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Abstract 

 
TRPC channels are calcium permeable, non-selective cation channels that 

are widely distributed in tissues. Among 7 TRPC subtypes, TRPC1 and TRPC4 

are found to have an ion channel function while forming heteromeric channels, 

and also show a voltage dependency that is comparatively different from that of 

a TRPC4/4 homomeric channel. A Cryo-EM structure of TRPC4 has shown 

that G577 and N580 are key residues of the extracellular selectivity filter. 

In addition, Ile617 and Asn621 at the bottom of S6 defining a lower gate are 

inferred to regulate opening of the channel. However, actual functional tests 

have not been conducted yet. With such recent findings of the structure of 

TRPC4, we hypothesize that mutations within this pore region may possibly lead 

to findings of a critical region. 

Four pore-lining residues of TRPC4 (G, N, I, and N) were mutated 

into structural counterparts of TRPC1 (S, H, V, and H) by site-directed 

mutagenesis, and were confirmed by sequencing. We measured 

whole-cell currents of those mutants to verify any effect of such 

mutation in current-voltage (I-V) relationship or conductance of the 

channels. The activation of the TRPC4 channel was investigated by 

stimulating with Englerin A, GTP𝑦S  and Gi2QL. In G577S mutant, the 

response to EA was observed while the response to G protein 

stimulators was not. In addition, the voltage dependency of the mutants 

G577S and N580H was also observed to be different from what is 

expected in TRPC4 channel. The results observed from these mutations 

were not simple, but they were observed to provide a basis of further 

insights into the correlation between the molecular structure and 

function of TRPC4.  
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Introduction 

 

Transient receptor potential (TRP) channels are calcium 

permeable, non-selective cation channels whose expression has 

diverse expression profile in mammalian tissue and physiological 

implication. As these channels are known to consist of seven group 

members, they are also grouped into subgroups based on amino 

acid homology; TRPC4 and 5 are grouped with TRPC1 while 

TRPC3, 6, 7 are grouped as the other with similar stimulation 

processes [1, 2]. The expression of TRPC1 is widely distributed in 

mammalian cells. However, TRPC4 and 5 are expressed rather 

locally in brain [3, 4], ovary [5. 6], gastrointestinal tract [7] and 

ventricular myocytes [8]. Because there are expression pattern and 

potential heteromerization that are overlapping, the composition of 

the channels in the plasma membrane of native tissue is found to 

be heterogeneous, such as TRPC1/4, TRPC1/5, TRPC4/4, and 

TRPC5/5. 

TRPC1, 4, 5 channels can form homotetrameric channels 

(TRPC4/4 or TRPC5/5) as well  as heterotetrameric channels 

(TRPC1/4, TRPC1/5), which lead to various results that have been reported [9, 

10]. One study so far represented specific domains responsible 

for heteromerization process of TRPC1/4 and TRPC1/5 channels. 

Using FRET method and electrophysiological recording with various 

truncation mutants, the paper suggested that 700-728 residue 

(connecting-helix) of TRPC4  and  707-735  residue 

(connecting-helix) of TRPC5 are important in heteromerization 

with TRPC1 [11]. Topologic analysis based on sequence 

alignment and Cryo-EM  structure  of TRPC4 and TRPC5 

suggests that both regions of TRPC1 correspond to putative 

connecting-helix of TRPC1 channel. 

TRPC1 plays a tricky role in channel field of TRPC1/4/5 
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subfamily. First, TRPC1 acts as a negative regulator for TRPC4/5. In 

neurodegenerative disease like Huntington’s disease (HD) and 

Parkinson’ disease (PD), TRPC1 protects neuronal cell death by 

reducing Ca2+ influx [12]. Following this hypothesis, a larger effect 

of TRPC1 knockout on cellular activity occurs in HD and PD than 

TRPC heteromer knock-out. Interestingly, TRPC1 depletion 

induced double-rectifying I-V curve in synovial sarcoma cells 

[13]. Second, TRPC1 acts as a positive regulator for Na+ influx 

through TRPC channels to induce cell death in A498 and HS578T 

cells [14]. Lastly, in many cases, TRPC1/4 and TRPC1/5 

heteromers contribute to cell excitability by depolarizing the 

membrane potentials in neurons [15-17]. It is rather surprising 

though, that the effect of homomeric knockout (TRPC4 or TRPC5) 

and heteromeric double knockout (TRPC1/4 or TRPC1/5) are similar 

in terms of neuronal activity. 

