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Background: Gating mechanisms of TRPC channels are mostly unknown.
Results: Replacing the highly conserved glycine residue within the linker between transmembrane domains 4 and 5 by serine

renders TRPC4 and TRPC5 channels constitutively active.

Conclusion: TRPC channel opening seems to require similar constraints than the voltage-gated potassium channels.
Significance: Novel mechanistic insights into structural requirements of TRPC channel gating are provided.

TRPC4 and TRPC5 proteins share 65% amino acid sequence
identity and form Ca®*-permeable nonselective cation chan-
nels. They are activated by stimulation of receptors coupled to
the phosphoinositide signaling cascade. Replacing a conserved
glycine residue within the cytosolic S4-S5 linker of both pro-
teins by a serine residue forces the channels into an open con-
formation. Expression of the TRPC4ggy35 and TRPC545045
mutants causes cell death, which could be prevented by buffer-
ing the Ca®* of the culture medium. Current-voltage relation-
ships of the TRPC4 5435 and TRPC5;,,5 mutant ion chan-
nels resemble that of fully activated TRPC4 and TRPC5
wild-type channels, respectively. Modeling the structure of
the transmembrane domains and the pore region (S4-S6) of
TRPC4 predicts a conserved serine residue within the C-ter-
minal sequence of the predicted S6 helix as a potential inter-
action site. Introduction of a second mutation (S623A) into
TRPC4g5035 suppressed the constitutive activation and par-
tially rescued its function. These results indicate that the
S$4-S5 linker is a critical constituent of TRPC4/C5 channel
gating and that disturbance of its sequence allows channel
opening independent of any sensor domain.

TRPC? channels are in vivo coincidence detectors, which
integrate multiple signal transduction pathways originating
from the plasma membrane (1, 2). They provide specific trans-
membrane signaling pathways, shape the membrane potential,
and accomplish Ca>" entry. Thereby, they essentially trigger a
variety of functions in excitable and nonexcitable cells. Seven
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mammalian TRPC proteins (TRPC1-7) have been identified that
can be divided into three subgroups by amino acid sequence sim-
ilarity, C1/C4/C5 (41% sequence identity), C3/C6/C7 (69%
sequence identity), and C2. The TRPC proteins form tetra-
meric channels, which are activated after stimulation of G-pro-
tein-coupled receptors or receptor tyrosine kinases linked to
phospholipase Cf3 or -v, respectively.

The mammalian TRPC4 and TRPC5 proteins share 65%
sequence identity and were initially identified by their sequence
similarity with the Drosophila TRP protein (~40% sequence
identity), the founding member of the TRP superfamily of pro-
teins. TRPC4 is expressed in a broad range of tissues, includ-
ing brain, endothelium, and intestinal smooth muscle. In
smooth muscle cells, TRPC4 channels are gated by musca-
rinic acetylcholine receptors and contribute more than 80%
to the muscarinic receptor-induced cation current (mI. )
(3). In these cells, TRPC4 channels couple muscarinic recep-
tors to smooth muscle cell depolarization, voltage-activated
Ca”®" influx, and contraction, and thereby accelerate small
intestinal motility (3). TRPC5 is predominantly expressed in
the brain (4). Although channel properties are similar to
those of TRPC4, TRPC5 channels are cold-sensitive (5) and
can be activated by a variety of additional stimuli, including
a rise of cytosolic Ca** (6).

The predicted transmembrane topology indicates that TRPC
proteins structurally resemble voltage-gated K* channel pro-
teins, and the overall architecture of TRPC channels and volt-
age-gated K™ channels is presumably similar. However, their
structural relation is not close enough to build functional
hybrid channels (7). Nevertheless, like the voltage-gated K™
channel proteins, the TRPC proteins encompass six putative
transmembrane helices (S1-S6) (8). Their S1-S4 segments
form the sensor domain, and upon tetramerization their S5 and
S6 segments constitute a central ion-conducting pore (8). In
voltage-gated K" channels, the cytosolic S4—S5 linker connects
the S1-S4 helices to the S5—S6 pore. It triggers motion of the S6
helices to open or close the pore in response to voltage changes.
These voltage changes are detected by a typical voltage sensor
domain in S4 consisting of four negatively charged amino acid
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residues (9, 10). Along these lines, a state-dependent interac-
tion between the S4-S5 linker and a site in the S6 transmem-
brane segment has been suggested to stabilize the closed state
of the depolarization-activated Kv7.1 (KCNQ1) channel (11,
12) and the open state of hyperpolarization-activated potas-
sium channels like KAT1 (13) and HCN (14). Although TRP
channels lack the typical voltage sensor domain of voltage-ac-
tivated K™ channels in transmembrane segment S4, the open-
ing of TRPC4 and TRPC5 channels may require similar struc-
tural constraints. We identified a conserved glycine residue
within the S4 —S5 linkers of TRPC4 and TRPC5 being crucial in
this respect. Mutation of this glycine in either channel protein
to a serine keeps the channels in a constitutive open conforma-
tion. This “gain-of-function” mutation was partially rescued by
introducing a second mutation just C-terminal of the predicted
S6 helix. Our data indicate that the glycine residues at position
503 and 504 identified in the S4-S5 linker of TRPC4 and
TRPCS5, respectively, are crucial for keeping the channels in a
closed and gateable conformation.

EXPERIMENTAL PROCEDURES

Cells, Transfected cDNA, and Transfection—HEK-293 cells
(ATCC, CRL 1573) were obtained from the American Type
Culture Collection (ATCC, Manassas, VA); the Flp-In"-293
cells were from Invitrogen. HEK-293 cell lines stably expressing
the muscarinic acetylcholine receptor type 2 (M,R), TRPC4 (or
both) and TRPCS5, respectively, were described previously (15).
HEK-293 cells and/or HEK-293 M,R cells were transiently
transfected with 3 pg of ¢cDNA (TRPC4, TRPC4gsyss
TRPC4gso3a TRPClgsozmy TRPClgsosr, TRPClgsozs/sesas
TRPC55504sy and TRPC5g504c) in 5 ul of the PolyFect®
reagents (Qiagen, Hilden, Germany). To obtain the bicistronic
expression plasmids pdiTRPC4 and pdiTRPC5, the entire
coding regions of mouse TRPC4 (accession number
NM_016984.3) and mouse TRPC5 (accession number
NM_009428.2) were subcloned into the pCAGGS-IRES-GFP
vector downstream of the chicken B-actin promotor followed
by the consensus sequence for initiation of translation in verte-
brates; the stop codons are followed by an IRES and the green
fluorescent protein (GFP) cDNA. To generate stable inducible
Flp-In™" cell lines, the TRPC4gsoss and the TRPC5 4
cDNAs were subcloned into the pcDNAS5/FRT/TO vector. For
patch clamping and Ca*>" imaging, wild-type or stably M,R-
expressing HEK-293 cells were plated on glass coverslips 24 h
after transfection, and experiments were performed at indi-
cated times. HEK-293 cells stably expressing TRPC4 (with and
without the M, receptor) and TRPC5 and Flp-In"™-293 cells
expressing TRPC4555 or TRPC545,5 after induction in the
presence of tetracycline (10 ug/ml) were grown on glass cover-
slips and were used up to 48 h after plating or induction. All
cells, except after transient transfection of TRPC555.,5 (see
below), were grown in minimal essential medium containing
10% fetal calf serum.

