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ABSTRACT
Canonical Transient Receptor Potential (TRPC) channels are Ca2+permeable nonselective cation channels that are activated by a wide
variety of stimuli, including a family of G protein-coupled receptors
(GPCRs). It is still intriguing whether TRPC4 channel is receptoroperated channel (ROC) or store-operated channel (SOC), and recent
studies claim that TRPC4 is ROC rather than SOC. However, molecular
mechanisms by which Gα proteins participate to regulate TRPC4 remain
unclear. Furthermore, the mechanism underlying the activation of
TRPC4 channels is not clearly understood. The first aim of this study is
to evaluate function of Gαi2 to regulate TRPC4 activation via direct
binding. To investigate this mechanism, we used whole patch clamp and
fluorescence (Förster) resonance energy transfer (FRET). We tagged
an isoform of mTRPC4 and G protein with CFP and YFP, respectively,
and transiently transfected HEK293 cells with the FRET pair. The FRET
efficiency between TRPC4β and the constitutively active mutant form of
Gαi2 was nearly 14% and was greater than that observed with wild type
(WT) Gαi2 (nearly 5%). Gβγ and the TRPC4 channel demonstrated a
FRET efficiency lower than 4%. In HEK293 cells transfected with the M2
muscarinic receptor, the application of carbachol (CCh) increased the
FRET efficiency between TRPC4β and Gαi2 from 5.2 ± 1.2% (n = 7) to
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12.5 ± 1.4% (n = 7). We also found that the TRPC4 channel directly
interacts with Gαi2 but not with Gαq when the channel is open.
Since TRPC4 channel is a membrane protein, it functions when
localized at the membrane to be fully activated. Thus, our second aim
of this study is to find membrane targeting domain of TRPC4. To identify
the regulating region of the channel trafficking to the membrane, we
generated deletion mutants of the TRPC4 channel. We determined that
when either region that was downstream of the 20 amino acids of the Nterminus or the 700-730 domain was deleted, the mutants were retained
in the endoplasmic reticulum. By coexpression of the TRPC4 with
deletion mutants, we found that the 23-29 domain of the N-terminus
regulate the membrane trafficking. We inferred the candidate proteins
that regulate or interact with the 23-29 domain of TRPC4.
TRPC4 channel functions when folded to tetrameric structure which
consists of 4 subunits. In this study, we evaluate that the downstream
region of 99th amino acid in the N-terminus and upstream region of 730th
amino acid in the C-terminus are involved in the assembly of TRPC4
tetramers.
Meaning, TRPC4 ion channel opens by the activation of Gαi2 by
stimulus of GPCR. Also, for this ion channel to function properly, it
requires the manifestation of cell membranes and formation of
tetrameric structure, and the domain which induces the manifestation of
the cell membrane is 23-30 domain amino acid of N-terminus. Lastly,
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the domain required to create a functioning tetrameric ion channel exists
in both the N-terminus and the C-terminus.
------------------------------------Keywords: TRPC4 ion channel, GPCR, G protein, FRET, tetrameric
structure
Student number: 2011-23800

v

CONTENTS
Abstract ....................................................................................... i
Contents .................................................................................... iv
List of tables and figures .......................................................... v
Introduction .............................................................................. 1
Materials and methods ........................................................... 17
Results ..................................................................................... 23
Discussion ............................................................................... 91
References ............................................................................. 101
Abstract in Korean ................................................................ 109

vi

LIST OF TABLES AND FIGURES

Figure
Figure 1 ................................................................................... 9
Figure 2 ................................................................................. 10
Figure 3 ................................................................................. 12
Figure 4 ................................................................................... 14
Figure 5 ................................................................................. 15
Figure 6 ................................................................................... 25
Figure 7 ................................................................................... 26
Figure 8 ................................................................................... 31
Figure 9 ................................................................................... 32
Figure 10 ............................................................................... 33
Figure 11 ............................................................................... 37
Figure 12 ............................................................................... 38
Figure 13 ............................................................................... 39
Figure 14 ............................................................................... 44
Figure 15 ............................................................................... 45
Figure 16 ............................................................................... 46
Figure 17 ............................................................................... 50
Figure 18 ............................................................................... 56
vii

Figure 19 ............................................................................... 57
Figure 20 ............................................................................... 58
Figure 21 ............................................................................... 59
Figure 22 ............................................................................... 60
Figure 23 ............................................................................... 62
Figure 24 ............................................................................... 66
Figure 25 ............................................................................... 68
Figure 26 ............................................................................... 70
Figure 27 ............................................................................... 72
Figure 28 ............................................................................... 76
Figure 29 ............................................................................... 77
Figure 30 ............................................................................... 82
Figure 31 ............................................................................... 88
Figure 32 ............................................................................... 89
Figure 33 ............................................................................... 90

Table
Table 1 ................................................................................... 16
Table 2 ................................................................................... 40

viii

LIST OF ABBREVIATIONS
TRPC : Canonical or transient receptor potential ion channel
GPCR : G protein-coupled receptor
FRET : Fӧrster resonance energy transfer
GTPγS : guanosine 5’-O-[gamma-thio]triphosphate
CCh : Carbachol
PI(4,5)P2 : Phosphatidylinositol 4,5-bisphosphate
IP3 : inositol 1,4,5-trisphosphate
SESTD1 : SEC14-like and spectrin-type domain 1
CIRB : Calmodulin/ IP3 receptor-binding

iv

INTRODUCTION

TRP mutant fruit flies was discovered in 1969 (Cosens and Manning,
1969). The trp mutant flies responded to light transiently unlike wild type
flies that demonstrate a sustained activity photoreceptor cell in response
to light stimulation. trp gene was cloned by Craig Montell in 1989
(Montell and Rubin, 1989). To date TRP channel family has been studied
extensively due to its key role for calcium regulation in the cells, linked
to many diseases. A numerus molecular character and function of the
TRPC channel was identified (Nilius, 2007; Wes et al., 1995; Zhu et al.,
1995). The number of publications on this topic rises explosively ranging
from molecular biology and crystallography to clinical study, food
production, and cosmetics. More than 13,000 publications and 2,000
reviews have been published about TRPs (Nilius and Flockerzi, 2014).
TRP super family consists of 28 members in mammalian (27 members
in human). TRP superfamily is classified into seven sub-families:
Transient receptor potential canonical or classical “TRPC” (TRPC1-7),
vanilloid “TRPV” (TRPV1-6), melastatin “TRPM” (TRPM1-8), polycystin
“TRPP” (TRPP2, 3, 5) mucolipin “TRPML” (TRPML1-3), and TRPA
“ankyrin” (TRPA1) (Figure 1) .
Recently, a 3-dimensional structure of the TRPV1 channel has been
determined at a resolution of 3.3 Å by cry-electron microscopy (Liao et
al., 2013). At the structure level, TRP channel are a homotetrameric
1

structure, where each subunit has six transmembrane domain and a
pore loop region between transmembrane 5 and 6 with the N- and Cterminus located in the cytosol. Cytosolic N- and C-terminus are
involved in the regulation and modulation of channel function and
trafficking (Nilius and Flockerzi, 2014). Functional TRPC channels
presumably consist of homotetramers (Hofmann et al., 2002; Wes et al.,
1995). Based on sequence similarity, TRPCs can be subdivided into four
groups. Groups 1 and 2 exclusively contain the isoforms TRPC1 and
TRPC2, respectively. Group 3 includes TRPC3, TRPC6, and TRPC7,
whereas Group 4 includes TRPC4 and TRPC5. Group 4 TRPCs are
most closely related to group 1. Additionally, TRPC4 channel interacts
with other channels (Figure 2).
TRPC4 channels are expressed in numerous organs and cell type
including soma and dendrites of numerous types of neurons; the
cardiovascular system including endothelial (Wong and Yao, 2011; Yao
and Garland, 2005), smooth muscle (Beech et al., 2004; Dietrich et al.,
2007; Gonzalez-Cobos and Trebak, 2010; Inoue et al., 2006), and
cardiac cells (Inoue et al., 2009); myometrial and skeletal muscle cells;
kidney; and immune cells such as mast cells (Figure 3) (Freichel et al.,
2012; Nilius and Flockerzi, 2014). TRPC4β variant missing site of 84
amino acids in the C-terminus region contain binding site for calmodulin
binding and inositol 1, 4, 5-trisphosphate (IP3) receptor present in
TRPC4α. Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) regulate
activity of TRPC4 by in this region (Otsuguro et al., 2008). TRPC4
2

proteins are composed of four ankyrin-like repeats, a coiled-coil domain
and a calmodulin binding site in their N-terminus followed by six
transmembrane domains. “TRP box” (EWKFAR) is a highly conserved
TRP

protein-specific

domain

immediately

downstream

of

transmembrane 6. C-terminus contains many binding sites: the IP3
receptor-binding site, SEC14 and Spectrin domains 1 (SESTD1) site,
Calmodulin/ IP3 receptor-binding (CIRB) site, protein 4.1 interaction site,
α-spectrin binding site, and PDZ binding domain (Figure 4). In intestinal
smooth muscle cells, TRPC4 forms a 55-pS conductance cation
channel and underlies more than 80% of the muscarinic receptorinduced cation current (mICAT) (Tsvilovskyy et al., 2009). TRPC4
channels currents showed reversal potential close to 0 mV with
physiological extracellular cation concentration and a current-voltage
relationship with a shape usually described as double rectifying I/V
shape.
Through its role as a SOC and ROC, TRPC4 has been shown to affect
many cellular function (Table 1). Trpc-/- mice are fertile and show no
obvious signals of disease (Tsvilovskyy et al., 2009). However it shown
that intestinal transit is slowed down in Trpc4- and Trpc6-deficient
mouse models. Non-selective cation currents were significantly reduced
in the gastric smooth muscle cell of Trpc4-/- mice, suggesting that
TRPC4 is a part of the CCh/Ach induced channels in the stomach (Lee
et al., 2005).
There are no hereditary diseases reported until now with loss- or gain3

of-function mutants. In recent two papers published, however, singlenucleotide polymorphisms (SNPs) located in Trpc4 are reported to play
a key role in human disease. For example, SNP (TRPC4-I957V) in Trpc4
showed a reduced risk of myocardial infarction (Jung et al., 2011).
The first TRPC4 channels are described it as a calcium entry channel
activated by depletion of intracellular Ca2+ stores (Philipp et al., 1996).
However, in 2000, Guenter Schultz group reported that transient non
selective cation current was recorded by stimulation of Gαq and store
depleted activation was not observed (Schaefer et al., 2000). Based on
the results, it was speculated that TRPC4 channel is ROC due to its role
as a non-selective cation channel regulated by downstream of GPCR
stimulation, but not store depletion (Schaefer et al., 2000; Schaefer et
al., 2002).
It is still arguable weather TRPC channel is evaluated as a ROC or
SOC, and there are still ongoing research to figure it out because each
theory has uncompleted part. Recently it has been accepted that
Stromal interaction molecule (STIM) and Orai ion channel play a role as
a SOC in common, however some studies are still conducted regarding
TRPC channels participating as a SOC with STIM and Orai (Cioffi et al.,
2012).
In mICAT is a native TRPC containing ROC, it assumed to be activated
by the stimulation of M3-Gαq/phospholipase G-coupled receptors
(Zholos and Bolton, 1997). Stimulation is followed by G-proteinmediated activation of phospholipase C (PLC) and results in the
4

stimulation of current that is generated by TRP channels (Niemeyer et
al., 1996; Peretz et al., 1994; Reuss et al., 1997). In mammalian cells,
the activation of PLCs by extracellular signaling molecules leads to the
production of inositol 1,4,5-triphosphate (InsP3) and diacylglycerol and
couples with intracellular signaling cascades by increasing the cytosolic
Ca2+ concentration ([Ca2+]i). These changes in [Ca2+]i result from InsP3mediated Ca2+ release from intracellular stores and/or Ca2+ entry from
the extracellular space. Ca2+ entry can be regulated by different
mechanisms. In many cell types, the depletion of intracellular Ca2+
stores following Ca2+ release leads to Ca2+ entry from the extracellular
space, a process often termed capacitive calcium entry and mediated
by SOC (Putney, 1993; Putney and Bird, 1993). However, the signaling
processes that are activated downstream of GPCR remain highly
controversial. Additionally, a detailed database of TRPC4 channel
protein-protein interaction (Shin et al., 2012) is available at
http://www.trpchannel.org/. PI(4,5)P2 is also a regulation factor of
TRPC4 channel. Otsuguro et al. showed that PI(4,5)P2 inhibited
TRPC4α channel but not TRPC4β channel (Otsuguro et al., 2008).
However in our previous study, PI(4,5)P2 is an essential lipid for
maintaining activation of TRPC4β (Kim et al., 2013). The Gαi subgroup
of the G proteins plays an important role in TRPC4 and TRPC5 channel
activation. Gαi activates TRPC4/5 channels, whereas Gαq inhibits them,
using an electrophysiology technique and Co-IP (Jeon et al., 2012).

