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Abstract 

 
The family of transient receptor potential (TRP) 

channels is involved in diverse biological processes, and 

their significance in physiological context has spiked 

research in the field in the last two decades. The TRPC 

subfamily of transient receptor potential channels consist 

of 7 subtypes, where TRPC1, 4, 5 and TRPC 3, 6, 7 are 

grouped according to sequence homology.  

TRPC1 and TRPC4 are proteins belonging in the 

same group under TRPC channel family and the two are 

known to form a heterotetrameric channel. TRPC4 can 

form a homotetrameric, non-selective cation channel by 

itself, and is expressed in many cells and tissues including 

neurons, smooth muscles, cardiac cells, skeletal muscle 

cells, kidney and immune cells. TRPC1 on the other hand 

is expressed almost ubiquitously in all tissues. Unlike the 

TRPC4 homomer, the involvement of TRPC1 subunit in 

the heteromer changes several major characteristics of 

the channel. In this study, I focused on the pore region 

(selectivity filter, pore helix, and S6 helix) of TRPC1 and 

TRPC4 as a determinant of the identity and major 

characteristics of a heteromeric TRPC1/4 channel: 

decreased calcium permeability of the channel and 

outward-rectifying I-V curve.  

Mutants and chimeras of the pore residues were 



 

 

created and their currents were recorded using whole-

cell patch clamp under a potent TRPC4 agonist Englerin A 

stimulation. The lower gate mutants of TRPC4 (I617V, 

N621H and IN→VH) exhibited diminished calcium 

permeability as measured by GCaMP6s fluorescence. 

TRPC4 single mutants (G577S and N580H) and the double 

mutant (GN→SH) of the selectivity filter maintain a double 

rectifying I-V shape, but the magnesium block induced 

plateau is shifted upwards. Single mutations (I617V and 

N621H) and double mutations (IN→VH) of the TRPC4 

lower gate residues have no effect on the I-V curve 

shape of the channel. When all of the selectivity filter and 

lower gate residues are mutated (GNIN→SHVH), 

Englerin-A induced current is greatly diminished.  

TRPC1 mutants were made vice versa to analyze 

the roles of TRPC1 pore residues on the heteromer’s 

characteristics. Single mutations of the TRPC1 pore 

region (S600G, H603N, V642I and H646N) are 

insufficient to change the I-V curve shape of the 

heteromeric channel.  However, chimeric channels 

substituting the pore region of TRPC1 to TRPC4 produced 

a double rectifying I-V curve shape characteristic to that 

of a TRPC4 homomeric channel.  

The change in calcium permeability and 

rectification of the channel is controlled by the pore 

residues of the TRPC1/4 heteromer, and these results 



 

 

suggest TRPC1/4 heteromers are able to fine-tune the 

excitability of the cell in a physiological context depending 

on its expression. Continued research on heteromers will 

broaden the scope of means of channel modulation and 

provide new insight into drugs and therapeutics research.  
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1. Introduction 
 

 

The molecular structure, biological function, physiological 

significance, and its role in pathology has become an increasing area 

of research in transient receptor potential (TRP) channels in the 

last two decades. TRP channels are involved in and are essential in 

numerous cell functions, and its role under different biological 

context is only beginning to become demystified, owing to the 

development of new experimental tools.  

 

TRPC4 channel and its expression 

Under the TRPC channel subfamily, there are 7 subtypes of 

TRPC channels. Based on sequence similarity, TRPC3, 6 and 7 are 

grouped together whereas TRPC1, 4 and 5 are grouped together as 

another subgroup (1). TRPC1 is known to be almost ubiquitously 

expressed in mammalian tissues, whereas TRPC4 and TRPC5 have 

a limited expression pattern. TRPC4 is expressed in various organs 

and cell types, including brain (2, 3), gastrointestinal tract (4, 5), 

heart (6, 7), lungs (5, 6) and kidney(8, 9) (Figure 1). Recently, 

Kollewe et al. (2023) showed that TRPC4 and TRPC5 

homotetramer existed as minor, but more heterotetramers existed 

in the brain with multi-epitope affinity-purification and nano-LC-

MS/MS (10). Even among the heterotetramers, TRPC1/4, TRPC1/5 

and TRPC1/4/5 heterotetramers were found in the brain but not 

TRPC4/5 heterotetramers. 
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Figure 1. Tissue distribution of TRPC1, 4 and 5 channels and the 

overlapping expression patterns are shown (11).  
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Structure of the TRPC4 channel 

TRPC4 shares the core structural characteristics of the TRP 

channels comprising of 6 transmembrane domains, a putative pore 

forming domain between transmembrane domain 5 and 6, and C-

terminus and N-terminus located in the cytosolic region (1). From 

the N-terminus, there are four ankyrin repeat domains (ARD) 

which are important in multimerization, membrane trafficking and 

protein folding, which is then followed by the helix-loop-helix 

(HLH) domain consisting of seven alpha helices (Figure 2). The 

HLH domain is then connected to the voltage sensor like 

transmembrane domain via pre-S1 helix, followed by the last two 

transmembrane helices containing the pore helix (12). TRPC5 

channel has the similar structure to TRPC4. The C terminal region 

and the pore domain of TRPC5 were quite different from that of 

TRPC4. The pore domain of TRPC5 has additional amino acids 

between S5 and S6 and plays important roles of the activation and 

inactivation time course by TRPC4/5 activator Englerin A. TRPC1 

structure was not revealed but the homology between TRPC1 and 

TRPC4 is high when the amino acids from ARD to coiled-coil 

domain (CCD) are compared. The homology model of TRPC1 from 

TRPC4/5 structure was possible from such a high sequence 

homology for the study. TRPC1 also has 4 ARD, 7 HLH, pre-S1 

elbow, pre-S1 helix, 6 transmembrane domains, TRP helix, 

connecting helix and CCD. 
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Figure 2. Structure of TRPC4 (12). From the N-terminus, ankyrin repeat 

domain, helix-loop-helix domain, Pre-S1 elbow and helix, voltage sensor 

like domain (VSLD) (S1-S4), S5, pore-helix, S6, TRP box, connecting 

helix, coiled-coil domain. 
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TRPC4 homotetramers form a calcium permeable 

nonselective cation channel, but it is known to heteromultimerize 

with other TRPC channels in the subfamily (13). Heteromerization 

with TRPC1 is a topic of great interest due to TRPC1’s ubiquitous 

expression in the mammalian system, and also because the 

physiological significance of such modulation is not clearly 

understood. TRPC4 and TRPC1 share a close homology with each 

other, as well as in the pore region. Therefore, I decided to focus 

on the roles of residues that form the narrowest pore.  

 

TRPC1 as a channel or an ancillary subunit 

Although TRPC1 was the first mammalian TRP gene to be 

cloned, the role of TRPC1 has remained quite elusive among 

researchers (14). It has been controversial whether TRPC1 

constitutes a channel or is merely an ancillary subunit of a channel, 

but more recent evidences point towards TRPC1 being a channel 

subunit (15). Despite it being a transmembrane protein, 

overexpression of TRPC1 alone does not translocate effectively to 

the plasma membrane (13). Co-immunoprecipitation studies and 

confocal imaging using fluorescent-tagged proteins showed that 

TRPC1 only reaches the plasma membrane when co-expressed 

with TRPC4 or TRPC5 (16). When co-expressed with TRPC3 or 

TRPC6, the colocalization in the plasma membrane is much lower 

than the case where TRPC4 or TRPC5 is co-expressed.  