The alignment of TRPC4 pore structure has shown that the 

side chains of G577 form a narrow constriction at the selectivity 

filter. And though its selectivity filter is to be slightly open, the 

ion conduction pathway is restricted at its cytoplasmic interface, 

with Ile627, Asn621, and Gln625 at the bottom of S6 defining a 

lower gate. As there are gaps between these amino acid residues 

in the narrowest point of the structure, some clues to ion selectivity 

can be studied, and we can propose that mutations within this pore 

region may possibly lead to changes in ion permeability. 

In our studies, we investigated the regulation region of 

TRPC4, G577, N580, I617 and N621 by substituting them with 

corresponding residues of TRPC1 (Fig. 1), and electrophysiological 

studies were performed to verity that the mutated constructs of 

TRPC4 retained sensitivity to channel activator Englerin A, while 

showing I-V curves that are characteristic to the channel. All 

four mutants showed a typical double rectifying I-V curve for 
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TRPC4, which is typical for TRPC1/4 channel. To further 

investigated whether physiological signaling pathways can induce 

calcium increase through TRPC4 channels. 
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Materials and methods 

 

Cell culture and transient transfection 
 

cDNA clones-Human embryonic kidney (HEK293) cells (ATCC, 

Manassas, VA) were maintained according to the supplier's rec 

ommendations. HEK293 cells were incubated in Dulbecco's Modi-

fied Eagle's Medium (DMEM) supplemented with 10% heat-

inactivated FBS and penicillin (100 U/ml), streptomycin (100 mg/ 

ml) at 37℃ 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 

orYFP) tagged TRPC4 and TRPC1 were transfection in this way. 

The next day we performed electrophysiology or FRET experiments. 

 

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. Cells were left for 10 to 15 min to 

attach to coverslips. Whole cell currents were recorded using an 

Axopatch 200B amplifier (Axon instruments). Patch pipettes were 

made from borosilicate glass and had resistance of MU when filled 

with normal intracellular solutions. Bath solution was changed from 

Normal Tyrode (NT) to Cs b rich external solution after whole cell 

recording system 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 
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than NaCl and KCl. The internal solution contained 140 mM CsCl, 10 

mM HEPES, 0.2 mM Tris-guanosine 50-triphospate, 0.5 mM EGTA, 

and 3 mM Mg-adenosine 50-triphosphate with a pH that was 

adjusted to 7.3 with CsOH. We used 0.2 mM guanosine (GTPgS) 

that was purchased from Sigma. Voltage ramp pulse was applied 

from -100mV to +100mV for 500 ms at -60mV holding potential. 

Experiments were performed at room temperature. The recording 

chamber was continuously perfused at a flow rate of 1 to 2 ml/min. 

 
Solution and drugs 

 

For all TRPC channel recordings, physiological salt solution containing 

135 mm NaCl, 5 mm KCl, 2 mm CaCl2, 1 mm MgCl2, 10 mm glucose, 

and 10 mm HEPES. The pH was adjusted to 7.4 using NaOH. Cs+ rich 

external solution was prepared by replacing NaCl and KCl with 

equimolar CsCl. The pipette solution contained 140 mm CsCl. 10 mm 

HEPES, 0.2 mm Tris-GTP, 0.5 mm EGTA, and 3 mm Mg-ATP. The 

pH was adjusted to 7.3 with CsOH. Perfuss toxin was purchased from 

Calbiochem (La Jolla, CA), and carbachol, HEPES, and GTPγS were 

purchased from Sigma. 