5

TRPC4 channel maintain a delicate balance between protein synthesis,
folding, assembly trafficking and degradation (Figure 5). TRPC4
channel interaction via its C-terminus PDZ binding domain with the
adaptor NHERF, ERM proteins, and cortical actin is an important (step)
for the membrane expression (Otsuguro et al., 2008). caveolin making
caveola and lipid raft multi-structure was known to be a regulator of
membrane expression of TRP channel (Brazer et al., 2003; Brownlow
and Sage, 2005; Gervasio et al., 2008). Especially Caveolin knock-out
mouse showed ER retention of the TRPC4 channel (Murata et al., 2007).
Additionally TRPC4 channel trafficking regulator are PI(4,5)P2 (Kim et
al., 2013), small G protein (Cayouette and Boulay, 2007), cytoskeleton,
SESTD1 (Miehe et al., 2010), and protein 4.1 (Cioffi et al., 2005). It is
well-known that when the TRPC channel is partially deleted or mutated,
their trafficking at the plasma membrane is limited, and they are retained
in the endoplasmic reticulum (ER) or Golgi (Andrade et al., 2005; van
de Graaf et al., 2003; Wedel et al., 2003; Xu et al., 2001).
Among the TRPC channels, TRPC4 and TRPC5 channels are unique
in the aspect of their activation by the Gαi protein. Additionally, the
region that is responsible for the interaction with Gαi protein is important
for calmodulin binding. The deletion of this region causes the TRPC4
and TRPC5 channel to be nonfunctional (Jeon et al., 2012; Ordaz et al.,
2005). Calmodulin and inositol 1,4,5-triphosphate receptor-binding
(CIRB) of mouse TRPC5 were destroyed by substituting Arg718,
Lys722, and Arg723 with alanine and failed to respond to stimulation by
6

thrombin and bradykinin in both CHO and HEK293 cells, although the
mutant protein was efficiently delivered to the plasma membrane when
detected by surface biotinylation (Ordaz et al., 2005). The mutant was
not responsive to agonist stimulation but showed normal cell surface
expression in the wild type (Ordaz et al., 2005). When TRPC4 channels
were expressed in HEK cells, their distribution was not homogeneous at
the plasma membrane, and instead, they existed as puncta or discrete
microdomains. Punctate distribution of TRPC4 channel expression on
the membrane is distinguishable compared to STIM1-Orai1 puncta
complex pattern caused by store calcium depletion from ER (Gwozdz et
al., 2008). The importance of the N-terminus and C-terminus domain
with regard to the formation of the TRPC4 multimer has also been
studied (Lepage et al., 2006; Lepage et al., 2009; Schindl et al., 2008).
The ankyrin repeat domains are especially important for the assembly
of tetrameric TRPC4 structure.
In this thesis, the experimental aim is to evaluate function of Gαi as an
important activator of TRPC 4 channel activation compared to other G
proteins and GPCR. To further investigate direct interactions between
TRPC4 and Gαi, we used a FRET based method. FRET is an optical
technique that depends on the close proximity, within 10 nm, of two dyes
to monitor their relative molecular dynamics in intact cells in real time.
Only Gαi2 protein among G proteins, make FRET signal between
TRPC4β proteins. Direct binding activation of the channels is caused by
Gαi, leading to calcium influx.
7

Second, we found that the 23-29 domain domain is important for the
membrane trafficking by coexpression with TRPC4 channel. Taken
together, downstream of 99th amino acid in N-terminus and 700-730
domain region is crucial for the assembly of TRPC4 tetramers (Nilius
and Flockerzi, 2014).

8

Figure 1. phylogenetic tree of the mammalian TRP protein family
The evolutionary distance is shown by the total branch lengths in pointaccepted-mutations (PAM) units, which is the mean number of
substitutions per 100 residues.
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Figure 2. Interactome network of TRPC proteins with known and
predicted interactors. (A) The TRPC interactome network was
constructed comprising the 5 TRPC proteins and their known and
predicted interactions. Magenta, blue, green lines indicate experiment,
data base, and textmining, respectively. (B) The interactome network of
STIM and Orai1 also displays the link between TRPC channels and
STIM-Orai1. Magenta, blue, green lines indicate experiment, data base,
and textmining, respectively. The STIM and Orai1 interactome yielded a
significant relationship with TRPC channels. The interactome was
designed by Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING). (www.string-db.org).
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Figure 3. TRPC1,4 and 5 Genotype-Tissue Expression (GTEx) pilot
analysis. The analysis showed the patterns of TRPC1, 4, and 5
expressions across tissues. X and Y axis indicate the tissues and reads
per kilobase per million mapped reads (RPKM), respectively. The
number of biotypes including protein-coding genes, pseudogenes, and
long noncoding RNAs (IncRNAs) were transcribed above threshold
(RPKM>0.1). Based on the analysis, TRPC4 is mainly expressed in
uterus and prostate. However, TRPC5 is mostly expressed in various
regions of brain. TRPC1, on the other hand, showed more frequent
expression levels compared to TRPC4 and 5. Data source is GTEx
Analysis

Release

V6

(dbGaP

Accession

(www.Gtexportal.org) (Carithers and Moore, 2015)
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phs000424v.6.p1),

Figure 4. Key domain of TRPC4
Schematic diagram illustrating some key structural feature of TRPC4
and some of the amino acid residues that are important for the control
and regulation of channel activity and ion permeation.
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Figure 5. Trafficking of TRPC4 channel
The DNA encoding TRPC4 channel is transcribed into mRNA, which is
transferred out of the nucleus into the ER for protein translation in a
polyribosome. The channels undergo various modification and
maturation in ER and the Golgi complex, as well as during its insertion
into the cell membrane. Retrograde trafficking begins with endocytosis,
after which internalized proteins follow multiple routes to different
intracellular compartments.
15

Table 1. Physiology and disease relevance of TRPC4
Cell or Organ

Physiology and Disease relevance of
TRPC4

Reference

Aorta endothelial cells

Agonist dependent vasorelaxation

(Freichel et al., 2001)

Lung vascular
endothelial cells

Microvascular permeability

(Tiruppathi et al., 2002)

Thalamic interneurons

5HT-induced dendritic GABA release

(Munsch et al., 2003)

Olfactory bulb

Slow synaptic transmission, Ca2+
dynamics required for asynchronous
release form the granule cell spine

(Stroh et al., 2012)

GI smooth muscle
cells

Cholinergic neurogenic contraction and
intestinal motility

(Tsvilovskyy et al.,
2009)

Lateral septal and
hippocampal neurons

Epileptiform burst firing and seizureinduced neurodegeneration

(Phelan et al., 2012)

Regulation of innate
fear responses

Lateral amygdala mGluR response

(Riccio et al., 2014)

Visceral pain
sensation

Colonic mustard oil exposure in rats

(Westlund et al., 2014)

Drug addiction

Reduced cocaine self-administration in
trpc4-/- rats

(Rasmus et al., 2013)

Pulmonary arteries

Constriction and occlusive remodeling in
severe pulmonary arterial hypertension,
leading to right ventricular failure

(Alzoubi et al., 2013)

Keratinocyte differentiation

(Beck et al., 2008)

Neurite extension human postmitotic neurons

(Weick et al., 2009)

SNP association with photoparoxysmal response/idiopathic
generalized epilepsies

(von Spiczak et al.,
2010)

Gain-of-function SNP (I957V) may protect against myocardial
infarction

(Jung et al., 2011)

Facilitate formation of normal-sized myotubes during post-natal
human myogenesis

(Antigny et al., 2013)
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MATERIALS AND METHODS
1. Cell culture, transient transfection and cDNA clones
Human embryonic kidney (HEK293) cells (ATCC, Manassas, VA) were
maintained according to the supplier’s recommendations. HEK293 cells
were incubated in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% heat-inactivated FBS and penicillin (100 U/ml),
streptomycin (100 ug/ml) at 37°C in 5% CO2 humidified incubator. Cells
were seeded in confocal dish for recording FRET or 12 well plate for
whole-cell patch clamp. The following day, transfection was performed
with Fugene-6 according to the manufacturer’s instructions. XFP (CFP
or YFP) tagged TRPC4, TRPC5 and TRPC1 were transfection in this
way. After day we performs electrophysiology experiment or FRET.

2. Electrophysiology
The cells were transferred onto a solution chamber on the stage of an
invert microscope (IX70, Olympus, Japan). The whole cell configuration
was used to measure TRPC channel current in HEK cells as described
previously (Kim et al., 2012; Kim et al., 2008; Kim et al., 2006; So and
Kim, 2003; Yan et al., 2003). Cells were leaved for 10-15 min to attach
to coverslips. Whole cell current were recorded using an Axopatch 200B
amplifier (Axon instruments). Patch pipettes were made from
bososilicate glass and had resistances of 3-5 MΩ when filled with normal
intracellular solutions. Bath solution was changed from Normal Tyrode
(NT) to Cs+ rich external solution after whole cell recording system
17

established. The NT contained 135 mM NaCl, 5 mM KCl, 2 mM CaCl2,
1 mM MgCl2, 10 mM glucose, and 10 mM HEPES with a pH that was
adjusted to 7.4 using NaOH. The Cs+-rich external solution contained
equimolar CsCl rather than NaCl and KCl. The internal solution
contained 140 mM CsCl, 10 mM HEPES, 0.2 mM Tris-guanosine 5’triphospate, 0.5 mM EGTA, and 3 mM Mg-adenosine 5’-triphosphate
with a pH that was adjusted to 7.3 with CsOH. We used 0.2 mM
guanosine 5’-O-[gamma-thio] triphosphate (GTPγS) that was purchased
from Sigma. The standard pipette solution contained (in mM) 140 CsCl,
10 HEPES, 0.2 Treis-GTP, 0.5 EGTA, and 3 Mg-ATP with pH adjusted
to 7.3 using CsOH. Voltage ramp pulse was applied from +100 mV to 100 mV for 500 ms at -60 mV holding potential. Experiments were
performed at room temperature (18-22°C). The bath solution must be
continuously flow at a rate of 1-2 ml/min.

3. Image quantification and FRET measurements
HEK293 cells were cultured in 35 mm coverslip bottom dish to obtain
image and to measure FRET efficiency. To obtain the image and FRET
efficiency of a cell, we used an inverted microscope (IX70, Olympus,
Japan) with a 60 x oil objective lens and the 3 cube FRET calculation
(Erickson et al., 2001) controlled by MetaMorph 7.6 (Molecular Devices,
U.S.A). And we mainly used 3 cube FRET. 3 cube FRET efficiency
(cube settings for CFP, YFP, and Raw FRET) were acquired from a pE1 Main Unit to 3 cube FRET (excitation, dichroic mirror, filter) through a
fixed collimator: CFP (ET 435/20 nm, ET
18

CFP/YFP/mCherry beam

splitter,

ET

470/24

nm,

chroma);

YFP

(ET500/20

nm,

ET

CFP/YFP/mCherry beam splitter, ET535/30 nm, chroma); and Raw
FRET (ET435/20 nm, ET CFP/YFP/mCherry beam splitter, ET535/30
nm, Chroma). The excitation LED and filter were sequentially rotated,
rotation period for each of filter cubes was ~0.5 s, and all images (three
for CFP/YFP/Raw FRET, respectively) were obtained within 1.5 s. Each
of the images was acquired on a cooled 10 MHz (14 bit) CCD camera
(DR-328G-C01-SIL: Clara, ANDOR technology, USA ) with an exposure
time of 100 ms with 2 x 2 or 3 x 3 binning under the control of MetaMorph
7.6 software. Our FRET recording of the fluorophores was restricted in
a range of CFP/YFP ratio being 0.5 to 2.0
FR and FRET Efficiency Computation (Erickson et al., 2001) -FRET
Ratio (FR) is equal to the fractional increase in YFP emission due to
FRET and was calculated as
𝐹𝑅 =

𝐹𝐴𝐷
[𝑆𝐹𝑅𝐸𝑇 (𝐷𝐴) − 𝑅𝐷1 ∙ 𝑆𝐶𝐹𝑃 (𝐷𝐴)]
=
𝐹𝐴
𝑅𝐴1 ∙ [𝑆𝑌𝐹𝑃 (𝐷𝐴) − 𝑅𝐷2 ∙ 𝑆𝐶𝐹𝑃 (𝐷𝐴)]

SCUBE (SPECIMENDA) denotes an intensity measurement, where CUBE
indicates the filter cube (CFP, YFP, or FRET) and SPECIMEN indicate
whether the cell is expressing donor (D; CFP), acceptor (A; YFP), or
both (DA). R D1 = SFRET (D) ⁄SCFP (D) , R D2 = SYFP (D)⁄SCFP (D) , and
R A1 = SFRET (A) /SYFP (A)

are

predetermined

constants

from

measurements applied to single cells expressing only CFP- or YFPtagged molecules. Although three-cube FRET does not require that CFP
and YFP fusion constructs preserve the spectral features of the
19

unattached fluorophores, similar ratios and recorded spectra furnished
two indications that the spectral features of the fluorophores were largely
unperturbed by fusion. Since FR relies on YFP emission, YFP should
be attached to the presumed limiting moiety in a given interaction.
Subsequent quantitative calculations based on FR relied on a presumed
1:1 interaction stoichiometry. The effective FRET efficiency (EEFF) was
determined by
EEFF = E × Ab = (FR − 1)[EYFP (440)/ECFP (440)]
where E is the intrinsic FRET efficiency when fluorophore-tagged
molecules are associated with each other, Ab is the fraction of YFP
tagged molecules that are associated with CFP-tagged molecules, and
the bracketed term is the ratio of YFP and CFP molar extinction
coefficients scaled for the FRET cube excitation filter (Epe et al., 1983).
We determined this ratio to be 0.094 based on maximal extinction
coefficients for ECFP and EYFP (Patterson et al., 2001) and excitation
spectra measured in our lab. FRET was also assessed by measuring
dequenching of donor emission following nearly complete acceptor
photodestruction (Miyawaki and Tsien, 2000) by 30min of strong
illumination through a 540AF30 excitation filter. This spared the CFP
chromophore in control experiments. Here, the effective FRET efficiency
is calculated as
EEFF = E × Db = [1 − SCFP (DA) before ⁄SCFP (DA) after ]
where SCFP (DA) before before and SCFP (DA) after after are CFP
emission prior to and following YFP photobleaching, and Db is the
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fraction of CFP-tagged molecules that are associated with YFP-tagged
molecules (Epe et al., 1983).