Moreover, when TRPC1 by itself was expressed in HEK293 

cells for whole cell current measurement, the current sizes were no 

different from the control transfected cells (15, 17). From these 

findings it can be concluded that TRPC1 does not seem to be able to 

form a functional channel on its own, but do heteromerize with other 
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members of the TRP family to form channels (18). It is speculated 

that regulation of TRP channels is done through heteromerization 

with TRPC1, although the area remains largely an unknown area of 

research.  

 

The importance of heteromeric channels 

Many ion channels are heteromers, meaning that two or 

more different polypeptides come together to form a functional 

channel. The physiological significance of heteromers is not well 

known as of yet, but as different types of proteins are expressed to 

different extent in various tissue types, heteromerization is thought 

to be a mode of modulation of ion transport in various tissues 

depending on the expression pattern. A well-known example of a 

heteromeric ion channel is the KCNQ2/3 voltage gated potassium 

channel, where either KCNQ2 or KCNQ3 expressed alone is unable 

to elicit a meaningful current but when the two heteromerize, the 

heteromeric ion channel is able to produce a huge current 

responsible for the M-current crucial in regulation of subthreshold 

excitability in firing neurons (19). Heteromers are found in TRP 

channels as well, where PC-1 and PC-2 polypeptides form a 

polycystin complex well known for its mutation in the pathogenesis 

of autosomal dominant polycystic kidney disease (ADPKD) (20). 

Heteromer research is valuable in terms of therapeutic research, 

since its restrictive tissue expression can be selectively modulated 

by drugs. By understanding the behaviors of heteromers and their 

activation mechanism, novel drugs and therapies that target these 

channels can be more effectively utilized.  

The importance of heteromerization is again highlighted as 

TRPC1 is known to heteromerize with other channels in the TRP 
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family. TRPC1 heteromerize with TRPP2, and in contrast to either 

one of the subunits not being able to produce a significant current, 

the activity is increased 10-fold when the two proteins are 

expressed together (21). Heteromerization of these proteins may 

also have a significant role in pathogenesis of ADPKD, as the 

interaction site between the two molecules, D886 of TRPP2, is also 

identified as a mutation site in an affected ADPKD family. Therefore, 

heteromer research is an overlooked but a critical area of research 

needed for our understanding of the activity of many different 

channels. 

 

The TRPC1/4 heteromer complex 

Physiological roles of TRPC1/4 heteromers in native tissue 

have been demonstrated in many studies. In mouse hippocampus, 

neurons lacking TRPC1, TRPC4, or TRPC5 showed decreased 

action potential triggered excitatory postsynaptic currents, and 

mice behavior showed deficiencies in spatial working memory and 

relearning (22). Astrocytes express TRPC1, TRPC4 and TRPC5, 

and inhibition of TRPC1 decreases calcium-dependent glutamate 

release in these cells (23). Moreover, TRPC1/4 heteromer plays a 

role in epilepsy-induced cytotoxicity and neurodegeneration as 

shown from knockout studies (24, 25). Not only in neuronal tissues, 

but TRPC1 and TRPC4 are also involved in corporal smooth muscle 

cells (26), cardiac cells (27, 28) and pulmonary tissues (29). 

Evidences from native tissues suggest that TRPC1 is a negative 

regulator of TRPC4 and TRPC5, one of them being cases of 

neurodegenerative diseases like Huntington ’ s disease and 

Parkinson’s disease where TRPC1 protected cells from neuronal 

death by decreasing calcium influx (11). On the other hand, 
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TRPC1/4 can also mediate Na+ entry and is involved in Na+ 

mediated cytotoxicity induced by Englerin A in synovial sarcoma 

cells (30, 31). In this case, TRPC1 is a positive regulator of TRPC4 

and TRPC5. 

Heteromerization of TRPC1 and TRPC4 as a mode of 

modulation of channel activity is evidenced in in vitro experiments 

as well, further emphasizing the importance of this biological 

phenomenon. Calcium sensitive GCaMP6s tagged TRPC4 was used 

to measure calcium permeability, and cells expressing TRPC1/4 

heteromer showed decreased fluorescence and calcium permeability 

compared to cells expressing only TRPC4 homomeric channels (32). 

Relative monovalent permeability is also different in heteromeric 

channels, as TRPC1/4 heteromers show strong-field-strength site 

with relative permeabilities of PNa>PLi>PCs, whereas TRPC4 

homomeric channels show weak-field-strength site with high 

PCs/PNa ratio (15, 33).  

 

The pore region is important in TRPC4 and TRPC1 

Because no Cryo-EM structure of TRPC1 is yet available, 

we sought to identify the key residues in TRPC1 through 

comparison with TRPC4 in the same TRPC family, which not only 

share close homology but is able to form a heteromeric channel with 

TRPC1. Key residues from TRPC4 we selected as starting points 

were G577, N580, I617, and N621, as taken from the residues 

identified as closest along the pore axis (34). Amino acid sequence 

of TRPC4 was aligned with TRPC1 and the following residues were 

identified as corresponding residues: S600, H603, V642, and H646 

(Figure 4). How these residues and the entire pore region directly 

contribute to the characteristics of a heteromeric channel was 
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investigated through mutagenesis and electrophysiological studies.  

Previous study using TRPC4 mutants to elucidate the effects 

of these pore lining residues showed that the selectivity filter and 

lower gate mutants showed a different conductance pattern and 

sensitivity to G protein mediated mechanisms (35). Single mutants 

and combination of the mutants G577S, N580H, I617V, N621H has 

been examined for its effect on the I-V curve. The quadruple 

mutant shows an almost linear I-V curve when activated with 

Englerin A, a potent TRPC4 agonist, which was largely different 

from the double rectifying I-V curve of wild type TRPC4 homomer. 

However, when GTPγS or Gi
Q203L mutant was used to constitutively 

activate the channel via G protein mediated mechanism, the mutant 

channel could not be activated. Similar results were obtained with 

the selectivity filter mutant G577S/N580H. The lower gate mutant, 

on the other hand, showed a significantly different G-V curve 

compared to wild type TRPC4 when activated with Englerin A, GTP

γS, or Gi
Q203L. From these results, it can be assumed that the pore 

residues are critical residues in producing the double rectifying I-V 

curve of the TRPC4 channel, and that substitution to corresponding 

TRPC1 residues are unable to mimic the current characteristics of a 

heteromer, but rather renders the channel dysfunctional. 

As a follow-up procedure, this study focused on major 

characteristics of TRPC1/4 heteromeric channel: the decrease in 

calcium permeability and the outward rectifying I-V curve. The 

target residues of the pore region were switched from TRPC4 to 

TRPC1 and vice versa, and the changes in the major channel 

characteristics were examined to find the core residues that 

determine the identity of TRPC1/4 heteromeric channel.  

