
ity to Na” and lowest permeability to Cs"
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to have high Cs* to Na* permeability ratio (Pcy/Pna). They are
also similarly permeable to Rb" ions and thereby are pre-
sumed to have weak pore strength.

Based on the generation of strong pore field strength and
Eisenmann sequence, we suggest that TRPClx not only
contributes to form a distinct pore but also dramatically
changes relative monovalent ion permeability of TRPC4.

Homomeric TRPC1f3 channel is not functional and TRPC1 3/
4 is less responsive to M; or M3 stimulation than TRPC1ov/4

In mammalian cells, TRPC1 is known to exist in two
isoforms, i.e., unspliced TRPC1 (TRPC1c) and alternatively
spliced TRPC1 (TRPC1f3) [38, 44]. Figure 4a showed amino
acid sequences of two isoforms (Fig. 4a). TRPC1[3 was pre-
pared from TRPClo via deletion mutation (see “Materials
and methods”) and cDNA of which was expressed in
HEK293 cells with M1 and M3 receptors, respectively.
Similar to TRPC1«, current response to M1 or M3 receptor
stimulation was indistinguishable in cells expressing TRPC1f3
from cells expressing M1 or M3 receptor only (Fig. 4b, c).
When TRPC4 was co-expressed with TRPC1[3, however,
CCh elicited currents with outwardly rectifying I~V rela-
tionship. Although CCh induced TRPCI1{ currents in all
the cells tested (n=26), the current density was smaller than
TRPClo/4 channels. M;R-activated current densities were
24.2+2.6and —3.0+£0.5 pA/pF for TRPC13/4 compared to
47.4+6.2 and —6.8+1.4 pA/pF for TRPCla/4 (Fig. 4d-f,
left and middle panel). Moreover, rectification factor p of
TRPCI1{3/4 (11.34£1.5) was smaller than that of TRPC1a/4
channels (19.3+3.2) and thereby TRPC13/4 is less efficient
outward rectifier (Fig. 4f, right panel). FRET efficiency
between CFP-tagged TRPC1f3 and YFP-tagged TRPC4
was 12.3+1.0 % which is significantly larger than the
efficiency between YFP alone (3.3+£1.1 %, Fig. 4g).

These results suggest that homomeric TRPC1f3 is not
activated by muscarinic stimulation and TRPC13/4 is less
efficient outward rectifier than TRPC1/4 channels.

G, protein and Gjj,-coupled receptor stimulation selectively
activates TRPC4 homomeric channels

Classical signal transduction pathway that has been suggested
to activate TRPC channels was Gg;,-PLC pathway. Some
focused on the hydrolysis of PIP,, others on the generation
of IP; and DAG, others on subsequent Ca*" release or store-
depletion [36]. Our group reported that G, proteins and
Goyz proteins are novel and potent activators of TRPC4 and
TRPCS channels, respectively [15]. Since TRPCI1 channel
shares high amino acid sequence similarity with those two
channels, we investigated whether G, protein or Gy/-
coupled receptor stimulation is sufficient to activate TRPC1«x
channels. Instead of M1 or M3 receptor, M2 receptor (M,R) or

GoquzO5L (intrinsic GTPase activity-deficient form of G;,)
was co-expressed with corresponding TRPC channels.

As shown previously [15], genuine TRPC4 homomeric
channels showed characteristic double-rectifying I~V curves
in response to M,R stimulation by CCh or in Go,-Cs -rich
solution ([Cs'],=140 mM) (Fig. 5a, b). TRPCl« channels,
however, were not activated by such stimulations (Fig. 5c, d).
TRPC1 showed similar results (Fig. 5g, h). Interestingly,
CCh-stimulated whole-cell currents showed double rectifying
[V relationship when TRPCla, TRPC4, and M,R were co-
expressed (n=17, Fig. 5e).

In TRPCla/4+Ga;p %" expressing cells, double-
rectifying currents were measured (Fig. 5f). Similar investiga-
tion was conducted for cells expressing TRPC1f3 and TRPC4
channels. MR stimulation and G, protein all elicited
double-rectifying I~V curves with significant response in cur-
rent traces (Fig. 51, j).