4. Western blotting analyses and Co-IP
For western blotting, cells were seeded in 6 well plate. On the next day,
0.5-2 μg/well of TRPC4β cDNA was transfected into cells using the
transfection reagent Lipofectamine 2000 (Invitrogen, U.S.A.) according
to the manufacturer’s protocol. After transfection for 24 h, the cells were
harvested as follows. Lysates were prepared in lysis buffer (0.5% Triton
X-100, 50 Tris-Cl, 150 NaCl, 1 EDTA, pH 7.5, (in mM)) by being passed
through a 26-gauge needle seven to 10 times after sonication. Lysates
were centrifuged at 13,000 × g for 10 min at 4°C, and the protein
concentration in the supernatants was determined. The proteins
extracted in sample buffer were loaded onto 8% tris-glycine SDS-PAGE
gels, and then subsequently transferred onto a PVDF membrane. The
proteins were probed with GFP (Invitrogen) or β-Actin (GeneTex, U.S.A)
antibodies for GFP-tagged or housekeeping protein as indicated.

5. Surface biotinylation
PBS-washed cells were incubated in 0.5 mg/ml sulfo-NHS-LC-biotin
(Pierce, U.S.A.) in PBS for 30 min on ice. Afterwards, the biotin was
quenched by the addition of 100 mM glycine in PBS. The cells were then
processed as described above to make cell extract. Forty microliters of
1:1 slurry of immobilized avidin beads (Pierce, U.S.A.) were added to
300 l of cell lysates (500 g protein). After incubation for 1h at room
temperature, beads were washed three times with 0.5% Triton-X-100 in
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PBS, and proteins were extracted in sample buffer. Collected proteins
were then analyzed by western blot.

6. Measurement of Colocalization and Quantification in
Images
To determine colocalization of two image in membrane of cell, we made
a binary mask image using the “image threshold” routine of MetaMorph
7.6. A CFP mask and a YFP mask were made from a CFP image and a
YFP image, respectively. We defined the overlapping area of the CFP
mask and the YFP mask as the colocalization region. Finally, the
colocalization was calculated by dividing the spatially area of
colocalization region over the CFP masked area.
To determine the quantification of membrane expression in image, we
substrate background intensity from original image using the
“Background subtraction” routine of MetaMorph 7.6. We obtained
plasma membrane region from the PH-YFP image expressing
membrane region. Then we obtained intensity of membrane region
defined by PH-YFP image and total intensity whole cell region. Finally,
the membrane / total ration was calculated by dividing the membrane
intensity over the total intensity.

6. Statistical analysis
Results are given as mean ± SEM. Error bars indicate SEM. Here,
*p<0.05 was statistically significant. n.s. not significant. Results were
compared using Student’s t-test between two groups.
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RESULTS
Fusion of a GFP variant to TRPC4α, TRPCβ, and G protein
preserved protein function.
TRPC channels are thought to span the plasma membrane 6 times, with
a pore loop inserted between transmembrane segments 5 and 6
(Montell and Rubin, 1989). Functional TRPC channels are presumably
formed as homotetramers and heterotetramers (Mio et al., 2005)
(Figure 6A). The key prerequisites for our experiments on the
interaction between TRPC4 and G proteins were the strategic
attachment of CFP or YFP to the TRPC4 channel and the verification
that the resulting fusion proteins exhibited preserved activation. After
designing the GFP fusion variants of the TRPC4α and TRPC4β
channels, we confirmed that the TRPC4 channels tagged with GFP
variants functioned properly and formed tetramer complexes. With the
patch

clamp

technique,

functional

TRPC4

channels

typically

demonstrate a double rectifying current-voltage (I/V) relationship and
display reversal potentials close to 0 mV (Jeon et al., 2012). TRPC4α
(Figure 7A, red) and TRPC4β (Figure 7A, black) channels tagged with
GFP variants both displayed a double rectifying I/V relationship. The
TRPC4α and TRPC4β currents were induced by an intracellular infusion
of GTPγS through the patch pipette. CFP-TRPC4β, TRPC4β-CFP,
TRPC4α-CFP showed the typical TRPC4 current with a double
rectifying shape (Figure 7B). The current amplitude of the tagged
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TRPC4 channel varied based on the location of the tagging site (i.e., Nterminus or C-terminus). The I/V curve for TRPC4 was obtained by
subtracting the I/V curve in NT solution from the I/V curve recorded in
Cs+ rich solution. The TRPC4α (Figure 7C(1)) and TRPC4β (Figure
7C(2)) channels were expressed at the plasma membrane with punctate
distribution, as previously reported (Jeon et al., 2012; McKay et al.,
2000).
Next, to study G protein subunit interactions in the cells, CFP or YFP
was inserted into the αBC-loop within the α-helical domain of the Gαi2,
a domain which has been used previously to insert various sequences
into Gα subunits (Hughes et al., 2001; Janetopoulos et al., 2001; Yu and
Rasenick, 2002). Gαi2 (WT)-YFP was well-targeted to the plasma
membrane (Figure 7C(3)).
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Figure 6. Characteristic of TRPC4.
Cartoon of the tetrameric structure of TRPC4 channels. The TRPC4
channel encompasses six putative transmembrane helices (S1-S6).
Voltage changes are detected by a typical voltage sensor domain in S4.
A tetramer the S5 and S6 segments constitute a central ion-conducting
pore. TRPC4β lacks 84 amino acids in the C-terminus, which
correspond to the last two calmodulin-binding sites of full-length
TRPC4α.
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Figure 7. Property of TRPC4.
(A) Double rectifying I/V relationship of TRPC4α-CFP (red) and
TRPC4β-CFP (black) channels. (B) Whole-cell patch clamp recordings
reveal that cells that express TRPC4β-XFP, XFP-mTRPC4β, and
TRPC4α-XFP show robust GTPγS-induced current (n = 5-10). (C) XY,
YZ and ZY plane images of channels and G alpha protein. The TRPC4αCFP and TRPC4β-CFP channels were expressed at the plasma
membrane with punctate distribution. YFP-tagged Gαi2 (WT)-YFP was
localized uniformly at the plasma membrane.
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The cyan box in the

construct scheme indicates CFP. Error bars represent SEM. *p < 0.05
by tow-sample t test. The scale bar represents 10 μm.
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Sensitive and Selective detection of FRET in Living Cells Using
Three-Cube FRET.
To investigate the interaction between the TRPC4 channel and G
proteins, we first evaluated our three-cube FRET experiment system.
The control experiment verified that three-cube FRET provided sensitive
and selective detection of FRET (Figure 8A). Cells coexpressing emptyCFP and empty-YFP showed no FRET (1.6 ± 0.6%, n = 19), arguing
against

confounding

concentration-dependent

artifacts.

Cells

expressing a TRPC4α-CFP and empty-YFP (2.0 ± 1.1%, n = 8) pair and
a TRPC4α-YFP and empty-CFP (0.46± 0.5%, n = 11) pair exhibited no
FRET. In all FRET experiments, we performed a negative control
experiment through the combination of empty-CFP or YFP with the GFP
variant-tagged proteins, which generated almost zero FRET efficiency.
However, a significant increase in FRET efficiency was observed for
cells expressing a CFP-YFP concatemer (52.7 ± 0.8%, n = 27), in which
CFP and YFP are held within 10 nm of one another. CFP dequenching
may represent the simplest and most practical alternative to three-cube
FRET for our experiments and thus provided an important opportunity
to independently verify the three-cube FRET measurements. We
applied donor dequenching to the CFP-YFP concatemer studied above.
This approach yielded a FRET efficiency of 55.7 ± 0.8% (n = 11), closely
matching the value of 52.7 ± 0.8% (n = 27) determined from three-cube
FRET. When plotted together, the FRET efficiency values from the two
approaches were indistinguishable (Figure 8B). Previous studies and
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the preferential enrichment observed in this study encouraged us to
undertake direct FRET-based tests of protein-protein interactions, as
described below.
After validating the system, we tested the interactions within Gαβγ
heterotrimers. With YFP-tagged Gβ and Gγ proteins (Riven et al., 2003),
we investigated whether the Gαβγ heterotrimer was localized at the
plasma membrane and its interactions based on the observed FRET
signal (Figure 9A). Under these conditions, we observed a FRET signal
for YFP-Gβ (18.9 ± 2.0%, n = 24) and YFP-Gγ (17.6 ± 3.0%, n = 16)
using Gαi2 (WT)-CFP as the donor molecule. Additionally FRET signals
were detected for Gαi2 (CA)-CFP with YFP-Gβ (18.9 ± 2.0%, n = 24) and
YFP-Gγ (17.6 ± 3.0%, n = 16).
Next, we tested the homotetrameric structure of TRPC4α and TRPC4β
(Figure 10A). The coexpression of empty-YFP and TRPC4α-CFP or
TRPC4β-CFP resulted in a FRET efficiency of ~1%. In striking contrast,
the coexpression of TRPC4α-CFP and TRPC4β-YFP channels showed
robust FRET efficiencies (TRPC4α, 23.8 ± 2.8%, n = 11; TRPC4β, 22.1
± 0.7%, n = 73), indicating that the tagged channels formed a tetrameric
structure. Moreover, we tested the heteromeric structure of the TRPC4
channel by coexpressing -CFP or -YFP tagged TRPC4α and CFP- or
YFP-tagged TRPC4β channels (Figure 10B). Interestingly, we
observed that channels with GFP variants at the same terminus showed
greater proximity than the channels tagged at other terminus. These
results suggest that TRPC4α and TRPC4β channels could form
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homomeric and heteromeric structures with similar terminus located
closer to one another than to opposite terminus.
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Figure 8. FRET control experiments.
(A) Three-cube FRET control experiments on single live cells
expressing control CFP and YFP pairs. The positive control for this
experiment was the CFP-YFP concatemer, in which CFP and YFP are
located less than 10 nm apart. The negative control pairs for the
experiments were empty-CFP or -YFP vectors with GFP variant-tagged
proteins or empty vectors. (B) Agreement was obtained between the
FRET efficiencies measured using donor dequenching and acceptorsensitized emission (3-cube) methodologies. The filled circle represents
the FRET efficiency determined by measuring the acceptor-sensitization
by 3-cube FRET and donor dequenching methods. The dashed line
represents the theoretical identity between the two methods. The scale
bar represents 10 μm.
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Figure 9. FRET efficiency of G protein complex in plasma
membrane.
(A) Heterotrimeric structure of G protein. The FRET measurements
showed that wild type and constitutive active (CA) forms of Gαi2 have
similar FRET efficiencies with Gβγ. The FRET signals were obtained
from the plasma membrane. The yellow box and cyan box in the
construct scheme indicates YFP and CFP, respectively. Error bars
represent SEM. *p < 0.05 by tow-sample t test. The scale bar represents
10 μm.
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Figure 10. FRET efficiency of homo- and hetero- TRPC4 channel
isoforms.
(A) TRPC4α and TRPC4β generated a significant FRET signal by
forming a complex. The TRPC4 channels tagged with a FRET pair at
the same termini exhibited stronger FRET signals. (B) TRPC4α and
TRPC4β generated significant FRET signals by forming a complex. The
TRPC4 channels tagged with a FRET pair at the same termini exhibited
stronger FRET signals. The yellow box and cyan box in the construct
scheme indicates YFP and CFP, respectively. Error bars represent SEM.
*p < 0.05 by tow-sample t test. The scale bar represents 10 μm.
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Gαi2 (CA) proteins activate TRPC4β channels by direct binding.
TRPC4 channels are commonly assumed to be activated by a Gαq
pathway-based mechanism. To confirm which subunit of the G protein
interacts with the TRPC4 channels in living cells, we generated GFP
variant-fused constructs of TRPC4 and G protein (Gαi2 (WT), Gαi2 (CA),
Gαq (WT), Gαq (CA), Gβ, and Gγ) and measured the FRET efficiency
between these proteins. The constitutively active form of the Gα subunit
(Gα (CA)) lacks intrinsic GTPase activity. If local organization (within ~210 nm) exists at the plasma membrane, FRET between the donor and
the acceptor molecule would be apparent. We collected fluorescent
signals from the plasma membrane of HEK293 cells expressing various
constructs. Under these conditions, we observed a FRET signal for Gαi2
(WT)-YFP (4.2 ± 1.5%, n = 21), Gαi2 (CA)-YFP (6.5 ± 1.2%, n = 9), Gαq
(WT)-YFP (3.0 ± 1.6%, n = 12), and Gαq (CA)-YFP (0.3 ± 0.6, n = 10)
using TRPC4α-CFP as the donor molecule (Figure 11A). These results
indicate that TRPC4α did not exhibit any significant FRET signal with
any Gα protein. FRET efficiencies were observed for Gαi2 (WT)-YFP (4.9
± 0.8%, n = 25), Gαi2 (CA)-YFP (15.8 ± 1.2%, n = 15), Gαq (WT)-YFP
(6.4 ± 1.2, n = 8) and Gαq (CA)-YFP (6.0 ± 1.3%, n = 10) using TRPC4βCFP (Figure 11A). These results indicate a close proximity between the
C-terminus of TRPC4β and Gαi2. To further confirm the interaction of
TRPC4β and Gαi2 (CA), we observed the FRET efficiency between Nterminally tagged CFP-TRPC4β and Gαi2 (WT)-YFP (8.1 ± 2.8%, n = 12),
Gαi2 (CA)-YFP (18.3 ± 4.0%, n = 11), Gαq (WT)-YFP (3.5 ± 0.8%, n = 8),
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and Gαq (CA)-YFP (2.6 ± 1.0%, n = 7). Results similar to those for Cterminally tagged TRPC4β-CFP were obtained.
In addition, we tested the FRET efficiency of TRPC4-CFP channels
with YFP-Gβ or YFP-Gγ protein (Figure 11B) and CFP tagged TRPC4
channels with YFP tagged muscarinic receptor type 2 or type 3 (Figure
11C). These proteins did not exhibit any significant FRET signals. We
summarized FRET efficiency of TRPC4 channel with G proteins in the
Table 2.
To confirm the relationship between the FRET efficiency and channel
activation, we used both whole cell voltage clamps and FRET in the
same cells. In a previous study, we found that TRPC4 channels are
activated by Gαi2 (CA), but not Gαq (CA) (Figure 13A; see also (Jeon et
al., 2012)). To make ensure that Gαi2 binding truly activates TRPC4β
channels, we recorded whole cell current and FRET efficiency
simultaneously (Figure 13B). Cells expressing TRPC4β-CFP and Gαi2
(WT)-YFP showed less than ~4% FRET efficiency and almost basal
activity -1.5 pA/pF (Figure 13B, upper). In contrast, with Gαi2 (CA)-YFP,
the observed FRET efficiency and channel activity at -60 mV were 18.9%
and -45.8 pA/pF, respectively (Figure 13B, down).
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Figure 11. FRET efficiency of TRPC4 channels with G protein or
GPCR.
(A) FRET efficiency between TRPC4α or TRPC4β with Gα proteins.
Except for TRPC4β-CFP and Gαi2 (CA)-YFP, all tagged protein FRET
pairs showed lower than 7% FRET efficiency. (B) The interaction of
TRPC4α and TRPC4β with Gβ and Gγ protein did not generate any
significant FRET efficiency. (C) The muscarinic receptors 2 and 3
tagged with YFP showed lower than 6% FRET efficiency with TRPC4α
and β channels. The yellow box and cyan box in the construct scheme
indicates YFP and CFP, respectively. Error bars represent SEM. *p <
0.05 by tow-sample t test. The scale bar represents 10 μm.
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Figure 12. Distribution of Gαi2 with TRPC4α and TRPC4β channel.
(A) Gαi2 (CA)-YFP was transfected in HEK293 cell. The line scan shows
Gαi2 (CA)-YFP intensity followed by a white dashed line. (B) TRPC4βCFP and Gαi2 (CA)-YFP were expressed in HEK293 cell. (C) TRPC4αCFP and Gαi2 (CA)-YFP were expressed in HEK293 cell. The scale bar
represents 10 μm.
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Figure 13. Activation of TRPC4 channel by interaction with Gαi2
(A) The representative I/V relationship of TRPC4β indicates that the Gαi2
protein is an activator of TRPC4β but not Gαq. (B) The HEK293 cells
expressing TRPC4β-CFP and Gαi2 (CA)-YFP displayed a double
rectifying I/V curve and robust FRET efficiency. Gαi2 (WT) did not
present an I/V curve or significant FRET efficiency. The yellow box and
cyan box in the construct scheme indicates YFP and CFP, respectively.
The scale bar represents 10 μm.
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Expression Type