To further investigate the molecular determinants for these 
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distinctive characteristics of TRPC1/TRPC4, the chimeras TRPC1C4 

pore and TRPC4C1 pore were used by others for demonstrating that the 

pore region of TRPC1 is crucial for preserving the TRPC1/4 

heteromeric channel’s physical properties such as its current 

amplitude, I-V relationship and Ca2+ permeation (36). Moreover, 

the G-S mutation in the S4-S5 linker of TRPC1 could increase the 

Ca2+ permeation of the TRPC1/4 channel complex (36). The pore 

region is known to affect the conductance and permeability. In 

TRPV1, there is a cap domain in 13-lined ground squirrel TRPV1 

compared to rat TRPV1 (37). Even such a cap domain reduced 

single channel conductance. Changing the pore lining amino acids 

causes the permeability to change (38). Even cation channel 

becomes an anion channel when the pore lining residues are 

changed. In K2P channels, the mutations of pore lining amino acids 

changed voltage dependency of K2P channels as well as 

conductance and permeability (39-42). Similar phenomenon was 

observed in TRPM2 channels (43). 

The pore radius of TRPC1/4 and TRPC4 according to 

distance along the pore was modeled using SWISS-MODEL, a 

protein structure homology-modeling server (Figure 3). Key 

residues determining the radii of the restricting pore region are 

indicated for both TRPC4 homomer and TRPC1/4 heteromeric 

channels (S600/G577, H603/N580, V642/I617, H646/N621) 

(Figure 4). Pore contour modeled for 2:2 stoichiometry of TRPC1 

and TRPC4 showed a narrower pore radius when compared with 

TRPC4 homomer and TRPC1/4 heteromer (1:3 stoichiometry). We 

predicted that such changes in pore sizes may be responsible for 

various electrophysiological characteristics of TRPC4 homomer and 

TRPC1/4 heteromer.  
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Figure 3. Pore contours of TRPC4 homomer and TRPC1/4 heteromers 

using SWISS-MODEL is illustrated. The greatest difference in distance is 

observed at the selectivity filter region. 
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Figure 4. Key residues of selectivity filter and lower gate when TRPC1 

and TRPC4 are aligned. The residues correspond to the most restricting 

pore region along the pore axis.  
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Current-voltage relationship of TRPC4 and TRPC1/4 channels 

The characteristic difference that is most pronounced and 

most studied between TRPC4 homomeric channel and TRPC1/4 

heteromeric channel is the I-V curve. I-V curves of both types of 

channel is shown, where TRPC4 homomer shows a double 

rectifying I-V curve with diminished conductance along the 

membrane potentials of 0 mV to +40 mV whereas TRPC1/4 

heteromer shows an outward rectifying I-V curve (Figure 5). Such 

differences in I-V curve was shown in previous experiments by 

Strubing et al., where TRPC1 and TRPC4 co-expression in 

HEK293 cells produced an outward rectifying current (44). When a 

G-V curve is produced, this difference is clearer as the distinct N-

shaped G-V curve of the homomer is not evident anymore in the 

heteromeric G-V curve (Figure 6, 7). G-V curves were normalized 

from 0 to 1, 1 being the maximum conductance. In TRPC4 

homoteteramer, the conductance increases as the membrane 

potential depolarized from -120 mV due to intrinsic voltage 

dependency. From -50 mV, the conductance decreases due to 

internal cations like Mg2+ or spermine. Internal Mg2+ binds with 

D629 near the pore and blocked the outward current physically. 

From +20 mV to 30 mV, the conductance gradually increases again. 

In TRPC1/4 heteromer, the conductance increases to the peak. In 

order to look at how much of the channel property was maintained, 

the I-V curve shapes were used as a measure of change when 

looking at the TRPC1 and TRPC4 mutant channels generated later 

in the study. 
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Figure 5. Comparison of the I-V curves of TRPC4 homomeric channel and 

TRPC1/4 heteromeric channel. TRPC4 homomer shows a double rectifying 

shape whereas the TRPC1/4 heteromer shows an outward rectifying shape. 
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Figure 6. Current full trace, G-V curve, and I-V curves of TRPC4. The 

G-V curve of TRPC4 shows a distinct N-shape. 
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Figure 7. Current full trace, G-V curve, and I-V curves of TRPC1/4 

heteromer.  
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2. Methods 
 

Cell culture and transient transfection 

Human embryonic kidney cells (HEK293, ATCC, Manassas, VA) 

were maintained according to the supplier’s recommendations. For 

the transient transfection, the cells were seeded in 12-well plates. 

In each of the wells, 500 ng of plasmid DNA was transfected using 

X-tremeGENETM 9 DNA transfection reagent (Roche Molecular 

Biochemicals), as detailed in the manufacturer’s protocol. After 

24-36 hours, the cells were trypsinized and transferred to a 

recording chamber for whole-cell recording.  

 

Cloning and Mutagenesis 

TRPC1α and TRPC4β genes were cloned into pEYFP-C1 and 

pECFP-N1 vector in our hands, and pEG mCherry-Bacmam vector 

was kindly donated to us by Dr. Eric Gouaux (Vollum Institute, OR, 

United States). TRPC4β-GCamP6s vector was cloned using 

Gibson Assembly, and all mutagenesis was performed through site-

directed mutagenesis using missense primers and PrimeSTAR HS 

DNA polymerase system (TaKaRa Bio).   

 

Whole-cell patch clamp experiment  

Cells were transferred to a small chamber on the stage of an 

inverted microscope (TE2000S, Nikon, Japan) and attached to 

coverslip 10 minutes prior to recording. Glass electrodes with 2.5-

3.0 megaohm resistance were used to obtain gigaohm seals. The 

bath solutions were constantly perfused at a rate of 1-2 mL/min. 

Currents were recorded using an Axopatch 200B patch clamp 

amplifier (Axon Instruments, USA). The current was recorded for 
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500 ms duration ramps from +100 to -120 mV with a holding 

membrane potential of -60 mV. pCLAMP software v.11 and 

Digidata 1440A (Axon Instruments) were used for data acquisition 

and application of the command pulses. Data were analyzed using 

pCLAMP v.11 and Origin Pro software (Microcal Origin, USA).  

 

Solution and Drugs 

For recording the channels, we used Normal Tyrode and a Cs+-rich 

external solution. The Normal Tyrode contained 135 mM NaCl, 5 

mM KCl, 2 mM CaCl2, 1mM MgCl2, 1 mM glucose and 10 mM 

HEPES with a pH adjusted to 7.4 using NaOH. The Cs+-rich 

external solution contained equimolar CsCl instead of NaCl and KCl. 

When Englerin A was applied, 100 nM of Englerin A solution was 

made with Normal Tyrode solution. The internal solution contained 

140 mM CsCl, 10 mM HEPES, 0.2 mM Tris-guaosine 5 ’ -

triphosphate with a pH adjusted to 7.3 with CsOH. We used 0.2 mM 

guanosine 5 ’ -O-[gamma-thio] triphosphate (GTPγS) for 

internal solution. For the GCaMP6s experiments, ionophore 

ionomycin 5 μM in Normal Tyrode was used. All reagents were 

purchased from Sigma-Aldrich (USA).  

 

FRET microscopy 

HEK293 cells were cultured in a 35 mm coverslip bottom dish. To 

obtain images and measure FRET efficiency, DV2 dual view system 

was used with an inverted microscope (100X, oil, Ti Eclipse, Nikon, 

Japan). CoolLED pE-4000 (UK) was used as the light source. CFP 

was excited with a 430/24 nm excitation filter (Chroma) and 

emission light was detected with an optiMOSTM CMOS camera 

(QImaging, Canada) with an exposure time of 150 ms under the 
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control of MetaMorph 7.6 imaging software. In a dual-view 

emission path, emission filters ET470/24 for CFP and ET535/30 for 

YFP was used (Chroma), with both channels acquired 

simultaneously. To obtain the FRET efficiency, following calculation 

was used 

 

Where S indicates intensity measurement, and R indicates 

predetermined constants acquired from measurements of cells 

expressing only CFP- or YFP-tagged molecules. The effective 

FRET efficiency was calculated by 

 

Where E is the intrinsic FRET efficiency when CFP and YFP 

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 coefficients scaled for the FRET cube excitation filter (45).  