Site-directed Mutagenesis—Mutagenesis was carried out
using the QuikChange™ site-directed mutagenesis kit (Strat-
agene, La Jolla, CA) as described previously. To generate the
point mutations, the TRPC4, TRPC5, and TRPC4 555 cDNAs
in pBluescriptSK— (Stratagene) were used as templates and the
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following primer pairs for PCR: TRPC4go5, 5'-GCC AAT
TCTCACCTGTCGCCT CTGCAGATATC-3" and 5 -GAT
ATC TGC AGA GGC GAC AGG TGA GAA TTG GC-3';
TRPC55504s 5'-AGC CCT CTG CAG ATC TCT TTG G-3’
and 5-TAA ATG GGA GTT GGC TGT GAA C-3;
TRPC55504c» 5'-TGC CCT CTG CAG ATC TCT TTG G-3’
and 5-TAA ATG GGA GTT GGC TGT GAA C-3;
TRPC4(ro35/5603a O -ATT ATT CAT CAT AGC AAT T-3'
and 5'-GCA TAC CAA CTA ATT GCC GAC CAT G-3';
TRPC4 o34, 5 -GCT CCT CTG CAG ATA TCT CTG GG-3'
and 5'-CAG GTG AGA ATT GGC AGT G-3'; TRPC4g50s:1,
5-CTG CCT CTG CAG ATA TCT CTG GG-3' and 5'-CAG
GTG AGA ATT GGC AGT G-3'; and TRPC4 5050, 5'-ATG
CCT CTG CAG ATA TCT CTG GG-3' and 5'-CAG GTG
AGA ATT GGC AGT G-3'. Amplified cDNAs were sub-
cloned into the pCAGGS-IRES-GFP vector (TRPC4ggpss,
TRPCAgso3a TRPChgsozmy TRPChgsos, TRPClgsozs/sesas
TRPC545045 and TRPC540,c), and the pcDNA5/FRT/TO
vector (TRPC4 o35 and TRPC5,5). All mutant cDNAs were
sequenced on both strands.

Cell Viability Assays—HEK-293 cells grown on coverslips
(2.5 cm) were transfected with TRPC5¢,5- IRES-GFP ¢cDNA
and cultured in minimal essential medium containing 10% fetal
calf serum in the absence and presence of 1.3, 1.7, 1.9, 2.1, 2.3,
and 2.5 mm EGTA buffering the free Ca®>" concentration (~2
mM in total) in the culture medium to 700, 301, 103, 3.2, 1, and
0.7 uM, respectively (calculated with WebMaxC). The number
of green fluorescent cells in 10 randomly chosen fields of view
(X10 magnification) were counted, averaged, and plotted ver-
sus the concentration of free Ca>" in the culture media. To
assess viability, Flp-In"™-293 cells expressing TRPC4 535 OF
TRPC55045 and HEK-293 cells transiently expressing the
TRPC4g5035/5623a- IRES-GFP cDNA were grown in cell culture
flasks in minimal essential medium containing 10% fetal calf
serum (with Ca®™) and split into 96-well plates. The cells were
counted using a flow cytometer (Guava EasyCyte 8HT) at indi-
cated time points after induction/transfection, and the percent-
age of living cells, detected as viable by the incubation with
Guava ViaCount reagent, was plotted versus time. To evaluate
the effect of the TRPC channel inhibitor SKF 96365 on viability,
the cells were grown for 48 h in the presence of the indicated
concentrations of SKF 96365 in the culture media and then
counted by the cytometer as above.

Western Blot Analysis—Lysates were prepared from HEK-
293 wild-type cells and the various TRPC4- and TRPC5-ex-
pressing HEK-293 and Flp-In™-293 cells. Cells were grown up
to 80-90% confluence on 3.5-cm dishes. After removing the
medium and washing in the presence of PBS, the cells were
lysed in the presence of 150 ul of Laemmli buffer. The proteins
of the lysate were denatured and subjected to 8% SDS-PAGE.
Proteins were transferred onto a nitrocellulose membrane and
probed with antibodies for TRPC4 and TRPC5 (in-house gen-
erated affinity-purified antibodies 1056 (mTRPC4) and 3B3-A5
(mTRPC5)). Proteins were detected using horseradish peroxi-
dase-coupled secondary antibodies and the Western Lightning
chemiluminescence reagent Plus (PerkinElmer Life Sciences).
Original scans were saved as TIFF files from LAS 3000 (Fuji-
film), which were further processed in Adobe Photoshop
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and/or CorelDraw. Images were cropped, resized proportion-
ally, and brought to the resolution required for publication.

Cell Surface Biotinylation—Nontransfected HEK-293 cells
and cells transiently expressing TRPC4 g5(35/56234 grOWn up to
80-90% confluency in 3.5-cm culture dishes were placed on ice
and washed twice with ice-cold phosphate-buffered saline
(PBS, pH 8) supplemented with 1 mm MgCl, and 0.5 mm CaCl,.
After incubation in the presence of sulfosuccinimidyl-6-(bioti-
namido) hexanoate (0.5 mg/ml) at 4 °C for 30 min, the dishes
were rinsed twice with PBS supplemented with 1 mm MgCl,,
0.5 mm CaCl,, and 0.1% bovine serum albumin and once with
PBS, pH 7.4. Cells were harvested in the presence of PBS sup-
plemented with 2 mm EGTA, centrifuged at 1000 X gat 4 °C for
5 min, resuspended in ice-cold PBS, pH 7.4, supplemented with
1% Triton X-100, 1 mm EDTA, and a mixture of protease inhib-
itors (lysis buffer), and incubated for 30 min at 4 °C. Cellular
debris was removed by centrifugation at 1000 X gand 4 °C for 5
min. Samples containing 600 ug of protein were incubated in
the presence of avidin-agarose beads (150 ul of suspension,
pre-equilibrated in lysis buffer) at 4 °C for 3 h. After centrifuga-
tion (1000 X g) at 4 °C for 5 min, the precipitated beads were
washed four times with lysis buffer supplemented with NaCl to
give a final concentration of 0.4 M NaCl. Proteins were eluted by
2X Laemmli buffer (60 wl), denatured (37 °C for 30 min), sep-
arated by SDS-PAGE, and thereafter blotted on nitrocellulose
membranes.