So far, MR stimulation and overexpression of Go;, protein
both yielded double-rectifying /~V curves which would be
most likely come from homomeric TRPC4 channels. In such
cases, the double-rectifying currents might have been predom-
inant because only few TRPC10v/4 heteromers were expressed.
Since the relative populations of TRPClx, TRPC1o/4, and
TRPC4 channels in plasma membrane are not definite, this
time we facilitated the heteromeric assembly—TRPC1«/4—
by increasing the relative dose of TRPC1o ¢cDNA in heterol-
ogous transfection protocol. In other words, we facilitated the
expression of TRPCla in order that TRPC1a/4 heteromers
would be assembled more dominantly than TRPC4 homomers.
This would eventually increase the expected channel expres-
sion of TRPC1 /4 in sum. The result, however, showed con-
stant double-rectifying /~V" curves. This TRPC4-like current
was remained up to TRPC1a/TRPC4 ¢cDNA ratio of 1:1 but
completely abolished when the ratio exceeds 2:1 (Fig. 6a—).
Incidence of TRPC1/4-like outward rectifying current was not
increased as initially expected.

Lastly, we used combinatory pair of two different G-protein
coupled receptors with different agonist specificity in order to
confirm if MR stimulation selectively activates TRPC4 chan-
nels from plasma membrane where population of TRPC4 and
TRPC1/4 channels are explicitly verified. One component of
the receptor pair, M,R, was used for G;,-TRPC4 activation
while the other, H;R (histamine receptor type 1), was used for
Gg/11-TRPC1/4 activation. First, CCh (100 pM) was applied to
stimulate M,R and thereby turm on G;, signaling. This would
activate TRPC4 channels. After brief washout (less than
2 min), histamine (His, 10 uM) was applied to stimulate
H;R. This would turn on Ggy; signaling and eventually acti-
vate TRPC1/4 channels. It is also possible that histamine
activates not only TRPC1/4 channels but also TRPC4 chan-
nels. This is prevented, however, by pretreated carbachol;
CCh-activated TRPC4 would be undergoing desensitization
and would not respond to any of further activating stimulus.
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Fig. 4 TRPC13 and TRPC1{3/4 channel activity in M1, M3 receptor
stimulation system. a Amino acid sequences of human TRPCI isoform
long (hTRPCl«), isoform short (hTRPC1f3), mouse TRPCI1 isoform
long (mTRPC1), and isoform short (nTRPC13). Thirty-four amino acids
from position 110 to 142 are missing in isoform short variants. b, ¢ IV
relationship and current traces of cells expressing h\TRPC1f3 and M1, M3
receptors, respectively. Extracellular carbachol (CCh, 100 pM) was in-
sufficient to induce significant current increase for both groups. d, e I~V
relationship and current traces of cells expressing hTRPC1[3 and TRPC4.
M1 or M3 receptors were co-expressed, respectively. TRPC1[3/4 channel

As aresult, H;R stimulation successfully activated TRPC4

channels (Fig. 7a). TRPC1/4 channels were also activated by
histamine (Fig. 7b). Co-expressed with M,R and HR,
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was activated by muscarinic stimulation hence yielded outward-rectifying
-V relationship. f Left panel compares -V curves of MsR-activated
TRPClo/4 and TRPC13/4 channels. Although TRPC1[3/4 yields out-
ward-rectifying /-V curves, current density and order of outward rectifi-
cation were smaller than TRPC1o/4. Middle panel summarizes current
densities and right panel indicates rectification factor p. g FRET mea-
surement between CFP (donor) and YFP (acceptor) that were tagged to
N-terminus of TRPC1{3 and TRPC4, respectively. CFP-TRPC1 {3 showed
significant FRET efficiency with YFP-TRPC4 while showing low FRET
efficiency with YFP protein alone