 
Surface Biotinylation 

 

PBS washed cells were incubated in 0.5 mg/ml sulfo-NHS-LC-

biotin (Pierce) 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 1:1 slurry of immobilized avidin beads (Pierce) were 

added to 300 ul of cell lysates (500 ug of protein). After incubation 

for 1h at room temperature, beads were washed three times with 

0.5% Triton-X-100 in PBS, and proteins were extracted in sample 

buffer. Collected proteins were then analyzed by Western blot. 
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Results 

 

The distribution of TRPC4 mutant channel and its function 
 

To identify the TRPC4 regions involved in channel assembly, we 

first generated single mutants of TRPC4 residues, G577, N580, I617 

and N621 with corresponding residues of TRPC1 and double, a 

quadruple mutant as well. Among 7 TRPC subtypes, TRPC1 and TRPC4 

are found to form heteromeric channels, and a Cryo-EM structure of 

TRPC4 has shown that G577 and N580 are key residues of the 

extracellular selectivity filter. Even though the selectivity filter is slightly 

open, the ion conduction pathway is further restricted at its cytoplasmic 

interface, with Ile617 and Asn621 at the bottom of S6 defining a lower 

gate. With such recent findings of the structure of TRPC4, we hypothesize 

that mutations within this pore region may possibly lead to findings of a 

critical region. This feature was initially anticipated from sequence 

similarities to other voltage-gated channel structures and a predicted 

membrane topology featuring six prominent transmembrane helical 

segments engulfing a short pore loop helix element [22]. Unfortunately, 

the conformation of an open TRPC channel has not been resolved yet and 

the structures of TRPC1 and TRPC7 are still missing. Homology models 

indicate functionally relevant differences in residues lining the selectivity 

filter when compared to all other TRPCs. TRPC1 is supposedly an 

important role in native heteromeric TRPC channels that feature appreciable 

Ca2+ permeability. Thus, we used a swiss-model [23] to find the pore-

lining residues of TRPC4 with the structural counterparts of TRPC1. 

(Figure 1) 

Four pore-lining residues of TRPC4 (G, N, I, and N) were 

mutated into structural counterparts of TRPC1 (S, H, V, and H) 

by site-directed mutagenesis, and were confirmed by sequencing. 
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We measured whole-cell currents of those mutants to verify any 

effect of such mutation in current-voltage (I-V) relationship of 

the channels. 

The I-V curves of TRPC4 homomeric channels that are 

expressed in the plasma membrane independently show a double 

rectifying shape with a reversal potential at 0 mV. In contrary, 

the TRPC1 channel is not expressed at the plasma membrane and 

does not show any current even when exposed to various stimuli or 

when mutated. We then created a fluorescence-tagged TRPC4 

mutant channel construct and determined the cellular distribution 

and the electrophysiological channel activity. The fluorescence-

tagged TRPC4 mutants was located at the plasma membrane with 

punctate distribution and measured the surface level using surface 

biotinylation (Figure 2). 

Then,  electrophysiological  studies  were  performed  to 

verify that the mutated quadruple construct of TRPC4 retained 

sensitivity to channel activator englerin A, while showing I-V curve 

shapes that are characteristic to the heteromeric channel TRPC1/4, 

which are outwardly-rectifying curves (Figure 3). In our hands, the 

quadruple mutant maintained an I-V curve shape that is different 

from that of the wild type, when induced by englerin A (Figure 4A). 

However, when the quadruple mutant was induced by intracellular 

G-protein activators, GTPγS and Gαi2QL, the current was observed 

to have decreased as well as the conductance curve (Figure 4B, 

C). Compared to the characteristics of the wild type TRPC4, those 

of the quadruple mutant was observed to have different I-V curve 

shape as well as the conductance. 
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Figure 1. Overall structure of selected residues of TRPC4 and 

membrane expression of TRPC4 mutant 

The pore-lining residues of TRPC4 with the structural counterparts of TRPC1 

using a Swiss-model. 
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Figure 2. Surface biotinylation of hTRPC4βGNIN→SHVH
 

Western blot of surface biotinylated mutants of TRPC4 to confirm the surface 

expression quantitatively. All mutants of TRPC4b were present at the plasma 

membrane. 
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A. 
 