Homology Modeling—Primary sequences of the TRP pro-
teins were retrieved from the Uniprot database. As template for
homology modeling, we used the crystal structure 3LUT of the
Kv1.2 channel that was obtained from the Protein Data Bank.
Initially, the putative transmembrane domains of each TRP
channel were predicted with the TOPCONS server that com-
bines predictions from five different topology algorithms (16).
Then the sequences representing the consensus region of the
transmembrane domain were used as input for a multiple
sequence alignment between the target proteins and the 3LUT
template (17) using the program ClustalW2 (18). The program
Jalview (19) was used to visually inspect the final alignment and
to convert the MSA to pir format. Finally, three-dimensional
models were built by the Modeler9 package (20). For each TRP
sequence, 15 models were computed. Subsequently, the best
model (with the highest discrete optimized protein energy
score) was selected for further refinement with Modeler using
default scripts.

Electrophysiological Recordings and Solutions—Membrane
currents were recorded in the tight seal whole-cell patch clamp
configuration using an EPC-9 amplifier (HEKA Electronics,
Lambrecht, Germany). Patch pipettes were pulled from glass
capillaries GB150T-8P (Science Products, Hotheim, Germany)
at a vertical Puller (PC-10; Narishige, Tokyo, Japan) and had
resistances between 2 and 4 megaohms when filled with stand-
ard internal solution (in mm: 120 cesium glutamate, 8 NaCl,
1 MgCl,, 10 HEPES, 10 1,2-bis(2-aminophenoxy)ethane-
N,N,N',N’-tetraacetic acid tetracesium salt, 3.1 CaCl, (100 nm
free Ca®>*, calculated with WebMaxC), pH adjusted to 7.2 with
CsOH). Instead of 3.1 mMm CaCl,, 0 or 9.8 mm was added to
obtain 0 and 10 pM free Ca®", respectively. Standard external
solution contained the following (in mm): 140 NaCl, 2 MgCl,, 1
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CaCl,, 10 HEPES, 10 glucose, pH adjusted to 7.2 with NaOH.
For monovalent cation-free solution Na* was replaced by
NMDG. IsoCa (ONa) solution contained (in mm) 125 CaCl,, 10
HEPES, and 10 glucose, pH adjusted to 7.2 with NMDG, and
isoNa (0Ca) solution contained (in mm) 140 NaCl, 3 MgCl,, 10
HEPES, and 10 glucose, pH adjusted to 7.2 with NaOH. The
La®" application contained 2 or 0.1 mMm LaCls, and for M,
receptor stimulation 100 um carbachol were added to the
respective external solution. Osmolarity of all solutions ranged
between 285 and 315 mOsm.

Voltage ramps of 400 ms duration spanning a voltage range
from —100 to 100 mV were applied at 0.5 Hz from a holding
potential of 0 mV over a period of 150500 s using the Patch-
Master software (HEKA). All voltages were corrected for a
10-mV liquid junction potential. Currents were filtered at 2.9
kHz and digitized at 100-us intervals. Capacitive currents and
series resistance were determined and corrected before each
voltage ramp using the automatic capacitance compensation of
the EPC-9. Inward and outward currents were extracted from
each individual ramp current recording by measuring the cur-
rent amplitudes at —80 and 80 mV, respectively, and plotted
versus time. Current-voltage (IV) relationships were extracted
at indicated time points. For some experiments, the inward and
outward currents were normalized to the cell capacitance to get
the current density in picoampere/picofarad.

Ca®" Imaging—Intracellular live cell Ca*>* imaging experi-
ments were performed using a Polychrome V and CCD camera
(ANDOR iXon 885, ANDOR Technology, South Windsor,
CT)-based imaging system from TILL Photonics (Martinsried,
Germany) at a Zeiss Axiovert 200M fluorescence microscope
equipped with a X20 Zeiss Plan Neofluar objective. Data acqui-
sition was accomplished with the imaging software TILLVision
(TILL Photonics). Prior to the experiments, cells were incu-
bated in media supplemented with 5 um of the Ca®*-sensitive
fluorescent dye fura-2-AM for 30 min in the dark at room tem-
perature and washed twice with nominally Ca®" -free external
solution (in mm: 140 NaCl, 5 KCI, 1 MgCl,, 10 HEPES, 10 glu-
cose, pH adjusted to 7.2 with NaOH) to remove excess fura-2-
AM. The fura-2-loaded cells, growing on 2.5-cm glass cover-
slips, were transferred to a bath chamber containing nominally
Ca®" -free solution, and fura-2 fluorescence emission was mon-
itored at >510 nm after excitation at 340 and 380 nm for 30 ms
each atarate of 1 Hz for 600 s. Cells were marked, and the ratios
of the background-corrected fura-2 fluorescence at 340 and 380
nm (F5,0/F54,) were plotted versus time.

Data Analysis—Initial whole-cell patch clamp and Ca**
imaging analyses were performed with FitMaster (HEKA)
and TILLVision (TILL Photonics), respectively. IGOR Pro
(Wave Metrics, Lake Oswego, OR) was used for further anal-
ysis and for preparing the figures. Where applicable, the data
were averaged and given as means * S.E. for a number () of
cells. For Ca®>" imaging data, the number of averaged exper-
iments (x) and the number of included cells (1) are given as
(x/n).

Relative Ca®" permeabilities (Pc,/Py,) of TRPC4 wild-type
and mutant channels were calculated using Equation 1,
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Yvcl YLESQRFIGIMLVILK-HMMKESIVFFFLL
dTRP IFSINPHLGPLQVSLG-RMIIDIIKFFFIY
TRPV4 FTRGLKLTGTYSIMIQKILFKDLFRFLLVY
TRPV3 YTRGFQSMGMYSVMIQKVILHDVLKFLFVY
TRPC3 ILPANESFGPLQISLG-RTVKDIFKFMVLF
TRPC4 LFTANSHLGPLQISLG-RMLLDILKFLFIY
TRPC5 LFTANSHLGPLQISLG-RMLLDILKFLFIY

FIGURE 1. Alignment of the cytosolic S4-S5 linker in TRP proteins. Trans-
membrane topology of a TRP channel protein with transmembrane helices S1
to S6, intracellular N and C termini, and alignment of the amino acid
sequences of the cytosolic S4-S5 linker of yeast Yvc1 (accession number
NP_014730), Drosophila (d)TRP (NP_476768.1), human TRPV4 (NP_067638.3),
and mouse TRPV3 (NP_659567), TRPC3 (NP_062383), TRPC4 (NM_016984.3),
and TRPC5 (NM_009428.2) are shown. The published sites of mutations lead-
ing to constitutive channel activity (red) and the conserved glycine residues
(yellow) are indicated. Alignment was obtained by the MUSCLE and prediction
of transmembrane helices by the TMHMM algorithms.