 

Surface Biotinylation 

HEK293 cells were seeded in 6-well plates. After PBS wash, cells 

were incubated in 0.5 mg/mL sulfo-NHS-LC-biotin (Pierce, USA) 

in PBS for 30 minutes on ice. Biotin was quenched by 100 mM 

glycine in PBS. Lysates were prepared in lysis buffer (0.5% Triton 

X-100, 150mM NaCl, 50mM HEPES, 2mM MgCl2, 2mM EDTA, 

pH7.4) via passage 10-15 times through a 26-gauge needle. 

Avidin beads were added to 300 μg of protein lysates and was 

incubated for 1 hour at room temperature. Beads were washed 

three times with 0.5% Triton X-100 in PBS, and proteins were 

extracted and denatured in sample buffer. Total and surface 
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samples were loaded onto 8% SDS-PAGE gels and transferred onto 

a nitrocellulose membrane. Anti-GFP (1:5000) (Invitrogen, USA), 

Anti-Sodium potassium ATPase) (1:5000) (Sigma-Aldrich, USA), 

Anti-alpha tubulin (1:3000) (Millipore, USA) was used as primary 

antibody and anti-rabbit (1:5000), and anti-mouse (1:5000) 

(Bethyl, USA) was used as secondary antibody. Antibody validation 

for specificity was performed by the suppliers. Blot data were 

quantified using ImageJ (National Institutes of Health, USA).  

 

Statistics 

Results are expressed as means±standard deviation. Results were 

compared using either one-way ANOVA and Tukey’s test or 

Student’s t-test. p<0.05 or p<0.01 were considered statistically 

significant. Statistical analysis was done with GraphPad Prism 5 

software (GraphPad Software, USA).  
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3. Results 
 

1. TRPC4 lower gate mutants show decreased calcium 

conductance compared to wild type 
The pore region including the selectivity filter is known to 

regulate ion permeability or selectivity. Because the main difference 

between TRPC4 homotetramer and TRPC1/4 heterotetramer is the 

calcium permeability, I used GCaMP6s tagged construct to directly 

measure Ca2+ permeating through the channels. Calcium 

permeability in various TRPC4 pore residue mutants were 

examined using GCaMP6s tagged constructs (Figure 7). Individual 

TRPC4 single mutants (G577S, N580H, I617V, N621H), along with 

double mutants of the selectivity filter (G577S and N580H), double 

mutants of the lower gate (I617V, N621H), and the quadruple 

mutant (all four residues mutated) containing GCaMP6s was 

expressed in HEK293 cells for calcium conductance measurement. 

For the activation of the channels, Englerin A (100 nM), a potent 

TRPC4 specific agonist was used (46). In the wild type TRPC4, we 

see an increase in calcium permeability followed by the increase in 

inward current (Figure 8). Ionophore Ionomycin was used to 

permeabilize the cell for calcium ions at the end of each experiment 

to test the sensitivity of GCaMP6s. 

The selectivity filter single mutants, G577S and N580H, 

showed diminished but visible calcium influx when activated with 

100 nM Englerin A (Figure 9). In G577S, the calcium increase was 

similar to wild type. In N580H, the calcium increase was smaller 

than wild type or G577S. On the other hand, the two lower gate 

single mutants, I617V and N621H, showed larger inward currents 
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(black trace) but no increasing calcium influx with channel opening 

(green trace) (Figure 10). Similarly, the lower gate double mutant, 

which also formerly showed a large current despite its mutations, 

did not show calcium influx in the GCaMP6s experiment (Figure 10). 

These results suggest that the lower gate residues also play a role 

in ion selectivity, particularly calcium ions. The selectivity filter 

double mutant and the quadruple mutant initially showed no current 

upon Englerin A activation, and therefore no calcium influx was 

observed in the GCaMP6s experiments as well (Figure 11). TRPC 

heteromeric channels containing TRPC1 are known to reduce 

calcium permeability (17). According to our data, residues in the 

pore region, particularly the lower gate, and N580 seems to be 

important in controlling calcium permeability in these channels 

(Figure 12). The results are unexpected considering the selectivity 

filter determines the ion selectivity. Especially, histidine mutation 

instead of asparagine induces a large conformation change within a 

narrow pore and decreases calcium permeation. 
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Figure 8. Calcium permeability of TRPC4 pore mutants. A. Graphs of 

inward current at -60 mV and change in F/Fmax of GCaMP6s fluorescence 

according to time (sec) is shown for a HEK293 cell expressing wild type 

TRPC4. Time-lapse snapshots of GCaMP6s fluorescence during one full 

experiment is shown (40 sec interval). Ionophore Ionomycin was given at 

the end of the experiment to permeabilize the cell to induce full intensity 

of GCaMP6s fluorescence.  
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Figure 9. Graphs of inward current at -60 mV and change in F/Fmax of 

GCaMP6s fluorescence in single mutants of the candidate TRPC4 pore 

residues. G577S shows robust calcium influx in response to 100 nM 

Englerin A. N580H shows only minimal calcium influx in response to EA. 
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Figure 10. Graphs of inward current at -60 mV and change in F/Fmax of 

GCaMP6s fluorescence in single and double mutants of the candidate 

TRPC4 pore residues. I617V, N621H and the lower gate double mutant 

show no calcium influx upon EA stimulation.  
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Figure 11. Graphs of inward current at -60 mV and change in F/Fmax of 

GCaMP6s fluorescence in selectivity filter double mutant and quadruple 

mutant of the candidate TRPC4 pore residues show no calcium influx upon 

EA stimulation.  
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Figure 12. Changes in the ΔF/Fmax value before and after EA stimulation 

are compared among mutants (n=5). Normalized mean changes are as 

follows: 0.82±0.15, 0.83±0.11, 0.33±0.10, -0.15±0.15, -0.03±0.11, -

0.02±0.10. -0.12±0.24, -0.12±0.21, for WT, G577S, N580H, I617V, 

N621H, GN/SH, IN/VH, GNIN, respectively. Data are presented as mean 

with SD and analyzed using student’s t-test. *p<0.05 
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2. TRPC4 mutants keep their double rectifying I-V curve 

shape, but change conductance patterns 
 

In order to see if changing the corresponding residues in 

TRPC4 is sufficient to affect the I-V curve of a normal TRPC4 

current, or in other words, to see if certain residues are important 

in maintaining the I-V curve of the channel, mutagenesis was done 

in TRPC4 channels to be compared with wild type (Figure 13). 