TRPC4 permitted only a minute additional activation to his-
tamine (4.08+1.53 %) once it was stimulated by carbachol
(Supplementary Fig. 4). In cells expressing TRPC1, TRPC4,
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Fig. 5 TRPClx, TRPCla/4, and TRPC4 channel activities in response
to Gjp-coupled receptor (M2) stimulation and overexpression of
G, 20t protein. a, b Genuine TRPC4 homomeric channel activity in
response to M2 receptor stimulation and overexpression of Goy, 0"
(intrinsic GTPase activity deficient mutant) protein. Extracellular carba-
chol (CCh, 100 uM) and Cs"-rich solution ([Cs],=140 mM) was treated
for each activation systems, respectively. TRPC4 channels activated by
each condition showed typical double-rectifying /- curves. ¢, - TRPClx
homomeric channel activities in response to M2 receptor and Gocizons L
protein. Neither M2 receptor stimulation nor Ga;?2° protein activated

H,R, and M,R, carbachol activated TRPC4 channels. In the
same cell, subsequent histamine activated TRPC1/4 channels
(Fig. 7c). The serial application of carbachol and histamine
allowed us to measure functional populations of TRPC4 and
TRPC1/4 channels. It was evident that histamine-activated

TRPClx channels. e, f TRPCla/4 heteromeric channel activities in
response to M2 receptor and Go;, 22" protein. Each activation system
was insufficient to induce TRPCla/4 channel currents but selectively
activated TRPC4 homomeric channels. g, h TRPC13 homomeric chan-
nel activities in response to M2 receptor and Ga;22%" protein. Both
systems could not induce channel activation. i, j TRPC1(3/4 heteromeric
channel activities in response to M2 receptor and G, 22" protein. Like
TRPCla/4, TRPC1(3/4 did not permit their activation to those stimula-
tors but only TRPC4 did permit their activation

TRPC1/4 population is small when carbachol-activated
TRPC4 population is large and vice versa. In turn, negative
correlation (Pearson’s 7=—0.94) between carbachol-activated
TRPC4-like currents and histamine-activated TRPC1/4-like
currents were obtainable (Fig. 7d). This result suggests that G,
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Fig. 6 Whole-cell current of M,R-activated and Go % activated

TRPC4 from cells expressing massive TRPClx and little TRPC4. a
Under MR governance, increasing the dose of TRPCla ¢cDNA up to
three times to those of TRPC4 could not induce any of M1R- or M3R-
activated TRPC1o/4 current—outward-rectifying /-J" curves. However,
it enhanced current suppression while maintaining /~V signature to be
double-rectifying shape. Filled gray symbol represents currents from cells
expressing only TRPC4 channels; filled black symbol represents
TRPClax ¢cDNA:TRPC4 cDNA ratio of 1:1; open black symbol

o-coupled receptor discriminates TRPC4 channels from plas-
ma membrane pool where TRPC4 and TRPC1/4 channels
coexist and selectively activates the former.

Taken together, we conclude that M,R stimulation and
G, protein selectively activates TRPC4 channels regardless
of relative populations of TRPC1x/4 and TRPC4 channels.

Discussion

Highly sensitive electrophysiological recordings revealed that
whole cell currents from cells expressing TRPClo and
TRPC1 were not different from cells expressing only M1
or M3 receptors. Rigorously speaking, it seems that both of
TRPClo and TRPC1f3 are not able to form a functional ion
channel in plasma membrane alone based on their surface
levels. These results demonstrate that TRPC1 isoforms (long
TRPCla and short TRPC1[3) do not respond to muscarinic
stimulation, possibly due to the facts that these homomeric
channels were unable to homotetramerize or inserted into
plasma membrane [13].

Heteromerized with TRPC4, however, TRPC1 was suc-
cessfully located into plasma membrane as equal constituents
and it altered the properties of TRPC4 (from double rectify-
ing) to outwardly rectifying TRPC1/4. Heteromerization has
been shown previously [29], but in this study, we performed
functional assay by using pore-dead mutation and whole-cell
recording. Pore-dead mutant of TRPC1« successfully assem-
bled with TRPC4 and suppressed the M1- or M3-activated
TRPC1 /4 channel current. The result ruled out the possibil-
ity of TRPClx being 3 ancillary subunit. Responsible for
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represents cDNA ratio of 2:1; open gray symbol represents cDNA ratio
of 3:1. b Under Ga;;??" activation system, increasing the dose of
TRPClo cDNA up to three times to those of TRPC4 could not induce
any of MIR- or M3R-activated TRPC1 /4 current—outward-rectifying
-V curves. Results were similar to M,R-activated groups. ¢ Summarized
whole-cell current density of cells expressing various levels of TRPC1 o
and TRPC4 cDNAs. Double-rectifying I~V curves were completely
abolished as relative cDNA amount of TRPC1x to TRPC4 exceeds 2