F X (Vca — WNa) F X Vca
Pc, [Nal, X e ’xT X (14 erxT7)
Pra 4% [Cal, €.

with R = 8.314J/(mol’K), T = 297 K, and F = 96485 C/mol (21).
Ve, and Vi, represent the reversal potentials of the currents in
external saline containing just Ca®>* ([Ca],) or just Na* ([Na],),
respectively (see Fig. 7).

Chemicals—Fura-2-AM was purchased from Molecular
Probes (Eugene, OR), all other chemicals were from Sigma.

RESULTS

8§4-85 Linker Alignment—Several gain-of-function muta-
tions within the S4-S5 linker of TRP genes have been identi-
fied, including the yeast Yvcl F380L (22), the Drosophila TRP
F550I (23), the human TRPV4 R594H, R616Q, and V620I (24,
25), the human, mouse, and rat TRPV3 G573S, and G573C
(26-29), and the mouse TRPC3 T635A mutations (30), which
are indicated in red in Fig. 1. The alignment of the S4 —S5 linker
sequences of these different TRP proteins with the correspond-
ing sequences of TRPC4 and TRPC5 reveals that none of the
amino acid residues affected by those mutations are conserved
except the glycine residue at position 573 of the human, rat, and
mouse TRPV3, which corresponds to position 503 and 504 of
the mouse TRPC4 and TRPCS5, respectively (Fig. 1, yellow box).
In TRPV3, the spontaneous G573S or G573C mutations have
been associated with the Nk (non-hair) and Ht (hypotrichosis)
mutations in rodents, which are associated with defective hair
growth and dermatitis (28), and the Olmsted syndrome in
human, which is associated with palmoplantar and periorificial
keratoderma and severe itching (26, 27). Introducing these
mutations in the mouse or human TRPV3 cDNA results in
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constitutively active channels in the heterologous HEK-293
expression system (26, 29).

Cell Survival Is Affected by G503S and G504S Mutation in
TRPC4 and TRPCS, Respectively—By site-directed mutagene-
sis, we replaced the conserved glycine residue in the S4-S5
linker in TRPC5 by a serine or a cysteine residue. In a first series
of experiments, we transiently expressed the TRPC55,5 or
TRPC54504c ¢cDNA in HEK-293 cells, and we noticed that in
both populations a considerable fraction of cells did not survive.
Most probably the introduced mutations render the channels
open thereby allowing nonrestricted Ca> influx into the trans-
fected cells, which causes cell death. Therefore, in a second
series of experiments, cells transfected with the TRPC5445
c¢DNA were continuously grown in the presence of increasing
concentrations of EGTA in the culture medium reducing its
free Ca>" concentration to less than 1 um. Under these condi-
tions, a substantial number of transfected cells survived (Fig.
24). To measure Ca>" influx, we kept the cells in nominally
Ca®"-free solution, added 2.5 mm Ca>™ to the bath solution,
and monitored changes of the cytosolic Ca*>" concentration. As
shown in Fig. 2B, Ca®>" influx (Fs,,/Fsg,) increased with time
after transfection in TRPC5,,,5-expressing cells independent
of any receptor activation. Next, we generated two cell lines
with tetracycline-inducible TRPC550,5 and TRPC4gsgss
cDNAs. After induction, the TRPC5y,5 and the TRPC4 5055
proteins are expressed (Fig. 2, C and F). We next measured cell
survival when growing the cells in the presence of “normal”
Ca®" (2 mm) in the culture medium. As shown in Fig. 2, D and
G, the number of viable TRPC5¢y,5- and TRPC4gg,5-€x-
pressing cells declined over time to about 40% within 48 h after
induction, although we could not detect any changes in the
survival rate of noninduced cells. Growing the induced
TRPC545045- and TRPC4 g o55-expressing cells for 48 h in the
presence of different concentrations of SKF 96365 attenuates
the rate of cell death in the range of 100 um, a concentration
known to block TRP channel activity (Fig. 2, E and H). However,
higher concentrations of SKF 96365 resulted in a massive
reduction of living cells even in the noninduced culture.

Taken together, these data suggest that after induction of
TRPC4(5yss and TRPC5.,s expression, constitutive Ca®"
influx takes place leading to cell death because of Ca*" over-
load. To measure Ca*>" influx in the inducible cell lines, we
monitored Ca?™ influx either without induction (“O h”) or with
induction of TRPC55,5 and TRPC4 55 expression for 5 or
18-20 h (Fig. 2, I and ). As controls, we used cell lines stably
expressing wild-type TRPC4 or TRPC5 proteins (TRPC4yy
and TRPC5y,1). Compared with noninduced cells, the wild-
type controls show, at best, only a small increase of cytosolic
Ca”" in response to re-addition of extracellular Ca®>*. In con-
trast, cells expressing the TRPC5g50,s and TRPCéggag
mutants after induction reveal a substantial Ca*>* influx, which
increased over time (Fig. 2, I and J).

