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Cloning and Functional Expression
of a Human Ca21-Permeable Cation Channel
Activated by Calcium Store Depletion

Christof Zitt, Andrea Zobel, Alexander G. Obukhov, with much higher conductance (Lückhoff and Clapham,
1994). Thus, store-operated Ca21 entry seems to utilizeChristian Harteneck, Frank Kalkbrenner,

Andreas Lückhoff, and Günter Schultz related but functionally different pathways.
In photoreceptor cells of Drosophila melanogaster,Institut für Pharmakologie

Thielallee 69-73 light induces a stimulation of phospholipase C with sub-
sequent activation of Ca21-permeable channels in theFreie Universität Berlin

D-14195 Berlin plasma membrane (for review see Hardie and Minke,
1993; Zucker, 1996). One of these channels is absent inFederal Republic of Germany
the transient receptor potential (trp) mutant of Drosoph-
ila. The cDNA that is deficient in the trp mutant was
cloned (Montell and Rubin, 1989). Expression of trp inSummary
the Sf9–baculovirus system produced currents with high
selectivity for Ca21 when intracellular stores were de-Depletion of intracellular calcium stores generates a
pleted by thapsigargin (Vaca et al., 1994). Expression ofsignal that activates Ca21-permeable channels in the
the related Drosophila trp-like cDNA, trpl (Phillips etplasma membrane. We have identified a human cDNA,
al., 1992), yielded currents with equal permeabilities forTRPC1A, from a human fetal brain cDNA library.
Ca21, Na1, and Ba21 (Vaca et al., 1994). Although trplTRPC1A is homologous to the cation channels trp and
was activated by various heptahelical G protein–trpl in Drosophila and is a splice variant of the recently
coupled receptors (Harteneck et al., 1995; Hu and Schil-identified cDNA Htrp-1. Expression of TRPC1A in CHO
ling, 1995), it was not stimulated by depletion of intracel-cells induced nonselective cation currents with similar
lular calcium stores (Vaca et al., 1994). Thus, structurallypermeabilities for Na1, Ca21, and Cs1. The currents
related cation channels are not necessarily regulated bywereactivated by intracellular infusion of myo inositol-
the same mechanisms.1,4,5-trisphosphate or thapsigargin. Expression of

While this work was in preparation, two groups inde-TRPC1A significantly enhanced increases in the intra-
pendently published the sequences of two human trpcellular free calcium concentration induced by Ca21

homologs. The homologs were named TRPC1 (Wes etrestitution after prolonged depletion. Similar results
al., 1995) and Htrp-1 (Zhu et al., 1995). They have notwere obtained in Sf9 cells. We conclude that TRPC1A
yet been functionally expressed and characterized.encodes a Ca21-permeable cation channel activated
Here, we report the cloning of a human homolog of trp,by depletion of intracellular calcium stores.
TRPC1A, a splice variant of Htrp-1, and its expression
in three different expression systems. We provide evi-Introduction
dence that TRPC1A codes for a Ca21-permeable store-
operated cation channel.In most cellular systems, the hormonally induced break-

down of phosphoinositol lipids leads via generation of
myo inositol-1,4,5-trisphosphate (InsP3) to a biphasic Results
increase in the intracellular free calcium concentration
([Ca21]i). The first phase is due to binding of InsP3 to its Cloning of a Human Homolog of the

Drosophila trp and trpl Genesspecific receptor located in the membranes of intracellu-
lar calcium stores and the subsequent mobilization of On the assumption that mammalian homologs to trp

and trpl genes of Drosophila may exist, we searchedcalcium from these stores. The second phase is caused
by Ca21 influx through the cell membrane (for review among the expressed sequence tags (ESTs) deposited

to the GenBank database, using partial amino acid se-see Putney, 1990; Penner et al., 1993; Fasolato et al.,
1994; Clapham, 1995; Berridge, 1995). Evidence has quences of trp and trpl proteins as query sequences. A

human EST (EST05093) was found coding for a peptidebeen accumulated that this Ca21 influx is activated by
an unknown signal generated by the depletion of InsP3- sequence with 50% identity to the trp amino acid se-

quence (Glu-33 to Asn-80) and 48% identity to trpl (Glu-sensitive calcium stores. Such a store-operated Ca21

influx does not necessarily require activation of hormone 42 to Asn-89). A 194 bp fragment of EST05093 was
amplified from a human fetal brain cDNA library by thereceptors, but can be triggered by several substances

that deplete intracellular calcium stores independently polymerase chain reaction (PCR) and used as probe to
screen the same cDNA library by plaque hybridization.of InsP3. The prototype of these substances is the inhibi-