Channels were activated with 100 nM Englerin A. In order to 

compare the shapes of the G-V curves, slopes A, B and C were 

calculated from the curve across all mutants (Figure 21). Slope 

values were calculated using linear fitting procedure based on the 

highest peak value in the hyperpolarizing range and lowest dip value 

in the depolarizing range, and the values correspond to the increase 

in conductance (normalized from 0 to 1) divided by the increase in 

voltage (in mV). Slope A corresponds to the intrinsic gating of 

TRPC4, slope B the polyvalent cations (magnesium and spermine) 

block and slope C the outward current increase at the large 

depolarizing membrane potential. The single mutants of the 

selectivity filter, G577s, maintain a double rectifying I-V shape 

(Figure 14). However, the magnesium block induced plateau is 

shifted upwards and the resulting change in conductance is shown in 

Figure 25. Similarly, the single mutant of the selectivity filter, 

N580H, maintain a double rectifying I-V shape, but the magnesium 

block induced plateau is shifted upwards (Figure 15, 25). Minimum 

conductance values from the depolarizing region of the normalized 

G-V curve has been calculated as well to see the change in 

conductance patterns (Figure 25). Minimum values of normalized 
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conductance of wild type heteromer (0.82±0.13), G577S (0.41±

0.16), N580H (0.42±0.16) were significantly different from wild 

type homomer (0.16±0.045) (Figure 25).  

The selectivity filter double mutation shows a similar shift in 

the I-V curve as the single mutants (Figure 16). For slope B, wild 

type heteromer (0.0026±0.0026), and GN double mutant (-0.0044

±0.0048) showed significant difference when compared to wild 

type homomer (-0.016±0.0035) (Figure 23). The increase in 

slope B is characteristic of the wild type heteromer, suggesting that 

the GN double mutant behaves similarly to the wild type heteromer. 

For slope C, wild type heteromer (0.0014±0.0019), and GN 

(0.0056±0.0028) showed significant difference when compared to 

wild type homomer (0.01295±0.0010) (Figure 24). Seeing how the 

GN double mutant and G577S mutants’ slope value decreased 

suggest that the selectivity filter may be responsible for 

conductance characteristics in the very depolarizing region. 

Minimum conductance values of wild type heteromer (0.82±0.13), 

and GN (0.57±0.12) were significantly different from wild type 

homomer (0.16±0.045) (*=p<0.05, **=p<0.01). The selectivity 

filter mutants’ minimum conductance is significantly larger than the 

wild type homomer at depolarizing potentials, suggesting that the 

selectivity filter may contribute to the heteromeric channel’s 

behavior in the depolarizing environment.  
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Figure 13. Full trace, I-V curve and G-V curve of TRPC4 wild type from 

whole-cell patch clamp recording.  Channels were activated with 100 nM 

Englerin A. Recordings from 6 to 10 cells were averaged to produce a 

single curve. For I-V curve and G-V curve analysis, mean and SD were 

taken every 10 mV interval from -120 mV to +100 mV. All data are 

presented as mean ± SD. Wild type TRPC4 shows a double rectifying 

homomeric I-V curve. 
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Figure 14. Full trace, I-V curves and G-V curves of TRPC4 single mutant 

G577S from whole-cell patch clamp recording. G577S mutant maintains 

the double rectifying shape of the I-V curve but shows changes in 

conductance and a shift in the magnesium block induced plateau.   
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Figure 15. Full trace, I-V curves and G-V curves of TRPC4 single mutant 

N580H from whole-cell patch clamp recording. N580H mutant maintains 

the double rectifying shape of the I-V curve but shows a shift in the 

magnesium block induced plateau. 
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Figure 16. Full trace, I-V curves and G-V curves of TRPC4 selectivity 

filter double mutant GN→SH from whole-cell patch clamp recording. 

Selectivity filter double mutant maintains the double rectifying shape of the 

I-V curve but shows a shift in the magnesium block induced plateau as 

well as change in conductance pattern. 
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Single mutation at S6 lower gate, I617V, seems to have no 

effect on the I-V curve of the channel (Figure 17). but the other 

lower gate mutant, N621H, show a change in the conductance 

pattern (Figure 18). The lower gate double mutation seems to have 

no effect on the I-V curve or the current characteristics of the 

channel (Figure 19). When minimum conductance values from the 

normalized G-V curve were calculated to see the change in 

conductance patterns, wild type heteromer (0.82±0.13) and N621H 

(0.31±0.084) were significantly different from wild type homomer 

(0.16±0.045) (*=p<0.05, **=p<0.01) (Figure 25). 

When all of the selectivity filter and lower gate residues 

were mutated in the quadruple mutant, Englerin A-induced current 

was diminished and only a linear current with constant conductance 

against the membrane potentials could be observed. (Figure 20). 

The quadruple mutant GNIN seems not to respond to Englerin A. 

 



 

 ３５ 

 

 

Figure 17. Full trace, I-V curves and G-V curves of TRPC4 single mutant 

I617V from whole-cell patch clamp recording. I617V mutant maintains the 

double rectifying shape of the I-V curve and N-shaped G-V curves 

similar to that of the WT. 
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Figure 18. Full trace, I-V curves and G-V curves of TRPC4 single mutant 

N621H from whole-cell patch clamp recording. N621H mutant maintains 

the double rectifying shape of the I-V curve and N-shaped G-V curves 

similar to that of the WT. 
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Figure 19. Full trace, I-V curves and G-V curves of TRPC4 lower gate 

double mutant IN→VH from whole-cell patch clamp recording. Lower gate 

double mutant maintains the double rectifying shape of the I-V curve and 

N-shaped G-V curves similar to that of the WT. 
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Figure 20. Full trace, I-V curves and G-V curves of TRPC4 quadruple 

mutant GNIN→SHVH from whole-cell patch clamp recording. When all of 

the selectivity filter and lower gate residues were mutated in the 

quadruple mutant, Englerin A-induced current was diminished and only a 

linear current with constant conductance against the membrane potentials 

could be observed. 
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Measurement of slope values with linear fitting 

 

 

Figure 21. Slope values of A, B and C were calculated from the G-V 

curves of the mutants. Linear fitting was done for each segment of the N-

shaped curve, with the boundaries of the segments determined by the 

maximum peak and the minimum dip of the curve. 
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Figure 22. Comparison of the slope value A from wild type homomer, 

heteromer and the mutants. The quadruple mutant shows a significant 

decrease in slope value A compared to wild type. Data are presented as 

mean with SD and analyzed using one-way ANOVA and Tukey’s test. 

*p<0.05.  
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Figure 23. Comparison of the slope value B from wild type homomer, 

heteromer and the mutants. The wild type heteromer, quadruple mutant, 

and the selectivity filter double mutant shows a significant increase in 

slope B compared to wild type. 
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Figure 24. Comparison of the slope value C from wild type homomer, 

heteromer and the mutants. The wild type heteromer, quadruple mutant, 

and the selectivity filter double mutant and G577S mutant shows a 

significant decrease in slope C compared to wild type. 
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Figure 25. Minimum values of normalized GV curves in the outward 

rectifying region has been plotted. The selectivity filter mutants show 

increased minimum conductance values compared to wild type TRPC4 

homomer. Data are presented as mean with SD and analyzed using 

student’s t-test. *p<0.05, **p<0.01 
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3. TRPC1 single mutants of the pore region maintain the 

heteromeric outward rectifying I-V curve 
 

After looking at TRPC4 mutants and their characteristics, 

we shifted the focus to TRPC1 mutants. The single mutant TRPC1 

channels co-expressed with TRPC4 showed heteromeric TRPC1/4 

current with an outward rectifying I-V curve. Figures 26 through 

29 describes each mutant’s response along with its conductance 

curve. The single mutants are not sufficient to change the 

heteromeric I-V curve into a double rectifying TRPC4 I-V curve.  
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Figure 26. Full trace, I-V curve and G-V curves of TRPC1 S600G mutant 