 

Figure 3. Representative full trace, I-V curve and conductance 
of TRPC4 wild type. 
TRPC4 wild type was expressed in HEK293 cells induced by A) Englerin 

A, B) GTPyS, and C) Gai2QL. The left columm shows the full trace, the 

middle I-V curves, and the right conductance data from a patch-

clamp recording with a holding potential of -60mV. 
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A. 
 

 

Figure 4. The quadruple mutant GNIN/SHVH of pore residue 

produced different I-V curve characteristics of TRPC4 with 

different stimulators 

The quadruple mutant was applied by A) Englerin A, B) GTPyS, and C) 

Gai2QL. 
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The selectivity filter mutant abolishes channel activation by G 

proteins 

 
The four selected residues can be divided into two regions, 

selectivity filter and the lower gate; and we hypothesized that these 

two regions may possibly have different characteristics. We 

generated the selectivity filter double mutant GN/SH and the lower 

gate double mutant IN/VH double and tested the effect of the 

agonist Englerin A and G protein stimulators to find any 

characteristic to the I-V curve shapes. In the double mutant GN/SH, 

the extracellular agonist Englerin A produced double rectifying I-V 

curve shapes (Figure 5A), while the intracellular G-protein 

activators GTPγS and Gαi2QL abolished the current and the 

conductance (Figure 5B, C). In the double mutant IN/VH, the 

characteristics of the mutant were shown to be different, while it 

had the same double rectifying I-V curve and the conductance 

shape when induced by Englerin A (Figure 6A). In this mutant, both 

G-protein activators produced I-V currents above 2 nA, but inward 

currents were observed to increase with negative voltage (Figure 

6B, C). There has been a study where a change in the pore contour 

by a different pH induced an activation, a conformational change 

as well as the conductance change. Based on such that voltage 

dependency can be changed, we hypothesized that the I-V curve 

shapes can be affected as well. 
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A. 
 

Figure 5. The channel activation by G-proteins is abolished in the 
selectivity filter double mutant, GN/SH. 
The double mutant was applied by A) Englerin A and showed I-V and 

conductance curve that are characteristic to TRPC4/4 homomeric 

channel. However, when applied by G protein activators, B) GTPyS and 

C) Gai2QL, the I-V and conductance curve are observed to have been 

abolished. 
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A. 
 

 

 
Figure 6. The I-V and conductance curve of the lower gate 
double mutant are changed. 
The double mutant was applied by A) Englerin A and showed I-V and 

conductance curve that are characteristic to TRPC4/4 homomeric 

channel. However, when applied by G protein activators, B) GTPyS and 

C) Gai2QL, the I-V and conductance curve are observed to be different. 

The inward current is increased by the negative voltage by both G-

protein activators. 
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The single mutant of each pore residue changes the I-V curve 

characteristics of TRPC4. 

Since our studies have shown that TRPC4 quadruple and 

double mutants produced different characteristics in the I-V curve 

shapes and the conductance, we tested each single mutant to see 

find a specific pore residue that may produce a critical finding. 

When Englerin A was applied, all four single mutants 

produced currents similar to TRPC4/4 homomeric channel, that are 

double-rectifying (Figure 7). The current size was also observed to 

be similar to the one of the wild type. Especially in the single mutant 

N621H, an I-V curve shape that was dominant in the lower gate 

double mutant was observed as well. The single mutants were 

tested with G-protein activators as well. When induced by GTPγS, 

single mutants G577S and N580H were not able to produce any I-

V curve shapes that were characteristically different, while the lower 

gate pore residues I617V and N621H produced I-V curve shapes 

that are observed to be similar to TRPC4/4 homomeric channel 

(Figure 8). Interestingly, the single mutant N621H were again shown 

with the inward current that increases with negative voltage, which 

was observed when induced by Englerin A. The I-V curve shapes 

and the conductance were shown to be similar in the single 

mutants when induced by Gαi2QL, except the single mutant G577S. 