Functional Characterization of Mutant TRPC Channels—
Next, we measured the ionic currents after induction of
TRPC4 5035 expression. Like the Ca®" influx, constitutive cur-
rent activities were detected upon establishing the whole-cell
configuration, and the current amplitudes, measured at —80
and 80 mV, increased with time after induction (Fig. 34). Fig.
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FIGURE 2. Spontaneous Ca** influx in TRPC5¢_s- and TRPC4_s-expressing cells. A, HEK-293 cells were transfected with TRPC5_s-IRES-GFP cDNA and kept
for 48 h in media containing 1.3-2.5 mm EGTA (700 to 0.7 uMm free Ca?*). The green (transfected) cells from 10 randomly chosen fields of view (X 10 magnifi-
cation) were counted, averaged, and plotted versus EGTA (free Ca®") concentration in the media. B, cells transfected with TRPC5,_¢-IRES-GFP cDNA were grown
in the presence of 2.5 mm EGTA for 12-48 h after transfection. Imaging experiments started in nominally Ca*-free solution, and cytosolic Ca®* concentration,
represented by the fura-2 fluorescence ratio (F;,0/Fs50), Was measured versus time. Ca™ influx was challenged by adding 2.5 mm Ca?* to the bath solution. C
and F, Western blot. Expression of TRPC5 (C5) and TRPC5¢5045 (C55.5) (C) and TRPC4 (C4) in HEK-293 (F), and TRPC5¢5045 (C54.5) (C) and TRPC4 5055 (C46.5) in
Flp-In™-293 cells (FLP) 16 h after induction (F); C4.s FLP cell clone A11 was used for experiments. HEK-293 cells expressing TRPC5 and TRPC5_s were grown
in the presence of 2.5 mmEGTA (C). D, E, G, and H, viability assays of HEK-293 cells inducibly expressing TRPC5 s (D and E) and TRPC4_¢ (Gand H). Dand G, cells
were induced (or noninduced as control) and grown for 0-48 h (as indicated). The percentage of living cells, counted by a flow cytometer (Guava EasyCyte
8HT), was plotted versus time after induction. Eand H, viability of HEK-293 cells expressing TRPC5_s (E) or TRPC4 ¢ (H), grown in different concentrations of the
nonspecific TRPC channel inhibitor SKF 96365. The percentage of living cells was plotted versus the concentration of SKF 96365 in the culture medium 48 h after
induction (control = no induction). / and J, HEK-293 cells inducibly expressing TRPC5,_¢ (/; 0, 5, and 18 h after induction) and TRPC4._¢ (J; 0, 5, and 20 h after
induction) or stably expressing the corresponding wild-type (C4,, and C5,,;) were loaded with fura-2-AM and kept in nominally Ca® " -free bath solution. Ca*
influx was challenged by adding 2.5 mm Ca?* to the bath solution, and the cytosolic Ca?* concentration, represented by the fura-2 fluorescence ratio
(F340/F5g0), was measured versus time. Imaging data represent means = S.E. with x averaged experiments, including n measured cells (x/n), and all other data
represent means = S.E. with n averaged experiments.

3B shows the corresponding current-voltage relationships ble monovalent cations by NMDG almost completely pre-
(IVs) immediately after break-in. They revealed the typical fea-  vented the inward current, indicating that this current was car-
tures of wild-type TRPC4 currents with inward and outward ried by cations (see Fig. 3A4). Fig. 3C shows the IVs during
rectification. Substitution of external TRPC channel-permea- NMDG application in Fig. 3A. As a control, we transiently
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FIGURE 3. TRPC4_ cells reveal spontaneous cation-selective currents. A, inward and outward currents at —80 and 80 mV, respectively, from HEK-293 cells
inducibly expressing TRPC4¢_s 0, 3, 6, and 24 h after induction plotted versus time. To verify cation conductance, NMDG-based solution was applied as
indicated. The corresponding current-voltage relationships immediately after break-in and during the application of NMDG are displayed in B and C, respec-
tively. D, current versus time in HEK-293 cells stably expressing the M,R and transiently transfected with TRPC4,,1 for 24 h, challenged by the application of 100
um CCh. E, IVs of currents in D immediately after break-in (black), before (blue), and during the application of CCh (red). F, currents at —80 and 80 mV from
M,R-expressing HEK-293 cells 24 h after transient expression of TRPC4_s stimulated by 100 um CCh at the indicated time. G, corresponding IVs immediately
after break-in (black), before (blue), and during application of CCh (red). H, for comparison, normalized IVs (to | at 100 mV) from M,R- plus TRPC4_s-expressing
cells before application of CCh (blue; see G) and MR- plus TRPC4,,-expressing cells during stimulation with CCh (red; see E). Data represent means = S.E. with

n averaged cells.

expressed TRPC4y, in a HEK-293 cell line stably expressing
the M,R and used the cells 2448 h after transfection. These
cells showed no basal activity but responded to application of
100 uMm carbachol (CCh) with a large increase in current (Fig.
3D); the corresponding IVs at break-in, before and during CCh
application, are shown in Fig. 3E. Transient expression (24 h) of
TRPC4(g o5 into the same M,R-expressing HEK-293 cells
revealed spontaneous currents similar to 24 h after induction of
the stable inducible TRPC4g,,5-expressing HEK-293 cells
(Fig. 3F). Stimulation with CCh did not further increase the
current. This suggests that the G503S mutation fully activates
the TRPC4 channel. The corresponding IVs at break-in, imme-
diately before and during CCh application, are shown in Fig.
3G. Fig. 3H shows the comparison of the normalized IVs of the
TRPC4y current activated by CCh and the spontaneous
TRPC4 5055 current obtained in the absence of CCh 24 h after

19476 JOURNAL OF BIOLOGICAL CHEMISTRY

transfection of the corresponding cDNA in M,R-expressing
HEK-293 cells.

After induction of protein expression, the TRPC555,,5-€X-
pressing cells also revealed spontaneous outward and inward
currents (Fig. 4A). Like the TRPC4ygy;5 current, the
TRPC55045 current was reduced by substitution of permeable
monovalent cations with NMDG in the bath solution (Fig. 4A).
Fig. 4, B and C, shows the corresponding IV relationships
immediately after break-in and in NMDG-based bath solution,
respectively. Cells expressing wild-type TRPC5 did not show
such a spontaneous current upon break-in using patch pipettes
that contained 100 num free Ca>" (Fig. 4D). However, when they
were dialyzed with 10 um free Ca®>" via the patch pipette, an
immediate Ca>*-dependent activation of TRPC5 currents was
obtained (Fig. 4, D and E). The TRPC55,,5-expressing cells
dialyzed intracellularly with 10 pum free Ca®>" did not reveal
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FIGURE 4. TRPC5._¢ cells reveal spontaneous cation-selective currents. A, inward and outward currents at —80 and 80 mV, respectively, from
HEK-293 cells inducibly expressing TRPC5,_¢ 0, 10, and 24 h after induction plotted versus time. To verify cation conductance, NMDG-based solution was
applied as indicated. The corresponding current-voltage relationships (IVs) immediately after break-in and during the application of NMDG are dis-
played in B and C, respectively. D, current versus time in HEK-293 cells stably expressing TRPC5,,, with the presence of 100 nm and 10 um free Ca?* in
the patch pipette. £, IVs of maximal currents in D after break-in with 100 nm (black) and 10 um free Ca2™ (red) in the patch pipette. F, currents at —80 and
80 mV from HEK-293 cells inducibly expressing TRPC5_ 24 h after induction measured with 0 (light blue), 100 nm (blue), and 10 um (red) free Ca?* in the
patch pipette plotted versus time. The corresponding IVs immediately after break-in are displayed in G. H, for comparison, normalized IVs (to | at 100 mV)
from 24 h induced TRPC5 s cells directly after break-in (blue; see B) and TRPC5,,; cells activated by 10 um free Ca** within the patch pipette (red; see E).