co-expressed with wild type TRPC4 from whole-cell patch clamp 

recording. The single mutation is not sufficient to change the outward 

rectifying shape of the heteromer I-V curve. Channels were activated with 

100 nM Englerin A. Recordings from 6 to 10 cells were averaged to 

produce a single curve. For I-V curve and G-V curve analysis, mean and 

SD were taken every 10 mV interval from -120 mV to +100 mV. All data 

are presented as mean ± SD. 
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Figure 27. Full trace, I-V curve and G-V curves of TRPC1 H603N mutant 

co-expressed with wild type TRPC4 from whole-cell patch clamp 

recording. The single mutation is not sufficient to change the outward 

rectifying shape of the heteromer I-V curve. 
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Figure 28. Full trace, I-V curve and G-V curves of TRPC1 V642I mutant 

co-expressed with wild type TRPC4 from whole-cell patch clamp 

recording. The single mutation is not sufficient to change the outward 

rectifying shape of the heteromer I-V curve. 
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Figure 29. Full trace, I-V curve and G-V curves of TRPC1 H646N mutant 

co-expressed with wild type TRPC4 from whole-cell patch clamp 

recording. The single mutation is not sufficient to change the outward 

rectifying shape of the heteromer I-V curve. 
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4. TRPC1C4 pore chimeras form heteromeric complexes with 

wild type TRPC4 at the cell membrane 
 

Since the TRPC1 single mutants were unable to change the 

I-V curve or the G-V curve of the heteromeric channel, chimeric 

channels of the pore region were made to assess the effects of 

whole regions of the pore instead of single residues. Chimeric 

TRPC1 channels were made including the whole selectivity filter 

and the S6 lower gate of TRPC4 (Chimera 1), just omitting the 

lower gate residues (Chimera 2), including only the selectivity filter 

region (Chimera 3), and only the residues 600-603 substituted to 

TRPC4 residues (Chimera 4) (Figure 30). 



 

 ５０ 

 

 

 

Figure 30. Candidate residues are divided into selectivity filter residues 

and lower gate residues. Chimeric channels were made including the whole 

selectivity filter and the S6 lower gate (chimera 1), just omitting the lower 

gate residues (chimera 2), just including the selectivity filter region 

(chimera 3), and only the four amino acid residues at the selectivity filter 

(chimera 4). 



 

 ５１ 

CFP-tagged TRPC4 and YFP-tagged TRPC1 chimera 

constructs were generated to examine interaction between the two 

molecules. Imaging using fluorescence microscopy showed TRPC4 

and TRPC1 to co-localize as punctae at the cell membrane (Figure 

31). The FRET efficiencies show that the TRPC1 chimeras, like its 

wild type (19 ± 6.9%, n=8), form a heteromeric complex with 

TRPC4 (16 ± 5.6%, n=16, 18 ± 10.0%, n=10, 19 ± 9.9%, n=8, 

14 ± 2.6%, n=8 for chimeras 1, 2, 3 and 4, respectively. Reported 

n equals number of cells.) (Figure 32). CFP and YFP concatemer 

construct was used as a positive control and CFP and YFP 

expressed in separate constructs was used as a negative control for 

FRET measurements. Surface biotinylation data shows that the 

surface expression of TRPC1 chimeras are unchanged regardless of 

co-expression with TRPC4 (Figures 33, 34). But the blot results 

indicate surface expression of TRPC1 chimeras in the membrane 

and together with the FRET data, we can conclude that TRPC1 

chimeras and TRPC4 form a heteromeric complex at the membrane 

surface, as it is with wild type TRPC1 and TRPC4. 



 

 ５２ 

 

Figure 31. Representative image of HEK293 cell co-expressing 

fluorescent-tagged TRPC4 and TRPC1 chimera. TRPC4 (CFP) and TRPC1 

chimera 1 (YFP) are co-localized at the cell membrane as punctae. 
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Figure 32. FRET efficiencies of fluorescent-tagged TRPC4 and TRPC1 

chimeras show that they form a heteromeric complex (n= 8 to 16). 

TRPC4-CFP coexpressed with YFP-TRPC1 was used as a positive 

control for FRET. CFP and YFP co-expressed as separate constructs was 

used as a negative control. The chimeras and the wild type show no 

significant difference. Data are presented as mean with SD and were 

analyzed using student’s t-test. 
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Figure 33. Surface biotinylation analysis of TRPC1 chimeras and wild type 

TRPC4. Regardless of co-expression with wild type TRPC4, TRPC1 

chimeras, along with wild type TRPC1 are found at the cell membrane of 

HEK293 cells.
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Figure 34. Ratios of surface to total amount of protein is non-significant in 

either TRPC4 positive or negative conditions (n=6 independent 

observations). Data are presented as mean with SD and analyzed using 

student’s t-test. *p<0.05 
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5. TRPC1C4 pore chimeras 1 and 2 show double rectifying I-V 

curves  
 

After confirming that the generated chimeras are able to 

form heteromers with the wild type TRPC4, electrophysiological 

experiments were performed to observe the change in the voltage 

dependency of the channels. Chimeras 1 and 2, where most of the 

pore region is substituted to that of TRPC4, showed a double 

rectifying I-V curve shape and G-V curves similar to that of a wild 

type TRPC4 homomer (Figure 35, 36). However, the conductance 

curve and the I-V curve of chimeras 3 and 4 differ from the other 

chimeras in terms of shape, indicating that the less similar the pore 

gets from TRPC4, the more it deviates from the standard double 

rectifying curve we see in TRPC4 wild type channels (Figure 37, 

38).  
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Figure 35. Full trace, I-V curve and G-V curves of TRPC1 chimera 1 co-

expressed with wild type TRPC4 from whole-cell patch clamp recording. 

Substituting the pore region of chimera 1 produces a double rectifying I-V 

curve similar to that of wild type homomer.  
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Figure 36. Full trace, I-V curve and G-V curves of TRPC1 chimera 2 co-

expressed with wild type TRPC4 from whole-cell patch clamp recording. 

Substituting the pore region of chimera 2 produces a double rectifying I-V 

curve similar to that of wild type homomer.  
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Figure 37. Full trace, I-V curve and G-V curves of TRPC1 chimera 3 co-

expressed with wild type TRPC4 from whole-cell patch clamp recording. 

Substituting the pore region of chimera 3 produces an I-V curve shape 

deviating from the double rectifying shape of wild type homomer, 

indicating the shift is determined by the regions between chimeras 2 and 3.  
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Figure 38. Full trace, I-V curve and G-V curves of TRPC1 chimera 4 co-

expressed with wild type TRPC4 from whole-cell patch clamp recording. 

Substituting the pore region of chimera 4 produces an I-V curve shape 

further deviating from the double rectifying shape of wild type homomer, 

indicating that as the chimeras get more similar to wild type TRPC1, the 

more I-V curve loses its double rectifying shape of the wild type 

homomer.  
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Slopes A, B, and C were also compared in all G-V curves of 

the chimeras and mutants. For slope A, chimera 3 (-0.0015±

0.00079) and chimera 4 (-0.00049±0.00074) were significantly 

different from wild type homomer (0.0036±0.00047) (Figure 39). 