Gαi2 (WT) YFP

Gαi2 (CA)YFP

Gαq (WT) YFP

Gαq (CA) YFP

Gβ-YFP,
Gγ

Gβ, GγYFP

CFP-mTRPC4β

8.1 ±
2.8%

18.3 ±
4.0%

3.5 ±
0.8%

2.6 ±
1.0%

2.2 ±
1.4%

0.2 ±
0.7%

mTRPC4β-CFP

4.9 ±
0.8%

15.8 ±
1.2%

6.4 ±
1.2%

6.0 ±
1.3%

5.9 ±
2.9%

4.0 ±
1.7%

mTRPC4α-CFP

4.2 ±
1.5%

6.5 ±
1.2%

3.0 ±
1.6%

0.3 ±
0.5%

2.8 ±
1.3%

3.3 ±
1.5%

Table 2. FRET efficiency of TRPC4 isoforms with G proteins.
Data are presented as means ± SEM of FRET efficiency of TRPC4
isoforms with G proteins.
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Quantifying Differences in FRET Efficiency Associated with
Activation.
We tested the effects of the expressed Gαi-coupled M2 and Gαq-coupled
M3 muscarinic receptors on the activation of TRPC4-CFP by stimulation
of 100 μm CCh and endogenous G-protein in HEK cells (Figure 14A).
TRPC4-CFP channels displaying a typical doubly rectifying I/V
relationship were stimulated by 100 μM CCh. Next, we investigated
whether any changes in the FRET efficiency between TRPC4 and Gαi2
(WT) or Gαq (WT) were generated (Figure 15A). Only cells expressing
TRPC4-CFP, Gαi2-YFP and M2 showed a significant difference in the
FRET efficiency between the control conditions (4.7 ± 0.4%, n = 7) and
stimulation by 100 μM CCh (12.6 ± 1.4%, n = 7). However, no significant
difference in the FRET efficiency at TRPC4α was observed. Every cell
was checked for FRET efficiency ~10 sec before and ~30 sec after CCh
application. As expected, the FRET efficiency stimulated by CCh (12.6%)
was almost similar to that between Gαi2 (CA)-YFP and TRPC4β-CFP
(15.8%). We also tested the other possibility that the FRET efficiency
may occur between the muscarinic receptor and TRPC4 channel
(Figure 15B). However, no significant changes in the FRET efficiency
were observed with these proteins.
To investigate the timing of the observed interactions, we performed
whole-cell recording during FRET measurement of cells coexpressing
TRPC4-CFP and Gαi2 (WT)-YFP (Figure 16A, left). During the
recording, an increase in both recorded values was observed 10 sec
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after the application of CCh. We recorded half maximum time of 100 mV
(19.0 ± 1.6 s, n = 9), -60 mV (25.4 ± 3.9, n = 9) and FRET efficiency
(12.3 ± 2.8 s, n = 9) after CCh stimulation. Furthermore, the TRPC4
current peaked according to a time course similar to that of the FRET
efficiency values. Before CCh stimulation, the current densities at +100
mV, and -60 mV and FRET efficiency were 59.4 ± 12.0 pA/pF, -11.5 ±
2.2 pA/pF and 7.2 ± 1.5%, respectively (red arrowed, before 20 second).
After CCh stimulation, the current densities and FRET efficiency were
163.6 ± 38.5 pA/pF, -28.3 ± 6.1 pA/pF and 14.8%, respectively (black
arrowed, after 40 second) (Figure 16A, right). We conducted this
experiment 9 times repeatedly in other cells. These results indicate that
channel activation is accompanied by two proteins interaction. FRET
efficiency also decayed with channel inactivation. This result suggests
that the interaction of channels with Gαi2 is important for channel
activation and inactivation.
We evaluated the interactions within Gαβγ protein heterotrimers by
measuring changes in the FRET efficiency between Gαi2 (WT)-CFP and
Gβ-YFP during channel current recordings (Figure 16B). Jensen et al.
observed that the amplitude of the FRET efficiency between Gαq and
Gβ1 proteins decreased with muscarinic stimulation. In our study, the
resting FRET efficiency of Gα and Gβ was ~20%, and the FRET
efficiency decreased to ~12% after stimulation with 100 μM CCh. Half
maximum time of FRET efficiency was 10.7 ± 1.6 s (n = 7) after CCh
stimulation. Such a decrease indicates the binding/unbinding of Gαβγ or
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conformational rearrangement within the Gαβγ protein. We also found
that any changes in FRET efficiency preceded channel activation.
Before CCh stimulation, the current densities at +100 mV, and -60 mV
and FRET efficiency were 50.3 ± 17.0 pA/pF, -16.5 ± 6.3 pA/pF and 18.3
± 2.7%, respectively (before 20 second). After CCh stimulation, the
current densities and FRET efficiency were 136.6 ± 29.3 pA/pF, -24.5 ±
11.5 pA/pF and 11.4 ± 1.6%, respectively (after 40 second) (Figure 16B
right). We conducted this experiment 7 times repeatedly in other cells.
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Figure 14. Activation of TRPC4β by muscarinic receptor
stimulation.
(A) TRPC4α and TRPC4β were activated by M2 and M3 receptor
stimulation. The representative I/V relationship of TRPC4 channels
indicates that the M2 and M3 pathways activated TRPC4α-CFP and
TRPC4β-CFP.