quartet assembly, TRPC1 «, an « subunit, not only contributes
to form a novel pore but changes relative monovalent cation
permeability of TRPC4 channels and pore strength.

The isoform specificity of TRPC1 channel in heteromeric
formation with TRPC4 was striking. TRPC1 /4 was far more
sensitive than TRPC13/4 to Gg;1-coupled receptor stimula-
tion. TRPC1{3 lacks 34 amino acids from position 110 to 143.
Located in the N-terminus, this region spans two or three
amino acids of last ankyrin-like repeat domain 2 (ANK2)
and intermediate region that links ANK2 and ANK3 domains.
Therefore, alternative splicing in this region may be obligatory
to isoform-specific channel property of TRPCla/4 and
TRPC13/4 channels.

Lastly, whereas TRPC1/4 channels are activated by Gg/11-
coupled receptor stimulation, they are not sensitive to Gy~
coupled receptors. Gj,-coupled receptor selectively activates
TRPC4 homomeric channels. Similarly, GocizQZOSL proteins
activated TRPC4 homomeric channels but not TRPC1/4
heteromeric channels. If the activation of TRPC4 subunit (two
monomers) in TRPC1/4 channels is sufficient for activation of
tetramer, then TRPC1/4 could have opened by M,R stimulation
by carbachol. One possible explanation for this premise is that
TRPC1 somewhat hinders the binding of G, protein onto
TRPC4 subunit. In a sense, it is interesting that TRPC1 lacks
one of TRPC4-Gu;, binding interface: RNLVKR amino acids.
When aligned with TRPC4 and TRPCS, TRPC1 does not have
lysine at similar position (K’'® for mTRPC43). Both of TRPC4
and TRPCS5 have RN residue but is changed to two cysteines in
TRPCI (Supplementary Fig. 5).

The other premise is that TRPC1 changes the gating mech-
anism per se and does not allow G protein to sufficiently
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activate TRPC1/4 channels. This case TRPC1 would close
one potent activation mechanism—Go;—but leave the other
classical activation mechanism intact—Gaq. Molecular gat-
ing mechanism of TRPC1/4 channel is still unknown and
further investigation is necessary.

The prevalence of TRPC1 compared to TRPC4 or TRPCS
channel in various organs and tissues suggests that TRPC1 is a
channel that plays important physiological roles in humans.
TRPCls are also expected to have diverse functionality to

fulfill its multifaceted roles. Accumulating evidences over the
years support that TRPC1 channels are mediators of SOCE [5,
7, 17, 26, 31, 32, 42, 45]. In general, thapsigargin- or CPA-
mediated store depletion is sufficient to induce Ca®" influx as
well as inward Na" current. Although store-operated Ca*"
influx was primarily underpinned by Ca®" measurement with
patch-clamping being relatively shallow (even so, mostly in
single-channel configuration rather than whole-cell recording
[21]), the consensus made by these groups seemed to be
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without any disproof. In salivary gland, TRPC1 was shown to
function as a SOCE mediator [17, 18]. Indeed, it is generally
accepted that TRPC1 may operate as a SOCE mediator espe-
cially at non-excitable cells or tissues.

In vascular smooth muscle cells, however, two contrasting
studies were reported [6, 30]. Using TRPC1~~ mouse model,
one group suggests that the whole-cell current measurement in
mesenteric artery following store depletion was mediated by
TRPC1/5 channels. Using the same model, the other group
showed that TRPC1 was not obligatory to cation influx in
cerebral artery VSMCs. In essence, whether TRPC1 functions
as a SOCE mediator in various tissues remains to be elucidated.