For slope B, wild type heteromer (0.0026±0.0026), chimera 3 

(0.0099±0.00074) and chimera 4 (0.0085±0.00042) were 

significantly different from wild type homomer (-0.016±0.0035), 

again demonstrating how chimeras 3 and 4 deviate away from the 

typical N-shaped conductance pattern of a wild type homomer 

(Figure 40). For slope C, wild type heteromer (0.0014±0.0019), 

chimera 3 (0.0045±0.0017), chimera 4 (0.0065±0.0030), S600G 

(0.0046±0.0033), H603N (0.0051±0.0036), V642I (0.0070±

0.0035) and H646N (0.0086±0.0026) were significantly different 

from wild type homomer (0.013±0.0010), indicating that these 

mutants and chimeras are similar to wild type heteromer in terms of 

its characteristics (Figure 41). In slope analysis, slope B and C 

seems to be a good index to distinguish the homomer type from the 

heteromer type. 
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Figure 39. Comparison of the slope value A from wild type homomer, 

heteromer, TRPC1 mutants and chimeras. Differences in the G-V curves 

of chimeras 3 and 4 compared to wild type are highlighted by comparison 

of slopes A calculated from the G-V curves. Chimeras 3 and 4 show a 

significantly decreased value of slope A compared to wild type. Data are 

presented as mean with SD and analyzed using one-way ANOVA and 

Tukey’s test. *p<0.05 
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Figure 40. Comparison of the slope value B from wild type homomer, 

heteromer, TRPC1 mutants and chimeras. Differences in the G-V curves 

of chimeras 3 and 4 compared to wild type are highlighted by comparison 

of slopes B calculated from the G-V curves. Wild type heteromer and 

chimeras 3 and 4 show a significantly increased value of slope B compared 

to wild type homomer.  
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Figure 41. Comparison of the slope value C from wild type homomer, 

heteromer, TRPC1 mutants and chimeras. Similarity in the G-V curves of 

chimeras 1 and 2 compared to wild type homomer are highlighted by 

comparison of slopes C calculated from the G-V curves. All chimeras and 

mutants, except for chimeras 1 and 2, show decreased slope C value 

compared to wild type homomer.  
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TRPC1 single mutants and chimeras did not show significant 

current size changes compared to wild type, according to whole cell 

patch clamp analysis in HEK293 cells (Figure 42). In our previous 

studies, the ratio of current sizes at +25 mV and -60 mV, termed 

“rectification factor,” was used to characterize the I-V shape and 

rectification of the TRPC1/4 heteromer channels (15). The chimeric 

channels 1 and 2 with the TRPC4 pores showed a significantly 

lower ratio (0.091 ± 0.020, n=6, 0.11 ± 0.049, n=6, 0.14 ± 

0.062, n=10 for wild type TRPC4, chimera 1 and chimera 2) 

indicating a bigger inward current at negative membrane potentials 

and a block at slightly positive membrane potentials, resembling 

that of a TRPC4 wild type channel (Figure 43).  
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Figure 42. TRPC1 mutants’ (co-expressed with TRPC4) current sizes at 

-60 mV show no significant differences among different mutants (n= 6 to 

10). Data are presented as mean with SD and analyzed using one-way 

ANOVA and Tukey’s test. *p<0.05 
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Figure 43. Ratios of current sizes at +25 mV and -60 mV that we termed 

as “rectification factor” are shown. Quadruple mutant, chimera 1 and 2 

rectification factors are not significantly different from the wild type 

homomeric TRPC4, whereas other mutants and TRPC1/4 wild type 

heteromer have significantly higher ratios (n= 6 to 10). Data are 

presented as mean with SD and analyzed using one-way ANOVA and 

Tukey’s test. *p<0.05 
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 4. Discussion 
 

 

TRPC4 pore residues and calcium permeability 

Here, we suggest that the pore residues of TRPC4 are 

important in calcium permeation, and we can reduce calcium 

permeability of the channel by switching these residues to that of 

TRPC1 identity. TRPC1 has been known to regulate calcium 

permeability in heteromeric channels, and decreased selectivity for 

calcium has been observed in previous studies (17). At first sight, 

the selectivity filter seems responsible for calcium permeability, 

particularly the S600 residue which resembles the serine residue in 

the bacterial voltage gated Na+ channel NavRh (47, 48). Unlike the 

glycine in TRPC4, the serine residue with its hydroxyl group side 

chain may hinder the ion permeation path, and simulations in the 

voltage gated Na+
 channel have shown that calcium permeation is 

energetically disfavored (48). Here in this study, we suggest that 

N580 and the lower gate residues are the candidate residues for 

affecting calcium permeability. GCaMP6s is a useful tool in that it 

reflects calcium permeability through TRPC4 channels, but not 

cytosolic increase of calcium as a whole. Measuring calcium 

concentration near channels is important in that it can potentiate 

TRPC4 channel directly, or play a role in calcium-induced calcium 

release (CICR) to further activate TRPC4 channels (32). As 

mentioned by others, V642 and H646 in TRPC1 (or I617 and N621 

inTRPC4) is the most restricting region going down the pore axis 

(Figure 3) (34, 47). Changing these residues in TRPC4 to that of 

TRPC1 do not necessarily change the size of the current but do 

show a dramatic decrease in calcium permeability, suggesting that 
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selectivity for calcium is being affected (Figure 10). This is not 

ruling out the fact that the selectivity filter is important but also 

suggesting another means of controlling ion permeability in a 

heteromeric context. Also, changing the selectivity filter residue 

N580 to histidine decreased calcium permeability as shown in our 

results (0.82±0.15, and 0.33±0.10, wild type TRPC4 and N580 

mutant, respectively) (Figure 12). To sum up our findings, mutation 

to a corresponding TRPC1 residue changed the channel ’ s 

permeability to calcium according to the GCaMP6s fluorescence 

responses, and it emphasizes the versatility of TRPC1 containing 

heteromeric channels in controlling calcium permeability of the cell.    

TRPC1 has been shown to control calcium release from the 

endoplasmic reticulum (ER) as well (16). It is worth noting that 

coexpression of TRPC4 or TRPC5 localizes TRPC1 at the cell 

membrane as a heteromer, which acts as a receptor operated 

channel (16). Such spatial dislocation via TRPC4 or TRPC5 may 

interfere with TRPC1’s activity at the ER which may mediate store 

operated calcium entry, and affect calcium dynamics of the cell.  

 

 

TRPC4 selectivity filter mutants show altered conductance pattern 

G-V curve analysis shows that mutations in the selectivity 

filter residues change the conductance pattern of the channel 

(Figure 14, 15). The GN/SH double mutant shows a G-V curve 

shape significantly deviating away from the observed N-shaped 

curve of the wild type homomeric TRPC4 channel (Figure 18). The 

significant difference in the slope value B suggests an increase in 

conductance in the depolarizing region, and this difference is again 

highlighted when the minimum values of the G-V curves are 
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compared with wild type (Figure 23, 25). Such increase in minimum 

conductance values in the outward rectifying region may lead to 

decreased excitability of the cell in a physiological context. 