44

Figure 15. Increase FRET efficiency of TRPC4 with Gαi2 by GPCR
stimulation.
(A) During CCh stimulation, changes in the FRET efficiency of cells
expressing TRPC4 channels, muscarinic receptors and Gα protein were
measured. Only HEK293 cells transfected with TRPC4β-CFP, Gαi2
(WT)-YFP and M2 exhibited CCh-induced increases in FRET efficiency.
(B) The YFP-tagged muscarinic receptor did not showed any significant
change in FRET efficiency with TRPC4β- CFP by CCh stimulation. The
yellow box and cyan box in the construct scheme indicates YFP and
CFP, respectively. Error bars represent SEM. *p < 0.05 by tow-sample
t test. The scale bar represents 10 μm.
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Figure 16. channel activation mechanism caused by GPCR
downstream.
(A) Left: The FRET efficiency and TRPC4 channel current was
measured in the same cells. The application of CCh raised the FRET
efficiency and TRPC4 channel current. The red bar indicates the
application of CCh. Right: current densities at +100 mV, -60 mV and
FRET efficiency of stimulation of CCh before 20 second and after 40
second. (B) Left: Upon stimulation of the muscarinic receptor, a
decrease in the FRET efficiency of Gαi2-CFP and YFP-Gβ was observed,
while the TRPC4 current was increased. These decreases in FRET
efficiency preceded channel opening. Right: current densities at +100
mV, -60 mV and FRET efficiency of stimulation of CCh before 20 second
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and after 40 second. The yellow box and cyan box in the construct
scheme indicates YFP and CFP, respectively. Error bars represent SEM.
*p < 0.05 by tow-sample t test.
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Gαi2 activation of TRPC4 channels induces an influx of Ca2+.
Taken together, the results suggested that after the interaction of Gαi2
and the TRPC4 channel, constitutive Ca2+ influx leads to increased
basal calcium levels. We used YC6.1 (yellow-cameleon 6.1) to detect
the cell calcium levels. YC6.1 is a fluorescent indicators for Ca2+ based
on CFP, YFP and calmodulin and has been a useful tool for measuring
free Ca2+ concentrations in living cells for a long time. YC6.1 changes
the FRET efficiency within the physiologically significant range (0.05-1
μM) for cytoplasmic Ca2+ concentrations (28). By using YC6.1, we found
that Gαq(CA) only increased the FRET efficiency, indicating that the
Gαq-γβ pathway increases the cytosolic calcium concentration, although
Gαq(CA) could not activate TRPC4 channels. Gαq-coupled muscarinic
receptor activation stimulates phospholipase C beta (PLCβ), which
cleaves PI(4,5)P2 to generate IP3 and diacylglycerol. In general, this
cleaved IP3 induces ER calcium release. In contrast, Gαi2 (CA) did not
alter cytosolic calcium concentration (n = 9-11) (Figure 17A). It is
speculated that calcium influx is caused due to activation of TRPC4
channel by Gαi2 (CA), but calcium homeostasis is maintained by the
mechanism that regulates cytosolic calcium level.
Finally we tested whether the Gαi2-TRPC4 pathway contributes to
changes in the cytosolic calcium concentration (Figure 17B). When only
M2 muscarinic receptor was expressed, the cytosolic calcium level
change was monitored during the application of CCh. These calcium
levels were increased as soon as CCh was applied and then decayed
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rapidly. Right width at half maximum (RWHM) time of M2 expressed cell
was 17.9 ± 4.8 s (n = 7). Next, when M2, Gαi2 and TRPC4β were
coexpressed, the calcium levels were raised soon after CCh application,
as was observed in cells expressing M2 receptor only. However, the
time required for calcium levels to decrease was greater, compared to
cells expressing only M2. RWHM time of M2, Gαi2 and TRPC4β
expressed cell was 93.2 ± 17.3 s (n = 9). We conducted this experiment
repeatedly 7 times for M2 expressed cells and 9 times for M2, Gα i2 and
TRPC4β expressed cells, respectively. These data indicate that Gαi2coupled muscarinic receptor 2 activation stimulates TRPC4 channel
opening and contributes to the maintenance of increased cytosolic
calcium levels, whereas M2-Gαi2-TRPC4 activation pathway contributes
only somewhat to the basal calcium level.
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Figure 17. Changes of calcium concentration according to the
expression level of TRPC4 channels and Gα proteins.
(A) Only cells transfected with YC6.1, TRPC4 and Gαq (CA) showed
increased FRET efficiency, indicating that Gαq-PLCβ pathway
stimulates Ca2+ release from the ER to the cytosol. Gαi2 exhibits
normally basal calcium levels. (B) Cells transfected with YC6.1 and M2
(black) or YC6.1, Gαi2, TRPC4β, and M2 (red) were treated with 100 μM
CCh. The black and red traces increased soon after CCh application.
However, the red trace exhibited prolonged elevation, compared with
the black trace. Error bars represent SEM. The scale bar represents 10
μm.
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Membrane expression of TRPC4 deletion mutants.
It has been suggested that the TRPC channels assemble into tetramers,
and the expression of the wild type TRPC4β (TRPC4β-WT) channel
shows a punctate distribution at the plasma membrane (Amiri et al.,
2003). However, some of the deletion mutants of the TRP channels,
namely, TRPV4 (Andrade et al., 2005), TRPC3 (Wedel et al., 2003),
TRPV5, 6 (van de Graaf et al., 2003), TRPM4 (Xu et al., 2001), and
TRPV5 (de Groot et al., 2011), have restricted translocation to the
membrane and appeared to be predominantly located in the intracellular
compartments, for example, the endoplasmic reticulum. Previous
reports have shown that because the C-terminus region of TRPC4
regulates the insertion of the channel into the membrane, the deletion
of certain C-terminus regions restricts trafficking the channel proteins at
the membrane (Mery et al., 2002; Song et al., 2005).
We generated deletion mutants of TRPC4β to find regions that regulate
the expression of the channel at the membrane and its function (Figure
18). To observe the subcellular localization of TRPC4β deletion mutants,
the constructs of CFP- or YFP-tagged PLCδ PH domain as a membrane
marker were coexpressed in HEK293 cells (Figure 19). Red and green
represent CFP and YFP in all of the images. The PH domain of PLCδ
binds specifically to PI(4,5)P2 at the membrane (Raucher et al., 2000).
The TRPC4β-WT channel is at the membrane in the manner of a
punctate distribution. To find the domain that is crucial for the expression
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of the TRPC4 channel at the membrane, we checked a deletion mutant
distribution in the HEK293 cells.
Figure 19 shows that the TRPC4β-WT channel and N-terminus
deletion mutants TRPC4β-Δ1-10 and TRPC4β-Δ11-20 manifested a
robust punctate distribution at the cell surface, whereas TRPC4β-Δ2130, TRPC4β-Δ1-30, TRPC4β-Δ11-30, TRPC4β-Δ1-98 and TRPC4βΔ1-124 showed retention in the cytosol. When the C-terminus deletion
mutants were observed, the CIRB domain and SESTD1-deleted
mutants (TRPC4β-Δ700-728, TRPC4β-Δ700-710 and TRPC4β-Δ710720) were not expressed at the membrane and were instead retained in
the cytosol. Interestingly, the deletion mutant, in which 150 amino acid
were deleted in the C-terminus (TRPC4β-Δ720-870), was expressed at
the plasma membrane at a similar expression level as TRPC4β-WT. A
line scan across the image showed similar results (Figure 19). To
quantify the surface expression of the mutants, the intensity of surfaceexpressed fluorescence in the image divided by the total intensity of the
whole cell is shown (Figure 20).
To study whether the mutants expressed in the cytosol were retained
in the endoplasmic reticulum, GFP variants-tagged calnexin, an ERresident chaperon, was coexpressed. In contrast to TRPC4β-WT,
deletion mutants expressed in the cytosol (TRPC4β-Δ21-30, TRPC4βΔ1-30, TRPC4β-Δ11-30, TRPC4β-Δ1-98, TRPC4β-Δ1-124, TRPC4βΔ700-728,

TRPC4β-Δ700-710

and

TRPC4β-Δ710-720)

colocalized with fluorescence-tagged calnexin (Figure 21).
53

were

To confirm the surface expression quantitatively with a biochemical
experiment, we used cell surface biotinylation (Figure 22A). TRPC4 and
deletion mutant expression in whole cell lysate and the biotinylated
fraction were determined using immunoblotting. Strikingly, both
TRPC4β-WT and TRPC4β-Δ21-30 were present at the plasma
membrane, although the latter is significantly reduced (30.7 ± 10.2%, n
= 3) at the membrane. This finding was confirmed by quantification of
the protein levels (Figure 22A).
The activity of the deletion mutants was measured by the TRPC4
current in the deletion mutants in response to GTPγS, which is a wellknown activator of TRPC4 (Figure 22B). TRPC4β-WT, TRPC4β-Δ1-10,
TRPC4β-Δ11-20, and TRPC4β-Δ720-870 showed the typical TRPC4
current with a double rectifying shape that is a general shape of the I/V
shape of TRPC4. On the other hand, other mutants did not show typical
TRPC4 currents. We also generated a mutant that lacks the last 4 C
terminus amino acid (TTRL) that comprise a PDZ domain-binding motif.
This motif binds to the PDZ domain of the scaffolding proteins EBP50
and ZO-1 and regulates the surface expression of TRPC4 (Mery et al.,
2002; Song et al., 2005). In contrast to the previous results, we could
not find a difference between the membrane expression and the function
of TRPC4β-ΔTTRL and TRPC4β-WT (Figure 23).
These results suggest that there is a correlation between the whole cell
current and membrane expression of the TRPC4 channel and between
trafficking into the plasma membrane (surface biotinylation) and the
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punctate distribution at the membrane of the TRPC4 channel, except for
TRPC4β-Δ1-10.
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Figure 18. Diagram of deletion mutants of TRPC4β.
The TRPC4 protein has four ankyrin-like repeats and a coiled-coil
domain in their N-terminus strands followed by six transmembrane
domains and a C-terminus that contains the SESD1, CIRB and PDZ
binding domain.
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Figure 19. Membrane expression of TRPC4 deletion mutants.
CFP-tagged deletion mutants of TRPC4β (green) were coexpressed
with the PH-YFP (red), selectively binding to PI(4,5)P2, as an indicator
of plasma membrane in HEK293 cells. TRPC4β-WT channel, Δ1-10,
Δ11-20 and Δ720-870 deletion mutants were observed in the plasma
membrane of the cells. The scale bar represents 10 μm. The line scan
shows CFP-tagged mutants and PH-YFP intensity followed by a white
dashed line.
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Figure 20. Quantification of the membrane expression of the
mutants.
This graph shows the fluorescence intensity ratio of the membrane
expression of deletion mutants to the whole cell expression. Error bars
indicate SEM

58

Figure 21. Coexpression deletion mutants with ER marker
calnexin.
CFP-tagged deletion mutants of TRPC4β (green) were coexpressed
with calnexin-YPF (red), an ER resident chaperon, as an indicator of
endoplasmic reticulum in HEK293 cells. TRPC4β-Δ21-30, TRPC4β-Δ130, TRPC4β-Δ11-30, TRPC4β-Δ1-98, TRPC4β-Δ1-124, TRPC4βΔ700-728, TRPC4β-Δ700-710 and TRPC4β-Δ710-720 deletion mutants
were coexpressed with calnexin-YFP in endoplasmic reticulum. The
scale bar represents 10 μm.
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Figure 22. Distribution, Surface biotinylation and whole cell current
of deletion mutants of TRPC4.
(A) Western blot of surface biotinylated YFP- tagged deletion mutants
of TRPC4. Molecular weight in KDa is indicated on the left. Lower panel:
the graph shows the quantification of surface biotinylation. Error bars
indicate SEM. (B) Whole-cell patch clamp recordings reveal that cells
that express TRPC4β-WT, TRPC4β-Δ1-10, TRPC4β-Δ11-20, and
TRPC4β-Δ720-870 show robust GTPγS-induced currents (n = 3-10).
The white column was measured with +100 mV and the black column
with -60 mV. Error bars indicate SEM.
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Figure 23. Property of CFP tagged TRPC4β-ΔTTRL.
(A) CFP-tagged TRPC4β with the deletion of the PDZ binding domain
was coexpressed with PH-YFP as a marker of plasma membrane and
with calnexin-YFP (middle panel) as a marker of endoplasmic reticulum.
The scale bar represents 10 μm. (B) TRPC4β-ΔTTRL-CFP showed the
double rectifying I/V shape in response to GTPγS (n = 4).
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Regions of TRPC4 for the punctate distribution at the plasma
membrane.
In the experiments mentioned above, the mutants might be retained in
the ER due to either a lack of the region for membrane anchoring or
impaired tetrameric assembly. A functional TRPC channel complex is
believed to be composed of a tetrameric structure of TRPC proteins.
Thus, we can infer that TRPC4β-WT might rescue TRPC4 deletion
mutants that do not have the membrane anchoring region by making
tetramers. It is assumed that the mutants are not colocalized on the
membrane because of tetrameric structure misfolding (Figure 24).
To test whether TRPC4β-WT could rescue deletion mutants that are
retained in the endoplasmic reticulum, we coexpressed TRPC4β-WTYFP and CFP-fused deletion mutants of TRPC4β in HEK293 cells and
visualized the subcellular distribution by microscopy. As shown in
Figure 25, the TRPC4β-WT-YFP at the plasma membrane overlapped
only in cells that expressed TRPC4β-WT-CFP, TRPC4β -Δ1-10-CFP,
Δ11-20-CFP, Δ21-30-CFP, Δ1-30-CFP, Δ11-30-CFP, Δ1-98-CFP and
Δ720-870-CFP, whereas retention in the cytosol was detected in the
other mutants. We observed that TRPC4β-WT is capable of ushering
TRPC4β-Δ21-30, TRPC4β-Δ1-30, TRPC4β-Δ11-30 and TRPC4β-Δ198 into the plasma membrane, most likely by forming mixed tetramers.
A line scan across the image showed similar results (Figure 25). We
quantified the membrane distribution of mutants when coexpressed with
the TRPC4β-WT channel or when expressed alone (Figure 26A), and
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we measured the colocalization of the TRPC4β-WT with deletion
mutants at the plasma membrane (Figure 26B). Figure 26B shows the
overlapping region of TRPC4β-WT with deletion mutants at the
membrane of the cell. This result indicates that some deletion mutants
can be inserted into the membrane when coexpressed with TRPC4βWT, whereas when expressed alone, they are retained in the
endoplasmic reticulum. This result also shows that the deleted regions
are important for the insertion of the channels into the membrane.
Consequently, when independently expressed, the Δ21-30, Δ1-30, Δ1130, and Δ1-98 deletion mutants cannot be trafficked to the membrane,
but when coexpressed with TRPC4β-WT, they are trafficked to the
membrane. Knowing that these mutants require the aid of TRPC4β-WT
to be trafficked to the plasma membrane, we can reasonably infer that
the deleted regions of the deletion mutants, especially 21-30 amino
acids, are the crucial regions for membrane insertion and punctate
distribution at the membrane. To confirm that TRPC4β (Δ21-30) could
be expressed at the plasma membrane by forming tetrameric structures
with TRPC4β-WT, we used surface biotinylation. To accomplish this
goal, the cells were transfected with TRPC4β-Flag and TRPC4β-Δ2130 or TRPC4β-Δ21-30 alone. A portion of the total lysate was retained
to determine the expression levels of the transfected constructs.
Biotinylated surface proteins were then recovered by incubation with
immobilized avidin-agarose. As shown in Figure 27A, although the cell
total fraction of the band for the TRPC4β-Δ21-30 that coexpressed with
64

TRPC4β-WT-Flag appeared to be less dense than that derived from
cells transfected with TRPC4β-Δ21-30 alone, we found that the level of
TRPC4β-Δ21-30 coexpressed with TRPC4β-WT-Flag increased in the
cell surface compared with TRPC4β-Δ21-30 alone. A similar result was
obtained for TRPC4β-Δ11-30 (Figure 27A). However, TRPC4β-WT did
not increase the expression of TRPC4β-Δ1-124 at the cell surface. In
addition, cotransfected cells showed a typical TRPC4 current with a
double rectifying shape although their amplitudes are different. (Figure
27B).
As observed in the TRPC4 channel, when TRPC5- Δ21-30 is
expressed in the HEK293 cell, the mutants were retained in the
endoplasmic reticulum (Figure 27C). However, when TRPC5-Δ21-30 is
coexpressed with TRPC5-WT with the aid of the wild type, TRPC5-Δ2130 is successfully expressed in the membrane (Figure 27D). These
results suggest that the 21-30 domain of the TRPC5 and TRPC4
channels was responsible for the membrane trafficking and punctate
distribution but not for channel tetramerization.
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1. targeting domain (x)
2. folding (o)

Figure 24. Logic diagram of deletion mutants trafficking.
Coexpression of deletion mutant which is not expressed on membrane
and TRPC4β-WT channel. This diagram displays the essential logic
steps to find membrane targeting domain and tetrameric structure.
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Figure 25. Regulatory region of TRPC4 for membrane docking.
CFP-tagged deletion mutants of TRPC4β were coexpressed with
TRPC4β-WT-YFP in HEK293 cells. Cells that express TRPC4β-WTYFP and TRPC4β-WT, Δ1-10, Δ11-20, Δ21-30, Δ1-30, Δ11-30, Δ1-98
and Δ720-870-CFP overlapped in the membrane, whereas other
mutants were retained in the cytosol. The scale bar represents 10 μm.
The line scan shows CFP-tagged mutants and mTRPC4β-WT-YFP
intensity by the white dashed line.
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Figure 26. Quantification for membrane expression of the deletion
mutants
(A) Black bar indicates the fluorescence intensity ratio of the membrane
expression of deletion mutants to whole cell expression when expressed
alone. White bar indicates the fluorescence intensity ratio of deletion
mutant

expression

when

coexpressed

with

TRPC4β-WT.