Data represent means = S.E. with n averaged cells.

such an immediate current increase on top of the constitutive
activity (Fig. 4F). The average constitutive current amplitude in
TRPC55045-€xpressing cells was only slightly affected when
cells were infused with 0, 100 nm, and 10 um free Ca>" (Fig. 4, F
and G). Thus, as already seen for TRPC4 g5, the G504S muta-
tion in TRPC5 also seems to fully activate the current. Fig. 4H
shows the comparison of the normalized IVs of the current
activated in the presence of intracellular 10 um free Ca*" in
TRPC5t cells and the current from TRPC5,,,5 mutant cells
24 h after induction of TRPC545,,5 protein expression.
Extracellular La®* at 1-2 mwm typically blocks all TRPC chan-
nels, but TRPC4 and TRPC5 are unique in that low extracellular
concentrations of La®>* (100 um) can potentiate already acti-
vated currents (21, 31). Therefore, we tested 2 mm and 100 um
extracellular La®>* to inhibit and potentiate, respectively, the
constitutive TRPC4 5555~ and TRPC5,s-mediated currents.
Both currents could be blocked by 2 mm extracellular La®*, but

JULY 5,2013+VOLUME 288+-NUMBER 27

none of them could be potentiated by 100 um La®** (Fig. 5, A
and D). The IVs of TRPC4g,y5s- and TRPC54,,,5-mediated
currents at break-in, before and during high and low La®"
application, are shown in Fig. 5, B and C, and E and F,
respectively.

Replacing Gly-503 in TRPC4 by Amino Acid Residues Other
than Serine—W ith the G503S mutation, a nonpolar amino acid
residue was replaced by a polar residue. We now replaced the
glycine residue at position 503 in TRPC4 by the nonpolar amino
acid residues methionine, leucine, and alanine. As already seen
for G503S, the mutations G503M, G503L, and G503A all
resulted in a constitutive TRPC4 activity, measured 24 h after
transient transfection of the corresponding cDNA in HEK-293
M,R cells (Fig. 6, A—C). Stimulation with CCh further increased
the constitutive current of the TRPC4 o5 and TRPC4gsoza
mutant channels (Fig. 6, B and C). The upper graphs in Fig. 6,
A-C, show inward and outward currents at —80 and 80 mV,
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FIGURE 5. Effects of external La** on TRPC4 s and TRPC5 ¢ currents. Normalized inward and outward currents at —80 and 80 mV, respectively, from
HEK-293 cells inducibly expressing TRPC4¢_ (A) and TRPC5_ (D) 18-24 h after induction plotted versus time. As indicated by the bars, 100 um (red traces) or 2
mm La*" (black traces) were applied. Currents were normalized to the amplitude of the inward currentat 120's (I/1,,, ;) immediately before application of La®*.
The corresponding current-voltage relationships immediately after break-in (black), before (blue), and during the application of 2 mm (B and E) and 100 um (C
and F) La*" (red) are displayed in B and C for TRPC4 ¢ and E and F for TRPC5, g, respectively. Data represent means = S.E. with n averaged cells.
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FIGURE 6. Expression of additional TRPC4 mutations at Gly-503 in HEK-M,R cells, and stimulation with carbachol. A-C, inward and outward currents at
—80and 80 mV, respectively, from HEK-293 cells stably expressing the M, receptor and transiently expressing TRPC4 carrying single point mutations at Gly-503
(Gly-Met in A, Gly-Leu in B, and Gly-Ala in C) 24-48 h after transfection. Bars indicate the application of 100 um carbachol. The corresponding current-voltage
relationships immediately after break-in (black), before (blue), and during carbachol stimulation (red) are displayed below the time courses. Data represent

means * S.E. with n averaged experiments.

respectively, and the lower graphs display the IVs of the current
at break-in (black) and before (blue) as well as during the appli-
cation of CCh (red).

To determine the relative Ca>" permeability of TRPC4y,r,
TRPC4gsoss and TRPC4gspsn, We measured the reversal

19478 JOURNAL OF BIOLOGICAL CHEMISTRY

potentials of currents from voltage ramps applied in 140 mm
Na* (nominally Ca*>*-free, isoNa) and 125 mm Ca*>* (Na™ -free,
isoCa) containing external solution (Fig. 7). Inward and out-
ward currents at —80 and 80 mV, respectively, from HEK-293
cells stably expressing M,R and TRPC4, . (activated by 100 um
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FIGURE7.Na™* and Ca>* permeability of TRPC4,,;, TRPC4_s, and TRPC4¢ . A D, and G, inward and outward currents at —80 and 80 mV, respectively,
from HEK-293 cells stably expressing M,R and TRPC4,,+ (A), HEK-293 cells inducibly expressing TRPC4_¢ 24 h after induction (D), and HEK-293 cells stably
expressing M,R and transiently 24-48 h TRPC4._y, (G). At the indicated time (black bar) isoNa (0Ca, red) or isoCa (ONa, blue) were applied onto the
CCh-induced (green bar) TRPC4 current in A, and the constitutive active TRPC4 currents in D and G. B, E, and H represent the reversal potentials of the
currents shownin A, D, and G, respectively. The corresponding TRPC4 current-voltage relationships (1Vs) before (green) and in isoNa (red) and isoCa (blue)
are shown in C, F, and /. All IVs were normalized to the amplitude of the outward current at 80 mV to compare the current-voltage relationship in
dependence of the external cation conditions. J, summary of the reversal potentials of the currents via TRPC4,,;, TRPC4_c, and TRPC4_,, in control
condition (before application, green, behind red), isoNa (0Ca, red), and isoCa (ONa, blue), and the calculated P.,/Py,. The statistics include further
experiments with application at different time points, which could not be averaged together with the traces shown above. Data represent means = S.E.
with n averaged experiments. pA/pF, picoampere/picofarad.
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CCh), HEK-293 cells inducibly expressing TRPC4_g 24 h after
induction, and HEK-293 cells stably expressing M,R and tran-
siently 24— 48 h TRPC4_, are shown in Fig. 7, A, D, and G,
respectively. Fig. 7, B, E, and H represent the reversal potentials
of the currents shown in Fig. 7, A, D, and G, respectively. At the
indicated time isoNa (red) or isoCa (blue) was applied. The
corresponding TRPC4 current-voltage relationships, normal-
ized to the amplitude of the outward current at 80 mV, before
(green) and in isoNa (red) and isoCa (blue), are shown in Fig. 7,
C, F, and . Fig. 7] summarizes the reversal potentials of currents
via TRPC4y, 1, TRPC4g5055, and TRPC4 o5, under control
conditions (before application, green), in the presence of isoNa
(red) and isoCa (blue). Using Equation 1 (see “Experimental
Procedures”), we calculated the relative Ca®" permeability
(Pca/Py,) from the reversal potential shift in isoNa to isoCa
solution as 4.0 for TRPC4yy1 (V. Na —4.9 + 0.6 mV, n = 17;
VienCa 27.9 £ 0.6 mV, n = 24), 2.1 for TRPC4g5ps5 (V.eyNa
—4.7+06mV,n=11;V,,Cal82*09mV,n=7),and 1.1
for TRPC4g ; (V,eNa =42 £ 1.3 mV,n=5; V,, Ca8.5 £ 1.2
mV, n = 4).