 

S6 region of the TRPC1/4 heteromer controls outward rectification 

The most striking difference we see between the TRPC1/4 

heteromeric channel and other homomeric channels of TRPC4 or 

TRPC5 is the outward-rectifying IV curve. In our experiments, we 

tried to mimic the homomeric double rectifying current using single 

mutants of the most restricting pore residues and pore chimeras of 

TRPC1 and found that the single mutants are not sufficient to 

change the I-V curve, but the pore chimeras were able to generate 

curves similar to that of homomeric channels. It is critical to point 

out that the transition from a heteromeric I-V curve to a 

homomeric I-V curve starts from chimera 2, where the selectivity 

filter and the S6 helix without the lower gate residues are changed 

to that of TRPC4. When only the selectivity filter is changed in 

chimera 3, we see an I-V curve somewhat in between a 

heteromeric channel and a homomeric channel, and when even less 

residues are changed in chimera 4 (only residues S600 to H603), 

the I-V shape barely changes from the initial heteromeric I-V 

curve (Figure 37, 38). This seems to indicate that the S6 region is 

the important pore region that is controlling the shape of the 

outward-rectifying I-V curve in heteromeric channels. Contrary to 

our predictions, the selectivity filter nor the lower gate residues by 

themselves do not have an effect on this change in I-V curve.  

 The change in the I-V curve has great significance in that 

we see the most change in current size within the physiological 

range of voltage. At -60 mV, which is a resting membrane potential 
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for most of the excitable cells, the heteromeric TRPC1/4 channels 

show minimal inward current. Because these channels are mainly 

outward rectifying, presence of heteromeric channels in the 

membrane may be more responsible towards the hyperpolarizing 

end and render the cell less inclined to excitation via depolarization. 

The most striking difference that we see and perhaps the most 

important, is the fact that the outward current that was once 

blocked in the homomeric TRPC4 current is now visible in the 

heteromeric TRPC1/4 channels. Within this physiological range of 

membrane potential (0 to +40 mV), TRPC4 homomeric channels do 

not pass any current during what may be seen as a depolarizing 

event. But outward current is observed in TRPC1/4 heteromeric 

channels under the same conditions, suggesting that the presence 

and number of these channels may play a role in fine-tuning the 

excitability of the cell.  

 Such relief in the 0 to +40 mV range resembles the study in 

TRPC5 where a similar current block, likely due to a magnesium-

induced block, is lifted with a cytosolic aspartate mutation 

(D633)(49). It also resembles the case with the polyamine 

spermine-induced block in TRPC4 governed by the residues in the 

C-terminal cluster (50). In addition, Obukhov and Nowycky 

describes that there may be additional structural differences 

besides D633 (N670 in TRPC1) that is responsible for the outward 

rectifying I-V curve in TRPC1/5 heteromeric channels, as mutating 

N670 to aspartate in TRPC1 by itself did not yield significant 

changes in the I-V curve. Considering the close homology between 

TRPC4 and TRPC5, we propose that other structural differences lie 

within the pore region of the channel.  
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Limitations and future directions of the study 

 It is possible that the mutations themselves acting as loss-

of-function mutations, and not the effect of substitution, be the 

cause of change in calcium permeability or the I-V curve. To rule 

out this possibility, further experiments where we compare the 

substitution mutations with alanine mutations may be needed. 

Because we base our assumptions on the properties of amino acids, 

substitution to other residues with similar moiety (asparagine to 

arginine or lysine in place of histidine mutation) could also be made 

for comparison and consolidation of the roles of these residues.  

 

The search for molecular and structural determinants critical for 

heteromer research 

 In summary, switching the identity of the pore residues from 

TRPC4 to TRPC1 can control calcium permeability, and the shape of 

the I-V curve depend on these pore residues (Figure 44, 45). 

Characterizing heteromers has been a challenge due to lack of 

structural studies, and here we hint at possible methods for 

studying heteromers along with the regions that are crucial in 

maintaining the characteristics of the channel, hoping to shed some 

light in the yet unknown area of heteromer research.  
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Figure 44. The graphical abstract showing how the pore region changes 

the TRPC1/4 heteromer’s channel properties. The lower gate of the 

TRPC1/4 heteromer affects calcium permeability and the S6 helix is 

responsible for the shape of the channel’s I-V curve. 
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Figure 45. The graphical abstract showing how the pore region affects 

TRPC4 homomer’s channel properties. The lower gate and N580 of the 

TRPC4 homomer affects calcium permeability and the selectivity filter is 

responsible for the upward shift in Mg2+ induced plateau in the I-V curve. 
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Abstract 

  

 TRPC1과 TRPC4는 같은 TRPC채널과에 속해있는 단백질로, 둘

은 함께 결합하여 헤테로사량체를 만들 수 있는 것으로 알려져 있

다. TRPC4는 자체적으로 호모사량체 비선택적 양이온 채널을 만

들 수 있으나, TRPC1가 포함되면 이온통로의 주요 성질들이 변하

게 된다. 본 연구에서는 채널의 통로 부분(선택성 필터, pore 

helix, S6 helix)의 아미노산 잔기가 TRPC1/4 이형복합체 이온통

로의 성질을 결정한다고 예상하고, 키메라와 돌연변이를 통해 이

온통로의 칼슘 투과도와 I-V 관계의 변화를 관찰하였다. 비슷한 

아미노산 서열을 갖고 있는 TRPC4와 TRPC5의 구조가 최근에 

밝혀져 pore를 구성하는 아미노산들이 알려졌다. 이를 근거로 

TRPC1의 pore를 구성할 것으로 예상되는 아미노산들을 찾아내어 

이를 집중적으로 연구하였다. 선택성 필터와 S6 lower gate의 기

능도 비교해보기 위해 여러가지 키메라들을 만들어 실험을 진행하

였다. TRPC4와 이형복합체의 키메라와 변이체의 전류를 whole-

cell 패치클램프를 사용해 측정하고, GCaMP6s 형광을 사용하여 

칼슘 투과도를 측정하였을 때, lower gate의 변이체들 (I617V와 

N621H)은 감소한 칼슘 투과도를 보이는 것으로 확인되었다. 반

면에 선택성 필터 변이체들(G577S와 N580H)은 칼슘투과도를 

보였고 G577S 변이체는 정상과 별차이가 없이 칼슘이 잘 통과하

였고 N580H는 정상보다는 칼슘투과도가 감소하였다. Outward-

rectifying I-V 그래프를 만드는 통로 부위를 살펴보기 위해 

TRPC1의 여러 통로 부위를 TRPC4로 치환한 키메라 이온통로들

을 제작하였고, whole-cell 패치클램프를 통해 S6 helix가 I-V 
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그래프의 모양을 바꾸는 것으로 확인할 수 있었다. 이를 통해 

TRPC1/4 이형복합체의 pore region이 이온통로의 특성에 관여하

는 것을 알 수 있었고, 특히 이온선택성에 선택성 필터가 주된 역

할을 한다고 알려져 왔지만 S6 lower gate 영역도 칼슘투과도에 

관여하였다. 최근에 gate와 관련해서 S6 lower gate이외에 선택성 

필터도 관여한다고 인정되는 것과 유사하게 이온투과도도 선택성 

필터만 관여하는 것이 아니라 S6를 포함하여 이온통과부위 내측

벽 잔기들의 복잡한 작용으로 일어난다고 볼 수 있다. 이는 앞으

로의 TRPC1/4뿐 아닌 다른 이형복합체 연구에도 도움이 될 것으

로 예상된다.  

 

키워드: TRPC4, TRPC1, TRP 이형복합체, 이온통로 
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