(B)

Overlapping regions of TRPC4β and deletion mutants of TRPC4β were
measured at the plasma membrane. Error bars indicate SEM.
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Figure 27. Coexpression of deletion mutants and TRPC4β-WT
channel.
(A) For Western Blot of surface biotinylation, Left column: TRPC4β-Δ2172

30-CFP was transfected alone and cotransfected with TRPC4β-WT-Flag in HEK293 cells. Reduced expression of TRPC4β-Δ21-30-CFP
was detected in the membrane compared to coexpression with
TRPC4β-WT-Flag. Middle column: for Western Blot of surface
biotinylation,

TRPC4β-Δ11-30-CFP

was

transfected

alone

and

cotransfected with TRPC4β-WT-Flag in HEK293 cells. Right panel
shows Western Blot of surface biotinylation of TRPC4β-Δ1-124-CFP
when expressed alone or coexpressed with TRPC4β-WT. The
molecular weight in KDa is indicated on the left. Lower panel: the antiactin antibody was used as a loading control. (B) Whole-cell patch clamp
recordings of all of the cells coexpressing TRPC4β-WT and deletion
mutants showed robust GTPγS-induced currents (n = 3-8). The white
column was measured with +100 mV and the black column with -60 mV.
Error bars indicate SEM. (C) Left: CFP-TRPC5-WT (green) showed a
punctate distribution in the plasma membrane. PH-YFP (red) is an
indicator of the plasma membrane. Middle: 21-30 amino acids deleted
mutant of TRPC5 was coexpressed with PH-YFP (red) and calnexinYFP (red, right). The scale bar represents 10 μm. (D) Coexpression of
CFP-TRP5 (green, left) and YFP-TRPC5-Δ21-30 (red, middle) showed
colocalization in the membrane (right). The scale bar represents 10 μm.
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Amino acids 23-29 of the TRPC4 channel is the critical region for
membrane insertion.
To investigate whether the ER retention due to the deletion of the 21-30
amino acids of TRPC4 is the result of the deletion and consequent
conformational change of the channel, we inserted the 21-30 amino
acids region of TRPC1 into the relevant region of TRPC4, which is in the
same group as TRPC1 (Figure 28A). hTRPC1 alpha and beta are
retained in the endoplasmic reticulum (Figure 28B) and could make a
hetero tetrameric structure with TRPC4 and TRPC5 (Hofmann et al.,
2002). Thus, we generated chimera mutants of fluorescence-tagged
TRPC4β by changing TRPC4β 23-29 amino acids with the
corresponding TRPC1α amino acids; specifically, TRPC4β (23-25, C1),
TRPC4β (25-29, C1), TRPC4β (23-29, C1) and TRPC4β (23-26, C1).
TRPC4β (27-29, C1), TRPC4β (25-29, C1) and TRPC4β (23-26, C1)
were expressed at the membrane, whereas TRPC4β (23-29, C1) were
expressed in the intracellular compartments (Figure 29A). By
colocalization studies, ER retention for TRPC4β (23-29, C1) was
confirmed. TRPC4β (23-29, C1) overlaps with the ER resident
chaperone calnexin. Colocalization of TRPC4β (23-29, C1) with the
Golgi marker, FAPP1, was not detected. TRPC4 chimera were trafficked
when 27-29, 25-29 or 23-26 amino acids of the TRPC4β channel were
substituted with the relevant part of TRPC1, whereas independently
expressed TRPC4β (23-29, C1) could not be located at the membrane.
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When the chimera mutants coexpressed with TRPC4β-WT, however, all
four chimera were successfully located at the membrane (Figure 29B).
The function of the chimera mutants was tested with a patch clamp
technique (Figure 29C). Except for TRPC4β (23-29, C1) chimera, other
chimera mutants showed I/V curves that had the general TRPC4 double
rectifying shape in response to GTPγS. These findings, up to this point,
demonstrate that N-terminus 23-29 amino acids of TRPC4 is a critical
region for insertion into the membrane.
Additionally,

we

confirmed

TRPC4β-Δ23-24,

TRPC4β-Δ31-40,

TRPC4β-Δ41-50, TRPC4β-Δ1-68 and TRPC4β-Δ1-170 mutants were
also retained in the ER (data not shown). By a chimera mutants
experiment, we more focused on 21-30 region rather than downstream
of 30th amino acids. However, it is possible that downstream of the 30th
amino acids influence trafficking.
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Figure 28. Chimera mutants of TRPC4 and expression of hTRPC1.
(A) Diagram of TRPC4, TRPC1 and chimera mutants of TRPC4. Four
chimera mutants were made by fragments of TRPC1 insertions into the
backbone of TRPC4β. (B) CFP-tagged hTRPC1β (upper) and hTRPC1α
(lower) were coexpressed with calnexin-YFP as an indicator of ER. The
scale bar represents 10 μm
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Figure 29. 23-29 of the TRPC4 channel is the critical region for
membrane insertion. (A) Left column: CFP-tagged chimera mutants,
TRPC4β (27-29, C1), TRPC4β (25-29, C1), TRPC4β (23-29, C1) and
TRPC4β (23-26, C1), were cotransfected with YFP-tagged PLCδ-PH in
HEK293 cells. Middle column: CFP-tagged chimera mutants were
coexpressed with YFP-tagged FAPP1-PH, to be a Golgi marker. Right
column: CFP-tagged chimera mutants were coexpressed with YFPtagged calnexin, to be an ER marker. Chimera mutants expressed a
punctate distribution in the membrane except for TRPC4β (23-29, C1).
The scale bar represents 10 μm. (B) Chimera mutants (green) were
expressed with the wild type TRPC4β (red). All of the chimera mutants
expressed in the plasma membrane involved TRPC4β (23-29, C1),
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which was expressed in the ER when transfected alone. The scale bar
represents 10 μm. (C) Whole-cell patch clamp recordings reveal that
cells that expressed chimera mutants show robust GTPγS-induced
currents, except for mTRPC4β (23-29, C1) (n = 3-10). The white column
was measured with +100 mV and the black column with -60 mV. Error
bars indicate SEM.
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The important region for the formation of the TRPC4 tetrameric
structure.
Collecting these data, we hypothesized that deletion mutants that
impaired proper folding and could not insert into the membrane were not
expressed alone and were not coexpressed with the TRPC4β-WT
(Figure 24). Figure 25 showed that TRPC4β-Δ1-124, TRPC4β-Δ700728, TRPC4β-Δ700-710 and TRPC4β-Δ710-720 failed to reach the
plasma membrane and showed ER retention even if coexpressed with
TRPC4β-WT. In other words, the preceding 4 deletion mutants were not
properly folded or assembled with the TRPC4β-WT. From these results,
we assumed that there are two regions that are responsible for the
tetrameric assembly of TRPC4 channels. First, the N-terminus region
from the 98th amino acid to the 124th amino acid is one of the regions for
making a tetrameric structure. The reason is that the mutants that were
deleted further than the 98th amino acid could not be trafficked into the
membrane even with the aid of TRPC4β-WT. Second, the deleted
SESTD1 and CIRB domain showed the same phenomenon by deletion.
For the C-terminus deletion mutants TRPC4β-Δ700-728, TRPC4βΔ700-710 and TRPC4β-Δ710-720, the channels could not be trafficked
to the membrane as well as when coexpressed with TRPC4β-WT
(Lepage et al., 2006; Lepage et al., 2009; Schindl et al., 2008). The
SESTD1 binding domain of TRPC4 and TRPC5 is crucial for proper
working and regulation (Jeon et al., 2012; Miehe et al., 2010). This
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sequence is highly conserved in TRPC5 and largely overlaps with the
CIRB domain.
To demonstrate the tetrameric structure conformation and ion channel
function of pore-forming mutants and to find the self-assembly domain
in living cells, we used the 3-cube FRET technique (Erickson et al.,
2001). We coexpressed CFP- or YFP-tagged TRPC4β-WT and CFP- or
YFP-tagged deletion mutants of the TRPC4 channel. As a negative
control experiment, the FRET efficiency between TRPC4-CFP and
empty-YFP was measured and was less than 1%. As a positive control
experiment, the FRET efficiency between TRPC4β-WT-CFP and
TRPC4β-WT-YFP at the plasma membrane was measured and was
robust (22.25 ± 0.76%, n = 73). The FRET signal between TRPC4β-WTCFP and the deletion mutants that were trafficked to the membrane
when coexpressed with TRPC4β-WT (TRPC4β-Δ1-10-YFP (19.28 ±
2.50%, n = 5), TRPC4β-Δ11-20-YFP (24.14 ± 2.25%, n = 4), TRPC4βΔ21-30-YFP (21.62 ± 1.91%, n = 4), TRPC4β-Δ1-30-YFP (22.26 ±
3.06%, n = 7) and TRPC4β-Δ1-98-YFP (19.47 ± 2.60%, n = 5) ) were
similar to the FRET signal between TRPC4β-WT-CFP and TRPC4βWT-YFP FRET (Figure 30A). These FRET signals between the
TRPC4β-WT and mutants could be trafficked only with the aid of
TRPC4β-WT,