Partial Rescue of the Wild-type Phenotype—Replacing the
glycine residue at position 503 in TRPC4 by a polar (serine) or a
nonpolar (methionine, leucine, and alanine) residue always led
to constitutive activity. For the G503S and G504S mutations in
TRPC4 and TRPCS5, respectively, it is possible that the polar
serine residue, which replaces the nonpolar glycine residue
within the S4-S5 linker, interacts with another polar amino
acid residue(s) within the channel proteins to keep the channel
open. To find potential interaction partners, we constructed a
homology model for TRPC4 on the basis of the known structure
of a voltage-gated potassium (K,) channel (Fig. 84; one of the
four subunits of TRPC4 is shown in color) (9). Fig. 8B shows the
extracted structure for the sequence starting from linker S4 —S5
via the transmembrane segment (TM) S5 (yellow), the pore
region (orange) to the distal parts of TM S6 (red). According to
the model, the S4 S5 linker contacts the distal end of the pre-
dicted TM S6 within the same subunit and potentially to helices
S5 and S6 of neighboring subunits. In particular, the glycine 503
is located in about 8 A distance from a serine residue at position
623 that was positioned in the model at the distal end of the
predicted TM S6 of TRPC4. When the glycine at position 503 is
replaced by a serine, a water-mediated contact may be formed
between the hydroxyl groups of both amino acid residues or
even a direct contact after some minor conformational rear-
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rangements might occur. This interaction could elicit some
constraint on the positions of the S4—S5 linker and the distal
part of the S6, and as a result the channel may be forced into an
open conformation. If such contacts were indeed formed,
replacing the serine residue at position 623 by an alanine might
counteract the impact of the mutant serine residue at position
503 in TRPC4 and yield a channel that can be regulated again.
For comparison, we also generated a structural model for
TRPC5 (Fig. 8C). This model also shows a similar proximity of
the amino acids in the positions equivalent to TRPC4 Gly-503
and TRPC4 Ser-623, and the serine residue Ser-623 in TRPC4 is
conserved in TRPC5 (Fig. 8D). Thus, we introduced a second
mutation S623A into the TRPC4.,,3s mutant protein,
expressed the double mutant in HEK-293 cells, and tested for
cell survival, spontaneous Ca*>* influx, and ionic currents. Fig.
8E shows that the survival of HEK-293 cells was not affected by
the expression of the double mutant TRPC4g5055/56234- Lhe
double mutated TRPC4 protein is expressed and present in the
plasma membrane as shown by Western blot and surface bioti-
nylation (Fig. 8F). In contrast to the spontaneous Ca®" influx
and ionic currents of the TRPC4 g y55-expressing HEK-293
cells, almost no constitutive Ca®* influx (Fig. 8G) or currents
(Fig. 8, Hand I) appeared in cells expressing the double mutant.
In this respect the double mutant closely resembles the wild-
type TRPC4.

To activate TRPC4g535,56234 Channels, we expressed the
TRPC4 (503556234 Mutant cDNA in the M,R-expressing HEK-
293 cells and applied 100 um CCh. Fig. 8, J and K, shows the
currents in TRPC45435,56234-€XPressing M,R cells before and
during the application of CCh. Stimulation with CCh signifi-
cantly increased current size, and the normalized IV relation-
ships of TRPC4, and TRPC4 g5 (35/56234 CUrrents are almost
identical (Fig. 8L). These data show that the TRPC4535/56234
protein is expressed in the plasma membrane and that
TRPC4g50s5/56234 Channels, like TRPC4,- channels, are acti-
vated by CCh via muscarinic receptor activation. Apparently
the introduction of a second mutation within the sequence dis-
tal to the S6 segment is offsetting the effect of the single G503S
mutation introduced into the S4—S5 linker.

DISCUSSION

The data shown here support a TRPC4 and TRPC5 channel
model in which the cytosolic S4-S5 linker is crucial for the

FIGURE 8. Possible interaction between residues in S4-S5 linker and distal to S6 and partial reversion of the G503S-induced effect. A, ribbon model of
the murine TRPC4 tetramer structure based on the structure 3LUT of the Shaker potassium channel Kv1.2. The subunit in the front is shown in color, the other
three subunits are shown in various gray levels. TM segments 1-4 are colored blue and green, TM segment S5 in yellow, the pore helix orange, and TM segment
S6in red. B, blow-up of the modeled conformation for one TRPC4 subunit encompassing the S4-S5 linker, the S5 TM domain (yellow), the pore helix (orange),
and the S6 TM domain (red). Gly-503 at the N-terminal end of the S4-S5 linker is shown as cyan spheres; Ser-623 at the C-terminal end of the S6 helix is shown
as magenta spheres. C, similar model as in B for murine TRPC5. D, alignment of the TRPC4 and TRPC5 amino acid sequences of the distal S6 segments and
adjacent regions, including the TRP box. Serine residues 623 (TRPC4) and 627 (TRPC5) are indicated in red. E, viability assay of HEK-293 cells transiently
expressing TRPC4_¢/s.4 048 h after transfection. The percentage of living cells, counted by a flow cytometer (Guava EasyCyte 8HT), was plotted versus time
after transfection. F, Western blot and surface biotinylation. Surface expression of TRPC4,,+ and TRPC4_s,s_a Proteins 48 h after transfection of HEK-293 cells is
shown. Calnexin was used as negative control for surface biotinylation. Fura-2 Ca®* imaging (G) and currents at —80 and 80 mV (H) from cells transiently
expressing TRPC4_ and TRPC4¢ _s/s_a (24 h after transfection) or stably expressing TRPC4,,+. I, corresponding current-voltage relationships (IVs) immediately
after break-in. J, currents at —80 and 80 mV from stable M,R-expressing HEK-293 cells transiently expressing TRPC4_s,s., 24—48 h after transfection plotted
versus time. CCh (100 um) was applied as indicated by the bar. K, corresponding IVs of the current at break-in (gray, behind blue IV), before (blue), and during CCh
application (red), and “net” CCh-induced current (current during CCh minus current before CCh; black). L, for comparison, normalized IVs (to | at 100 mV) from
net CCh-induced currents in M,R plus TRPC4_¢ /s a-expressing cells (black; see K) or TRPC4,,-expressing cells (green; normalized TRPC4,,1 IV is the same as
already shown in Fig. 3H, red IV). Imaging data represent means = S.E. with x averaged experiments, including n measured cells (x/n), and all other data
represent means = S.E. with n averaged cells.
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regulation of channel gating. A single point mutation within
this linker encodes hyperactive gain-of-function channels.