While it had produced no current that was characteristically different 

when induced by GTPγS, it produced a current that can be 

observed as double-rectifying (Figure 9). Here, we observed that 

the agonist Englerin A produced characteristics that were 

consistent in all four single mutants. However, when G-protein 

activators were applied, the characteristics were observed to be 

different depending on the 
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region of the residues. The residues in the lower gate successfully 

produced I-V curve shapes as well as the conductance. However, 

there was difficulty producing similar results from the residues in 

the selectivity filter, though the single mutant G577S produced a 

small double rectifying I-V curve shape when induced by Gαi2QL. 

Taken together, we conclude that there are different physiological 

characteristics of TRPC4 in each single mutant. 
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A. 
 

Figure 7. The single mutants each show different 
characteristics of TRPC4 when induced by Englerin-A. 
The single mutant was applied by Englerin A and showed I-V and 

conductance curve that are similar to the characteristic to TRPC4/4 

homomeric channel. However, in N621H, a different curve is observed. 
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A. 
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Figure 8. The single mutants each show different characteristics 
of TRPC4, depending on its region when induced by GTPγS. 
The single mutant was applied by GTPγS intracellularly. The single 

mutants of selectivity filter and lower gate were observed to produce 

different characteristics. 
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A. 

 

 

 

 

B. 

 

 

 

 
C. 

 

 

 

 
D. 

 

 

 

 
 

 

Figure 9. The single mutants each show different characteristics 

of TRPC4, depending on its region when induced by Gαi2QL.  

 
The quantitative data summarizes the amplitude of activated TRPC4 

mutant currents activated by Englerin-A, GTPγS and Gαi2QL. Current 

density is represented by maximal current peaks at -60mV. 
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Figure 10. The quantitative data of TRPC4 mutants 

 
The quantitative data summarizes the amplitude of activated TRPC4 

mutant currents activated by Englerin-A, GTPγS and Gαi2QL. Current 

density is represented by maximal current peaks at -60mV. 
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Discussion 

TRPC4 is a non-selective cation channel [27] that has an 

electrophysiological characteristic of double rectifying I-V curve, which 

allows ions to permeate both inward and outwards [5]. On the other hand, 

TRPC4 can also form a heteromeric channel with TRPC1 [11], and the I-

V curve of the TRPC1/4 heteromer is measured by changing the inward 

current to decrease and the outward current to increase [2]. We conducted 

our studies to structurally elucidate this difference and perform functional 

verification through mutation at various pore-lining residues that may have 

potential. 

We tried to confirm the structural difference of the ion pores as a 

cause of the changes in the current tendency of the heteromer, as it was 

reported by Duan et al. [26] that there are differences between pore 

residues according to its molecular structure. In this paper, as reported 

in other TRP structure reports [29], the entire pore is divided into 

selectivity filter and the lower gate. And S603, H600, V642, H646 of TRPC1 

and G577, N580, I617, N621 residues were selected as critical residues. 

So, our experiments were conducted to see if these pore-lining residues 

could produce I-V and conductance characteristics that are not congruent 

with the TRPC4/4 homomeric channel by inducing with Englerin A and G-

protein activators, GTPγS and Gαi2QL [21]. 

In our data, Englerin-A had induced double rectifying I-V curve 

shapes in all mutants, except the quadruple mutant. We have hypothesized 

that the strong agonist in the extracellular site, Englerin-A [30] has the 

ability to open both the selectivity filter and the lower gate completely 

regardless of the mutation, which may not be physiological. Additionally, 

the activity by G protein induced only a small current size in the selectivity 

filter mutant, or sometimes showed no activity at all. Such results lead 

us to conclude that the activation mechanism by the G protein would have 

been somewhat difficult to structurally change the selectivity filter mutant. 

The pore residue we are particularly interested in is N612H. In TRPC4 wild 
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type, the conductance decreases at a negative charge close to -150mV 

(Fig. A), whereas in TRPC4 N621, the conductance increases by all 

activators. The size if the current is also measured to be much larger than 

that of the wild type (Fig 7D, 8D and 9D). Even between 0 to +20 mV, an 

outward current was seen, where the current was close to 0mV. And with 

such feature, an additional experiment that can observe the association 

with intracellular magnesium will be very helpful. 