which

suggests

that

these

mutants

can

form

heterotetrameric structures in the WT. At the plasma membrane,
however, the FRET signal of mTRPC4β-WT-CFP with mTRPC4β-Δ1124-YFP (3.00 ± 1.52%, n = 8) and mTRPC4β-Δ700-728-YFP (1.13 ±
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0.40%, n = 8), which could not be trafficked to the membrane, were
lower even than with mTRPC4β-WT in the plasma membrane.
Interestingly, the FRET signal between TRPC4β-WT-CFP and
TRPC4β-Δ720-870-YFP (14.32 ± 1.32%, n = 5) was lower than the
positive control. This finding of reduced FRET efficiency appears to be
due to the loss of the 150 amino acid in the C-terminus of TRPC4β.
Consequently, CFP and YFP were separated further compared with the
C-terminus tagged fluorescence proteins and TRPC4β-WT.
In cytosol, the FRET efficiency was detected between all of the deletion
mutants and TRPC4β-WT-CFP (Figure 30B). The FRET efficiency
between the deletion mutants that could make the tetrameric structure
in the plasma membrane (TRPC4β-Δ1-10-YFP (16.06 ± 2.04%, n = 9),
TRPC4β-Δ11-20-YFP (15.53 ± 2.68%, n = 7), TRPC4β-Δ21-30-YFP
(15.10 ± 1.87%, n = 9), TRPC4β-Δ1-30-YFP (15.60 ± 1.79%, n = 6) and
TRPC4β-Δ1-98-YFP (19.47 ± 2.60%, n = 5)) and TRPC4β-WT-CFP
were similar to the FRET efficiency with TRPC4β-WT-YFP (18.93 ±
2.08%, n = 11). Unexpectedly, mTRPC4β-Δ1-124-YFP (8.68 ± 1.40%,
n = 13) and mTRPC4β-Δ700-728-YFP (10.40 ± 1.39%, n = 7) have
significantly reduced the FRET efficiency but have greater FRET
efficiency than that at the membrane. TRPC4β-Δ720-870-YFP (14.32 ±
1.32%, n = 5) has a similar FRET efficiency to that at the membrane.
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Figure 30. The important region for the formation of the TRPC4
tetrameric structure. (A) In the plasma membrane and (B) cytosol, the
FRET efficiency between YFP-tagged deletion mutants of the TRPC4β
channel and CFP-tagged TRPC4β-WT channel was quantified by 3cube FRET. FRET between empty-YFP and TRPC4β-WT-CFP was a
control experiment. Error bars indicate SEM. Here, *p<0.05 was
statistically significant. n.s. not significant.
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Candidates for regulators of TRPC4 channel trafficking.
We investigated which candidate molecules interact with the 23-29
amino acids of the TRPC4 channel and, consequently, regulate the
channel trafficking and punctate distribution at the membrane. Previous
studies have shown that the following candidates, for example, caveolin
(Murakami et al., 2005), PI(4,5)P2 (Kim et al., 2013), small G protein
(Cayouette and Boulay, 2007), cytoskeleton, SESTD1 (Miehe et al.,
2010) and protein 4.1 (Cioffi et al., 2005), interacted with TRPC4 and
could regulate membrane trafficking and docking.
Initially, caveolin making caveolae and lipid raft multi-structure was
known to be a regulator of membrane expression of the TRP channel
(Brazer et al., 2003; Brownlow and Sage, 2005; Gervasio et al., 2008).
Especially caveolin knock-out mouse showed ER retention of the
TRPC4 channel (Murata et al., 2007). Caveolin is well known as a
molecule that is associated with caveolae and regulates their formation
by multimeric structure. The caveolin binding site (CBS) of caveolininteracting proteins, for example, the eNOS, PKC, MEK, ERK, Ras, G
protein and EGF receptor, interacts with the caveolin scaffolding domain
(CSD), which is 82-101 amino acids of caveolin (Tourkina and Hoffman,
2012). Usually, CBS has a typical pattern, such as ΦXΦXXXXΦ,
ΦXXXXΦXXΦ or ΦXΦXXXXΦXXΦ, where Φ is an aromatic amino acid.
The 21-50 amino acids of the TRPC4 channel do not match with CBS.
In addition, the FRET efficiency between caveolin 1-YFP with
mTRPC4β-CFP (1.3 ± 1.4%, n = 4), CFP-mTRPC4β (4.7 ± 2.0%, n = 5),
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CFP-hTRPC1 (0.2 ± 1.3%, n = 4) and CFP-mTRPC5 (0.2 ± 1.3%, n = 4)
were lower than 5%, whereas robust FRET efficiency was detected
between caveolin 1-CFP and caveolin 1-YFP (54.8 ± 6.4%, n = 4)
(Figure 31A).
Second, the FRET efficiency between TRPC4 with the small G protein,
Rho (3.1 ± 2.0%, n = 4), Rab5A (4.9 ± 1.3, n = 4), Rab5B (4.4 ± 3.3%, n
= 3), Rab5C (0.1 ± 1.7%, n = 4), Rab11A (3.8 ± 2.5%, n = 3), and
Rab11B (0.5 ± 1.9%, n = 3), was lower than 5% (Figure 31B). Protein
4.1 (Cioffi et al., 2005), VAMP (Montell, 2005), phosphorylation (Odell
et al., 2005), spectrin (Odell et al., 2008) and cAMP (Zhang et al., 2004)
are known to regulate the expression of the TRPC4 channel at the
membrane, but their interaction with the N-terminus of the TRPC4
channel has been unknown.
Third, PI(4,5)P2 is the other candidate for the trafficking of TRPC4.
PI(4,5)P2 has been known to regulate the gating of GIRK channel, and
GIRK’s X-ray crystal structure showed that four PI(4,5)P2 interact with
each GIRK, making a tetrameric structure of the channel (Whorton and
MacKinnon, 2013). PI(4,5)P2 exists as almost 1% of the plasma lipids
and is rich in caveolae. The interaction of the TRPC4 channel with
PI(4,5)P2 was well known (Kim et al., 2013; Otsuguro et al., 2008). It is
reported that the N-terminus of other TRP channels interacts with
PI(4,5)P2 (Dong et al., 2010; Nilius et al., 2008; Rohacs, 2007; van
Rossum et al., 2005). As a positive control experiment, the FRET
efficiency between PH-YFP and PH-CFP was 27.3 ± 3.6% (n = 5). The
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FRET efficiency between PH-YFP and mTRPC4β-WT-CFP was 13.9 ±
1.0% (n = 5); CFP-mTRPC4β, 21.5 ± 2.8% (n = 8); mTRPC4α-CFP, 14.7
± 2.0% (n = 8); and CFP-mTRPC5, 13.6 ± 1.8% (n = 9) (Figure 31C).
YFP tagged at the N-terminus of the TRPC4 channel showed the
highest FRET efficiency with CFP-PH. Interestingly, when HEK293 cells
were transfected with the CFP- or YFP-tagged PH domain of PLCδ,
these proteins were expressed uniformly at the plasma membrane
(Figure 32A). However, when HEK cells were cotransfected with PHYFP and CFP-tagged TRPC4 alpha or beta, PH-YFP showed a punctate
distribution following the punctate expression of the TRPC4 channel
(Figure 32B). This result does not match with the report that shows that
an alternatively spliced domain of TRPC4β (84 amino acid from 781864) binds with PI(4,5)P2 (Otsuguro et al., 2008). These results suggest
that PI(4,5)P2 might interact with 23-29 amino acids at the N-terminus of
TRPC4 to regulate the membrane expression. The depletion of
PI(4,5)P2 by the rapamycin-inducible system irreversibly inhibited the
TRPC4 current (Kim et al., 2013). By using the rapamycin inducible
system, we induced PI(4,5)P2 depletion by the inositol polyphosphate 5phosphatase (Inp54) to HEK293 cells. We found that TRPC4 channels
endocytosis that disappear in a time course which was similar with that
of the PI(4,5)P2 depletion from the membrane (Figure 33). In turn, the
depletion of PI(4,5)P2 might induce endocytosis of the TRPC4 channel
from the membrane.

86

Finally, the Val57-Thr58-Val59 tripeptide at the N-terminus of human
concentrative nucleoside transporter 3 (hCNT3) appears to be the core
of the endoplasmic reticulum export signal (Errasti-Murugarren et al.,
2010). Our preceding results have demonstrated that the 23VRAETEL29
amino acids residues require TRPC4 expression at the cell surface. This
domain of TRPC4 and TRPC5 also contains

26

EXE28, which is very

similar to the di-acidic ER export motifs that have been identified in
several plasma membrane proteins (Nishimura and Balch, 1997;
Nishimura et al., 1999; Nishimura et al., 2002; Votsmeier and Gallwitz,
2001; Zuzarte et al., 2007). However, TRPC4β (E26A/E28A) but not the
(Δ23, 24) channel were expressed at the plasma membrane (Figure
32C).
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Figure 31. Candidates for the regulator of TRPC4 channel
trafficking (A) FRET efficiency between caveolin-YFP and CFP-tagged
TRPC channels. FRET between caveolin-CFP and caveolin-YFP was a
control experiment. (B) FRET efficiency between TRPC4β-YFP and
small G proteins. FRET between empty-CFP and TRPC4β-YFP was a
control experiment. (C) FRET efficiency between PH-YFP (black bar),
and empty-YFP (white bar) and CFP-tagged TRPC4α, β and TRPC5.
Error bars indicate SEM.
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Figure 32. Distribution of mTRPC4β-Δ23, 24 and mTRPC4βE26A/E28A.
(A) PH-YFP was transfected in HEK293 cells. (B) Upper panel:
TRPC4β-CFP and PH-YFP were expressed in HEK293 cells. Lower
panel: TRPC4ɑ-CFP and PH-YFP were expressed in HEK293 cells. (C)
mTRPC4β-Δ23, 24-CFP and mTRPC4β-E26A/E28A-CFP show green
in the image. The scale bar represents 10 μm.
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Figure 33. Endocytosis of TRPC4 channel by PI(4,5)P2 Depletion.
Before the rapamycin induction (a), PI(4,5)P2, and channel were
expressed on the plasma membrane but Inp54 was retained in cytosol.
20 nM rapamycin induce FKBP-rapamycin-FRB complex, so Inp54 was
trafficked to the membrane. After 4 min, most of the inp54 was moved
to the plasma membrane, but on the other hand, PI(4,5)P2 showed
depletion and TRPC4 channel was proved to be endocytosis.