Similarly, the role of TRPC4 has also been controversial. It
is suggested to be SOCE mediator or receptor-operated Ca**
entry. TRPCS is regulated and activated by even more various
factors such as La>*, Gd**, lysophosphatidylcholine, reducing
and oxidizing agents (DTNP, DTT), isoprenaline, forskolin,
and 8-Br-cAMP [3, 14]. Store depletion was also suggested to
activate TRPCS [16, 25, 43]. Hence, TRPCS has been sug-
gested to be “multifunctional” due to the various activation
patterns [3].

Although our results show complex properties of TRPC1 ¢,
TRPC13, TRPCl /4, and TRPC1[3/4, given that TRPCI is
multifunctional [2], would it not be possible that the complex
results reflect distinct electrophysiology property of TRPC1—
multifunction?

Although evidences of the physiological significance of
TRPC1 channel and its characteristics are emerging, molecu-
lar or sub-molecular activation mechanism is still unknown.
Our present work and that of others [33, 34] suggest that
TRPC1/4 channel is undoubtedly a receptor-operated channel,
whether it is mutually exclusive to store depletion or not. So
far, Gg/11-PLC pathway has been considered as the primary
candidate to activate TRPCla/4. In the present study, we
observed outward-rectifying /-V signature of TRPCI /4
channel in all of M1, M2, and M3 receptor activation systems
(M2 receptor stimulation yielded outward-rectifying signa-
tures though probability was significantly lower (6 %, 3/20)
than M1 or M3 stimulation (100 %, 6/6 (M1), 31/31 (M3)). In
other words, although we believe that selective G;j,-coupled
receptor activation discriminates TRPC4 homomeric channels
from ion channel pools on the plasma membrane, the common
molecular candidate (e.g., Gg,, subunits, [Ca®"]; increase) that
is/are shared among M1, M2, and M3 receptor might activate
TRPClo/4 channels (Fig. 8a). Thorough investigations are
necessary to underpin the detailed mechanisms of TRPC1
activation.

In GI tract, M2 and M3 receptors coexist with TRPCI,
TRPC 4, or TRPC 6 channels. Recent experiments with M2,
M3 single or double knockout mice showed interesting re-
sults. M2~ showed 120pS and 70pS single channel conduc-
tance with minor 20pS conductance whereas M3~ showed
only 70pS conductance with minor 20pS conductance [28]. In
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mAChR1,3 or H;R

TRPC4/4
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Fig.8 Conclusive diagram concerning TRPC1/4, TRPC4 channels and
G-protein coupled receptors. a Gy1j-coupled receptor stimulation acti-
vates TRPC1ov/4 channels but G;/,-coupled receptor stimulation is insuf-
ficient to do so. However, the Gjj,-coupled receptor discriminates TRPC4
homomeric channels from TRPC1a/4 channels and selectively activates
the former. The Ca>* permeability difference between those two channels
was reported by Storch et al. [33]. The roles of Gg, subunits shared
among muscarinic receptors are so far unknown

another study conducted in murine ileal myocytes [37], three
cation conductances, 7pS, 55pS, and 116pS, were measured.
Using RT-PCR, they also suggested that mRNA levels of
TRPC4, TRPC6, and TRPC1 are high in murine ileal
myocytes. Cation influx through the cation conductance was
completely abolished when TRPC4 and TRPC6 were double-
knocked out. Thus, 120pS (or 116pS) conductance was sur-
mised to be TRPC6 conductance activated by M3 stimulation
while 70pS (or 55pS) conductance to be TRPC4 activated by
both M3 and/or M2 stimulation. Although single channel
recording and rigorous analysis must be made prior to the
postulation, we believe that minor 20pS (or 7pS) conductance
is from TRPC1/4 channels. In addition, the typical U-shaped
I-V curves obtained at endogenous GI tract is in contrast to
outward-rectifying TRPC1/4 I-V curves. Having remarked
similar mRNA levels of TRPC1, TRPC 4, and TRPC 6
channels in GI tract [37], we surmise that M2 governance in
GI tract discriminate TRPC4 from TRPC1/4 and selectively
activates it and yield U-shape /- curves.
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