The fundamental purpose our studies was to determine the 

difference in the influx between TRPC1 and TRPC4. In order to clearly find 

this, it is essential to study what type of I-V curve the co-expression of 

TRPC4 mutants can produce, and the I-V curve shape observed when the 

core residue of TRPC1 is replaced with TRPC4 will also need to be verified. 

Recently, there has been a study in Schewe et al. [25] that revealed how 

an ion channel can achieve unprecedented sensitivity to changes in 

transmembrane voltage without a canonical VSD and that this voltage 

sensitivity is common to nearly all K2P channels. And relatively, voltage 

gating mediated by the selectivity filter has also been reported in other 

ion channels as well [28]. Based on this, there can be an interesting find 

to compare and analyze between functions of G protein and selectivity 

filter in the future. 

Our study raised the possibility of a pore residue-dependent 

mechanism for the activity induced by chemical and physiological activators. 

The results of such study will serve as an opportunity to analyze the 

characteristics of the I-V curve that is observed like finger prints for each 

ion channel by grafting it will the pore contour, and will help elucidate the 

physical mechanism of TRPC1 that physiologically regulates TRPC4 

activity and ion influx. Furthermore, the interpretation of these structures 

may facilitate a rational chemical-based approach for the design of pore-

induced TRPC ligands as novel therapeutics to modulate causative 

molecules in ion channel pathopathy. 
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국문 초록 

 
TRPC4 이온통로의 통로 내벽 구성 아미노산 잔기의 

기능적 역할: G protein 의존적 활성화와 전압 

의존성에 대한 영향 

 
TRPC 채널은 여러 조직에 발현되는 비선택성 양이온통로이며 칼슘 투과성도 

있어서 생리적 기능이 주목받고 있다. 7개의 TRPC subtypes 중, TRPC1 과 TRPC4는 

이형접합체(heteromer)를 형성하면서 이온통로 기능을 가질 뿐만 아니라, TRPC4의 

동형접합체(homomer)와 다른 형태의 전압의존성을 보인다. TRPC4 의 Cryo-EM 

구조에서 통로 바깥에 가까운 내벽에 있는 G577과 N580이 이온 투과도에 결정적일 것이 

유추되었다. 또한, 통로 아래쪽 내벽에 있는 Ile716 과 Asn621 은 개폐를 조절할 것으로 

유추되었다. 하지만 이에 대한 실제 기능적 실험은 아직 이루어지지 않았다. 이들 

아미노산 잔기의 돌연변이 유도를 통해서 TRPC4의 특성을 결정하는데 중요한 구조적 

단서를 얻을 수 있기에 본 연구를 수행하였다. TRPC4 의 4개 pore-lining residues (G, 

N, I, N) TRPC1의 residue 대응물 (S, H, V, H) 로 돌연변이 시켰다. 이들에 대한 단일-

및 복합적 돌연변이들에 대한 전기생리학적 분석을 통해, 특히 단위면적 당 전류밀도 및 

전류-전압 (I-V) 관계를 분석하였다. TRPC4의 활성화를 Englerin-A 뿐만 아니라 GTPS 

와 Gi2QL 를 통한 자극과 비교하였다. G577S와 N580H 변이체에서는 EA에 대한 반응이 

나오면서도 지단백에 대한 반응이 사라지는 현상을 관찰하였다. 전도도막전압 의존성은 

G577S와 N580H 변이체에서 정상과는 다르게 특이한 모양이 관찰되었다. 이들 

돌연변이에서 얻은 결과들은 단순한 방향으로 나타나지는 않았지만, TRPC4의 

분자구조와 기능의 상관관계에 대한 통찰을 제공하는 근거가 되었다. 

 

주요어 : Englerin-A, TRP, TRPC4, TRPC1, Ion Channel, Heteromer 

Student Number : 2019-25289 


	Introduction 
	Materials and Methods
	Results 
	Figures.
	Discussion.
	Abstract in Korean.


<startpage>4
Introduction  4
Materials and Methods 7
Results  9
Figures. 11
Discussion. 24
Abstract in Korean. 31
</body>