90

DISCUSSION
The main aim of this work was to try and provide an explanation for the
trafficking pathway to the membrane after protein folding of TRPC4 as
well as the essential domain for tetrameric structure folding in ER. In
addition, functional TRPC4 channel specifically activated by Gαi2 protein
plays a key role in calcium influx.
1) N-terminus 98-124 amino acids and C-terminus 700-728 amino
acids are especially crucial with regards to the tetrameric assembly of
TRPC4. The aforementioned domains are indispensable for the protein
folding. 2) The motif, TRPC4 (23-29) regulates membrane insertion of
channel proteins. Modification of this domain can cause trafficking of
TRPC4 channel to the plasma membrane by making proper folding or
heterotetrameric assembly with TRPC4β-WT. This domain is docked at
the membrane through the interaction with PI(4,5)P2. When two
requirements 1) and 2) are met, functional channel can be fully
expressed on the membrane. 3) Interaction of functional TRPC4
channel and activated Gαi2 occurs through GPCR stimulation and leads
to the activation of TRPC4 channel. 4) During GPCR stimulation, the
increased intracellular calcium levels were maintained.
Among the many methods to study protein-protein interactions, FRET
methods have many advantages. FRET methods can record proteinprotein interactions in real time. In this study, for the simultaneous
recordings of FRET and current, muscarinic stimulation by CCh first
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increased the FRET efficiency and then increased the TRPC4 current
(Figure 16A). In support of the interactions between Gαi2 and TRPC4,
(1) no FRET was observed between the Gβγ subunit and TRPC4, and
(2) the FRET between Gαi2 and Gβγ decreased upon muscarinic
stimulation by CCh (Figure 16B).
The interactions between TRPC4α and TRPC4β, as well as homomeric
interactions were tested with the FRET method. Interestingly, the
interaction between the C-terminus of TRPC4α and that of TRPC4β was
greater than interaction between the N- and C-terminus. The C-termini
of TRPC4 tetramers appear to be closer to one another than to the Ntermini. For this interaction, we tested whether TRPC4 fluorescently
tagged at the C-or N-terminus is expressed well and acts as a functional
channel with the patch clamp technique.
Actually, it is uneasy to verify the functions of the channel on the
primary cell or the organ on a systematic level due to the lack of a
specific agonist or a blocker in the TRPC4 channel.
In the research, we could classify the reason why the mutants of
TRPC4 channel was ER retention was due to folding and trafficking, and
other complex which make up the multimeric structure can be classified
as such as well. In reality, TRPC4 channel may exist independently as
TRPC4, but it exists as TRPC1/4 or TRPC4/5 heteromeric channel.
Especially, TRPC1 cannot be expressed through membrane expression,
the interaction domain of TRPC1/4 can be analogized by utilizing the
logic diagram like shown in Figure 24. Especially, TRPC1/4 heteromeric
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channel forms a outward rectifying I/V shape contrary to the double
rectifying I/V shape of TRPC4 channel, and the organs which express
TRPC4 channel also express TRPC1 channel (Figure 3), making the
function of Gα in TRPC1/4 heteromeric channel also an important
research topics. Most cells express Gαi2, and the amount of expression
is much more than the amount of TRPC1/4/5 expressed within the cells.
There are diseases induced by a malfunction of the TRPC4 (Table 1),
but in actuality, disorders of homo TRPC1 or hetero TRPC1/4 channel
may be the cause of cardiovascular (Seth et al., 2009; Wu et al., 2010),
skeletal muscle (Antigny et al., 2013; Louis et al., 2008; Sabourin et al.,
2009a; Sabourin et al., 2009b), salivary gland cell (Cheng et al., 2011a;
Cheng et al., 2011b), neurons (Shim et al., 2005; Wang and Poo, 2005),
bone (Abed et al., 2009; Suzuki et al., 2011), and diseases (Selvaraj et
al., 2012; Wu et al., 2011).
In the heart, cardiac hypertrophy in response to hemodynamic stress
was not shown in Trpc-/- mice (Seth et al., 2009). Seth et al. suggested
that TRPC1 channels are critical for the adaptation for biomechanical
stress and TRPC dysregulation which leads to maladaptive cardiac
hypertrophy and failure. Using a different approach, Wu et al., (2010)
proved that cardiac-specific expression of dominant negative constructs
of TRPC3, TRPC6, or TRPC4, which should functionally abrogate
complexes containing TRPC1, found reduced hypertrophic response
induced by pressure overload or neuroendocrine agonists. Using
cardiac-specific transgenic mice, they found that TRPC1 and TRPC4
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channels attenuated the cardiac hypertrophic response. Inhibition of
TRPC channels significantly reduced activity in the calcineurin-nuclear
factor of activated T cells (NFAT), a known Ca2+ dependent hypertrophy
inducing pathway. Thus, TRPC1 and TRPC4 channels are necessary
mediators of pathologic cardiac hypertrophy, in part through a
calcineurin NFAT signaling pathway.
In muscle cells, knockdown of TRPC1 or TRPC5 expression using
siRNAs showed that cation influx SOC is regulated by the expression
level of α1-syntrophin and is mediated by both channel proteins
(Sabourin et al., 2009b). A molecular interaction was found between
TRPC1 and TRPC4 channels and the α1-syntrophin complex. TRPC1
and TRPC4 channels may form sarcolemmal channels anchored to the
dystrophin-associated protein complex (DAPC), and α1-syntophin is
necessary to maintain the normal regulation of TRPC mediated cation
entry in skeletal muscle. Beyond that, knockdown of TRPC4 channel in
human myoblasts using siRNA strategy and dominant negative TRPC4
overexpression showed that TRPC1 and TRPC4 regulate activation of
SOCE which is necessary for myocyte enhance factor 2 (MEF2)
expression and allow the fusion process to generate normal myotubes
of normal size (Antigny et al., 2013). These result indicated that Ca2+
entry mediated specifically by TRPC1 and TRPC4 allow the formation
of normal sized myotubes. In this regard, experiments in cell culture
using RNAi demonstrated a role of TRPC1 channel in skeletal muscle
differentiation through an effect on store-operated Ca2+ entry channel
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(Louis et al., 2008). Calpains are specifically activated by a storeoperated entry of Ca2+ in adult skeletal muscle fibers. Knockdown
TRPC1 in myoblasts presented largely reduced store-operated entry of
Ca2+ and a significantly diminished transient influx of Ca2+ at the
beginning of differentiation. The concomitant peak of calpain activity
was diminished. Entry of Ca2+ through TRPC1 channels induces a
transient activation of calpain and subsequent proteolysis of
myristoylated alanine-rich C-kinase substrate (MARKCKS), which
allows in turn, myoblast migration and fusion.
Actually, the majority of the studies supporting the function of TRPC1
with STIM1 as a store-operated Ca2+ entry channel have been done in
salivary gland cells (Cheng et al., 2011b). In these cells, STIM1stimulate TRPC1 mediates a cation nonselective current needed for
Ca2+-induced activation of K+ channels leading to salivary fluid secretion
(Cheng et al., 2011a). These results supported by experiments in Trpc1
knock out mice where agonist-induced store-operated entry channels
and salivary gland fluid secretion are both suppressed in salivary gland
cells derived from these mice (Liu et al., 2007).
In neurons and brain, TRPC1 mediates chemoattraction or repulsion
of developing growth cones toward a Netrin of myelin-associated
glycoprotein (MAG) gradient, respectively (Shim et al., 2005; Shim et al.,
2009). This mechanism seems to involve the function of immunophilins.
These results indicates that TRPC channels serves as a key mediator
for the ca2+ influx that regulate axon guidance during development and
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inhibits axon regeneration in adulthood. Wang and Poo et al. showed
that TRP-like channel activity exists in the growth cones of cultured
Xenopus neurons and can be modulated by exposure to netrin-1 and
brain-derived neurotrophic factor, two chemoattractants for axon
guidance. Additionally, pharmacological blockade of putative TRP
currents or downregulation of Xenopus TRP-1 expression with a specific
morpholino oligonucleotide abolished the growth-cone turning and Ca2+
elevation induced by a netrin-1 gradient.
There is evidence that TRPC1 influences the differentiation of the two
major cell types of long bones, the osteoblasts and osteoclasts. Trpc1
mRNA was detected in several human osteoblastic cell lines such as
MG-63, SaOS, and U2 OS (Abed et al., 2009). Knockdown of TRPC in
MG-63 by RNAi showed a reduction in store-operated Ca2+ entry and
platelet-derived growth factor BB PDGFB)-induce proliferation. Suzuki
et al. showed that TRPC1/3/4/6 were expressed in SaM-1 cells and
inhibitor of TRP channels inhibited the effects of bradykinin. These
finding s suggested BK activate TRPC channels and induced Ca2+ influx
via bradykinin receptor in human osteoblasts.
A possible involvement of TRPC1 channel in Parkinson’s disease has
been proposed (Mattson, 2012; Selvaraj et al., 2012). They suggested
that TRPC1 channels normally function in mediated Ca2+ signaling
pathways that couple adaptive/neurotrophic responses to metabolic and
oxidative stress and suggest that disruption of these pathways may
contribute to Parkinson’s disease. Additionally Huntington’s disease is a
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neurodegenerative disease caused by mutations in Huntingtin. Wu et al.
suggested that a key role of TRPC1 channels in supporting SOC
pathway in Huntington’s disease and TRPC1-mediated neuronal SOC
pathway constitutes a novel target for Huntington’s disease treatment
(Wu et al., 2011). Not only are there diseases due to the malfunction of
TRPC4 homo channel but there are also reports of diseases derived
from a malfunction of the TRPC1/4 hetero channels. Through research
of the mechanism of TRPC4 channels, we can analogize mechanisms
of both TRPC4 homo channel and TRPC1/4 hetero channels, and help
study the diseases derived from the malfunction of hetero channels
(Nilius and Flockerzi, 2014).
In GIRK channels, Gβ and γ dimer may undergo an orientation switch
in relation to the channel’s cytosolic domains following receptor
activation and directly bind with GIRK channel (Riven et al., 2006).
Muscarinic stimulation induces the dissociation of the G-protein trimer,
Gαβγ, into Gα and Gβγ. The dissociated Gβγ binds with the C-terminus
of GIRK and activates GIRK channels. For TRPC4, the TRPC4 Cterminus interacted with Gα but not with Gβγ. Contrary to GIRK
activation by Gβγ, only Gα was able to bind with the cytosolic domains
of TRPC4 and activate the TRPC4 channel. We also found that a
decrease in FRET between Gα and Gβγ occurred during the muscarinic
stimulation of TRPC4 channels (Figure 16B).
Interestingly, an interaction between Gαi2 (CA) and TRPC4α is lower
than that of other interactions, and a statistically significant difference
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was observed between TRPC4α and TRPC4β interactions, although
both TRPC4β and TRPC4α activated by Gαi2 (CA). In our previous study,
we found the interaction of TRPC4α and Gαi using Co-IP (Jeon et al.,
2013). Interestingly, when HEK293 cells were transfected with Gαi2
(CA)-YFP, these proteins were expressed uniformly at the plasma
membrane (Figure 12A). However, when HEK293 cells were
cotransfected with Gαi2 (CA)-YFP and TRPC4α-CFP or TRPC4β-CFP,
Gαi2 (CA)-YFP showed a punctate distribution following the punctate
expression of the TRPC4α or TRPC4β channel (Figure 12B, C). We
showed linescan followed plasma membrane as well. These data
showed that both TRPC4α and TRPC4β interact with Gαi2, but longer
TRPC4α C-terminus is thought to be responsible for low FRET signal.
Thus, reduced FRET efficiency appears to be due to the additional 84
amino acid in the C-terminus of TRPC4α.
Furthermore, Gαq (CA) increased the intracellular calcium levels for
both TRPC4α and TRPC4β cotransfections (Figure 17A). In a previous
study, we found that no interactions occurred between Gαq and TRPC4
(Figure 11) (13). Given the FRET efficiency and the effects of Gαq on
intracellular calcium, the increase in the basal calcium concentration
generated by constitutive Gαq activation might have regulated the
interaction between G protein and TRPC4 and unveiled the tendency
for G protein and TRPC4 to interact. Alternatively, the constitutively
active G proteins, either Gαq or Gαi, may have been able to bind TRPC4.
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In conclusion, we applied a novel method to investigate the interaction
between the TRPC channel and G proteins through FRET interaction
and found the direct interaction between Gαi and TRPC4. The
interaction precedes the activation of TRPC4 current by muscarinic
stimulation and induces sustained increases in the intracellular calcium
levels after current activation.
By the imaging approach, we could find a membrane targeting domain
of the channels independent of the domains that are critical for the
tetrameric or dimeric structure. The 23VRAETEL29 amino acids residues
are required for TRPC4 expression at the cell surface (Figure 29). This
domain is not related to ER export. The N-terminus of the TRPC3
channel acts as a half domain of the PH domain with the PLCγ PH
domain (Lemmon, 2005; Nishida et al., 2003; Patterson et al., 2002; van
Rossum et al., 2005). The report also showed that the TRPC4 Nterminus has a similar amino acid sequence and acts as a half domain
of the PH domain.
There was a correlation between the whole cell current and the
punctate distribution at the membrane of the TRPC4 channel (Figure
19 and Figure 22) and between trafficking into the plasma membrane
(surface biotinylation) and the punctate distribution at the membrane of
the TRPC4 channel, except for TRPC4-Δ1-10 (Figure 22). This
exception might occur due to the specific definition of membrane
expression. We defined membrane expression of the TRPC4 channel
to occur when the TRPC4 channel distributes as a patch or puncta
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rather than a random distribution at the membrane. In the case of the
TRP channels, to distinguish the subplasmalemmal distribution from the
membrane distribution was difficult. The TRPC4-Δ1-10 deletion mutant
might localize uniquely at a specific area and function in a more efficient
way even though the total protein at the cell surface is lower. A similar
result was obtained in TRPV5 (de Groot et al., 2011).
The patch clamp technique is useful for measuring the current from the
functioning ion channels. In our hands, this technique has been very
sensitive and reliable for the TRPC4 channels (Hong et al., 2015; Jeon
et al., 2012; Kim et al., 2013; Kim et al., 2008; Kim et al., 2006; So and
Kim, 2003). On the other hand, this technique was not good for the
rescue experiment of deletion mutants with TRPC4-WT or the
coexpression experiment of more than 2 constructs (Figure 26B and
Figure 27B). In general, making a dimer or tetramer construct takes a
long time, and dimer or tetramer constructs usually do not work well due
to the linker length or the flexibility of the linker (Hong et al., 2015). To
combine the imaging methods and the FRET methods was useful for
finding a membrane targeting domain or tetrameric assembly domain.
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국문 초록
transient receptor potential canonical (TRPC) 4 는 수용체 자극으로 인
해서 활성 되는 칼슘투과성의 비특이적 양이온 이온통로 이다. 이
이온통로는 일부 기관에서 발현 되며, 이온통로의 기능 문제는 동물
실험을 통해 질병의 원인이 될 수 있는 것으로 추정 되었다. TRPC4
는 4 분자체 구조를 이루어 하나의 이온통로를 구성하여 세포막에서
발현 되며, G 단백질 연결 수용체의 자극으로 기능이 활성화되어
double rectifying I/V 특징을 보인다. 하지만 G 단백질이 어떻게
TRPC4 이온통로를 활성 시키며 TRPC4 는 어떠한 과정으로 세포막
에서 발현 되는지, 더불어 TRPC4 이온통로의 4 분자체 구조를 이루
기 위한 영역에 관한 연구는 진행 중이다.
다음 연구에서 G 단백질 연결 수용체 자극에 따른 후속과정 가운
데 Gαi2 가 TRPC4 이온통로와 직접결합을 통하여 이온통로의 활성
과정을 FRET 과 전기생리학 방법으로 확인 하였다. FRET 방법으로
관찰하기 위하여 TRPC4 이온통로와 G 단백질들에게 형광단백질을
붙이는 작업과 단백질들의 본연의 기능 확인 및 대조군 FRET 실험
을 선행하였다. TRPC4β 와 활성화 된 Gαi2 사이의 FRET 효율은 14%
으로 써 비활성화 된 Gαi2 와 5% 보다 높은 FRET 효율이 관찰 되
었으며, 이것으로 TRPC4 와 활성화된 Gαi2 의 결합을 확인 할 수
있었다. 다른 G 단백질이나 G 단백질 연결 수용체와의 TRPC4β 와
의 FRET 효율 는 4% 보다 낮게 관찰 되어 결합하지 않는 것을 확
인 할 수 있었다. 또한 무스카릭 수용체 자극으로 Gαi2 를 자극 하였
을 때, Gαi2 와 TRPC4 이온통로와의 FRET 효율은 5.2% 에서 12.5%
으로 증가를 관찰 할 수 있었다. 따라서 Gαq 가 아닌 Gαi2 와
TRPC4 이온통로와의 결합이 이온통로의 활성을 일으키며 결과적으
로 칼슘의 유입을 일으키는 것을 관찰 할 수 있었다.
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다음으로 TRPC4 이온 통로의 세포막 발현 유도 영역에 대해서
연구를 하였다. TRPC4 이온 통로는 막단백질로써 막에서 발현 되어
서 기능 하는 것으로 알려져 있다. 이온통로의 세포막 발현 및 이동
을 관찰 하기 위해서 TRPC4 의 deletion mutant 를 제작 하여 발현
하였다. 실제로 N-말단의 21-30 과 C-말단의 720-728 아미노산 영역
이 삭제 되었을 때, 소포체에서 세포막으로 이동이 제한 되어 있는
것을 확인 하였다. 따라서 TRPC4 이온통로가 4 분자체를 구성하여
이온통로를 형성한다는 특징을 이용하여, 세포막에 발현되는 기능을
잃은 mutant 와 온전한 TRPC4 이온 통로를 함께 발현 시켜, 단독으
로는 세포막 발현이 안되었던 mutant 들이 온전한 TRPC4 이온통로
의 도움을 받아 세포막 발현이 가능해 지는 것을 관찰 하였다. 즉,
mutant 의 변이된 영역이 세포막 발현에 주요한 역할을 하는 것을
확인 할 수 있었으며, 결과적으로 TRPC4 이온통로 N-말단 21-30
아미노산 영역이 4 분자체 구조 형성과 관계없는 세포막 발현을 결
정짓는 영역임을 확인 하였다.
마지막으로 TRPC4 이온통로는 4 분자체 구조를 이루어 이온통로
로써 기능을 하기 때문에 4 분자체 구성을 이루는 영역을 찾는 연구
를 하였다. 결과적으로, TRPC4 이온통로의 N-말단의 98-124 과 C말단 700-728 아미노산 영역이 4 분자체 구성에 필요한 영역임을 규
명하였다.
즉, TRPC4 이온통로는 G 단백질 연결 수용체의 자극으로 인한
Gαi2 의 활성 및 이온통로와의 결합으로 활성 된다. 또한 이 이온통
로로써 기능을 가지기 위하여 세포막 발현과 4 분자체 구성이 필요
하며, 세포막 발현을 유도 하는 영역은 N-말단의 23-30 아미노산 영
역이다. 또한, 기능을 가진 4 분자체 이온통로를 만들기 위하여 필요
한 영역은 N-말단과 C-말단에 각각 존재 한다.
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