In the Shaker potassium channel, the S4-S5 linker forms a
ring around the C-terminal end of the S6 helices and may trig-
ger motion of the S6 helices to open or to close in response to
voltage changes (10). A similar mechanism is likely to be con-
served in TRPC channels, although TRPC proteins have no
defined S4 voltage sensor, with only one charged residue within
the predicted S4 amino acid sequence. The S4-S5 linker in
TRPC4 and TRPC5 proteins resides within the cytosol and
includes the sequence GPLQISLGRMLLD; the conservation of
this motif is obvious within the members of the TRP proteins
(see Fig. 1). In this study we have shown that replacing the
conserved glycine residue at position 503 in TRPC4 by any
other amino acid residue tested, polar (serine) or nonpolar
(methionine, leucine, and alanine), leads to constitutive chan-
nel activity. This glycine residue seems to be invariant for keep-
ing the TRPC4 channel, which is not receptor-activated, closed.
All replacement amino acids form larger residues than glycine.
Thus, maybe “simple” structural constraints might trigger
motion of the S6 helices to open the channel pore similar to the
mechanism of the voltage-gated potassium channel. Alterna-
tively, it is possible that only the remarkable flexibility of the
glycine peptide bond enables closure of the TRPC4 channel.

In the case of replacing the nonpolar glycine residue by the
polar serine residue in TRPC4, constitutive activity could be
reversed by a second mutation of a polar residue (serine) adja-
cent to the distal part of the S6 transmembrane domain, prob-
ably interacting with the serine in the S4—S5 linker via a water
bridge, into a nonpolar residue (alanine). The double mutant
TRPC4 505556234 Channel was not constitutively open but
could be stimulated by receptor activation. This suggests a pos-
sible mechanism of interaction of the S4-S5 linker with the
distal S6 transmembrane domain to open the TRPC4 55 ion
channel.

The Gly-to-Ser gain-of-function mutants in TRPC4 and
TRPC5 are not further activated by the stimulation of G-pro-
tein-coupled signaling pathways via CCh and cytosolic high
Ca?", respectively. Thus, the TRPC4sqss and TRPC5c,s
gain-of-function mutations seem to fully open the channels.
The corresponding IV relationships resemble the IV of wild-
type channels maximally challenged by receptor activation
(TRPC4) or high internal Ca®>" (TRPCS5). Potentiation in the
presence of 100 um La®™" in the extracellular solution described
for both TRPC4 and TRPC5 channels (21, 31, 32) did not occur
for the mutant channels either. Both gain-of-function channels
maintain robust steady-state inward and outward rectification
indicating the existence of additional channel properties such
as voltage dependence and intracellular Mg>* block (33), which
are hardly influenced by the mutation. However, the replace-
ment of glycine 503 in TRPC4 changes the relative Ca®>" per-
meability from P,/Py, = 4.0 for WT to 2.1 for the Gly-to-Ser
and 1.1 for the Gly-to-Met mutation. In the literature Pc,/Py,
of TRPC4 varies from 1.1 for human TRPC4« (34) and mouse
TRPC4p (35), and 7 for bovine TRPC4« (36).

Replacement of the conserved glycine at position 573 by a
serine or a cysteine residue in the human, mouse, and rat
TRPV3 proteins has been shown to be associated with the Olm-
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sted Syndrome, a rare human congenital disorder, the sponta-
neous Nh (non-hair) mutation in mice, and Ht (hypotrichosis)
mutation in rats (26 —28). TRPV3 is expressed in keratinocytes,
and the mutant channel proteins are associated with defective
hair growth and dermatitis in the rodents and palmoplantar
and periorificial keratoderma and severe itching in human
patients. The mutant TRPV3 forms constitutively active chan-
nels (26, 29). In contrast, replacement of the corresponding
glycine residue by a serine in TRPV1 (TRPV155455) vields chan-
nels that exhibit only slightly enhanced basal activity (37).

However, plenty of other single point mutations in or close to
the S4 -S5 linker of TRP proteins are reported to result in con-
stitutive channel activity and thus in diverse pathological phe-
notypes. For example, the T635A mutation in TRPC3 is associ-
ated with the loss of cerebellar Purkinje cells and the
appearance of a so-called moonwalker phenotype as a result of
cerebellar ataxia (30). The F5501 mutation in the Drosophila
TRP channel is associated with blindness and severe retinal
degeneration (23). The human TRPV4 mutation R594H causes
autosomal dominant spondylometaphyseal dysplasia, and the
R616Q and V620l mutations cause brachyolmia (38). The
A419P mutation in TRPML3 is causing a varitint-waddler phe-
notype with deafness and skin pigmentation defects in mice
(39). The F380L mutation in the yeast yvcl (yeast vacuolar con-
ductance 1) causes stronger responses upon addition of
osmotic shock-induced Ca®* release from the vacuole into the
cytosol (22, 40).

The mutant TRPC4 and TRPC5 channels described here
cause cell death when expressed in HEK-293 cells, presumably
because of the elevation of the intracellular Ca*>* concentration
as well as membrane depolarization, as a result of constitutively
active ion conductance. Growing the TRPC4 and TRPC5
mutant-expressing HEK-293 cells in the presence of SKF
96365, a nonspecific TRPC channel blocker, attenuates the
cytotoxic phenotype. Lowering the Ca®>* concentration in the
medium prevented cell death indicating that each mutant
essentially contributes to Ca®" influx rather than that other
events downstream of TRPC4 and TRPC5 activation and/or
expression are involved. Ca®>" imaging and whole-cell patch
clamp experiments revealed that the mutated TRPC4 and
TRPC5 channels are indeed constitutively active and lead to
massive Ca>" influx. The partial rescue by introducing a second
mutation in TRPC4 adjacent to the distal part of the S6 trans-
membrane helix demonstrates that the Ca®>" influx and hence
death of cells expressing the Gly-to-Ser mutant proteins are due
to channel function.
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