tor of endoplasmic calcium ATPases, thapsigargin Three cDNA clones were isolated. Two showed a 5.5 kb
insert and displayed an equal restriction enzyme pat-(Thastrup et al., 1990). Store-operated currents in mast

cells and in lymphocytes are highly Ca21 selective. They tern. The third clone carried a 2.1 kb cDNA fragment, a
partial sequence of the 5.5 kb cDNA. The 5.5 kb cDNAhave been named ICRAC (calcium-release activated Ca21

current) (Hoth and Penner, 1992). Noise analysis of these contained a 2277 bp open reading frame coding for 759
amino acids. While this work was in progress, the cDNAcurrents reveals exceedingly small current fluctuations,

indicating a conductance of single channels in the fS sequences of two human homologs of the Drosophila
cation channel trp were published, i.e., TRPC1 (Wes etrange (Zweifach and Lewis, 1993). Recent studies have

demonstrated other store-operated calcium channels al., 1995) and Htrp-1 (Zhu et al., 1995). Both these cDNAs
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Figure 1. Sequence Alignment

Alignment of amino-terminal amino acid sequences of TRPC1A,
TRPC1 (Wes et al., 1995), and Htrp-1 (Zhu et al., 1995) with the
Drosophila trp (Montell and Rubin, 1989) and trpl (Phillips et al.,
1992) sequences. Numbers of amino acids are given at the right.
Highly conserved amino acid residues (aa) are stippled. Sequences
of the last 604 amino acid residues are identical in TRPC1A, TRPC1,
and Htrp-1.

Figure 2. Induction of Currents in CHO Cells by Transient Expres-
sion of TRPC1A

(A) Inward currents in TRPC1A-expressing cells and control cells
(con), exposed to Ca21-free bath solution for 10–30 min. The holdingare identical in large parts, butvary in the amino-terminal
potential was 270 mV. The traces are from four consecutive experi-part of the deduced amino acid sequences. The cDNA
ments with cells from each group. The pipette solution was supple-clone reported here is named TRPC1A. Its coding region
mented with 10 mM InsP3.is identical to that of Htrp-1 but lacks a 102 bp stretch (B) Current–voltage relation of whole-cell currents in a TRPC1A-

that encodes the amino acids 109–143 of Htrp-1. The expressing cell and a control cell (con), as obtained during voltage
reported sequence of TRPC1 contains 51 additional ramps from 290 to 160 mV.

(C) Summary of all experiments performed in control (con) (n 5 15)amino acids at the amino terminus. Figure 1 shows an
and TRPC1A-injected (n 5 22) cells. Currents were measured atalignment of the amino acid sequences in the amino-
270 mV, 90 s after obtaining the whole-cell configuration, andterminal region of TRPC1A, TRPC1, Htrp-1, trp, and trpl.
are expressed in relation to the membrane capacity of each cell

Alignment of the nucleotide sequences of the 59-non- (7–22 pF).
coding region of TRPC1A and TRPC1 shows identity
from nucleotides 21 to 2136 of TRPC1A (data not Biophysical Properties of TRPC1A Currents
shown). At nucleotide 2137 of TRPC1A, corresponding in CHO Cells
to nucleotide 117 of TRPC1, identity interrupts. The For transient expression of TRPC1A, we microinjected
sequence of TRPC1 upstream to this position is GGA eukaryotic expression plasmids carrying TRPC1A cDNA
ATTCC. This is the linker sequence used for construction into nuclei of Chinese hamster ovary (CHO) cells. Two
of the cDNA library exploited by Wes et al. (1995) (Strat- days after injection, these cells were tested for the pres-
agene, personal communication). Thus, it is likely that ence of cation currents. When the cells were kept in a
the extension of the amino terminus of TRPC1 protein, Ca21-free bath solution, they exhibited inward currents
as compared with Htrp-1 and TRPC1A, is derived from (Figure 2A) at negative holding potentials with a linear
a cloning artifact during preparation of the cDNA library. current–voltage relation (Figure 2B). These currents
The correct start codon for TRPC1 may be identical to were significantly (p 5 0.003, Mann–Whitney rank sum
the start codon in Htrp-1 and TRPC1A. We used the test) larger than the currents in control cells injected
same cDNA library as Wes et al. (1995) and found that with plasmid without insert (Figures 2A and 2C). Control
theclone containing the TRPC1A cDNA showed a similar cells produced currents smaller than 4.0 pA/pF (n 5 15).
artifact in the 39-noncoding region of TRPC1A. The base Currents in 16out of 22TRPC1A-injected cells exceeded
pair identity of the 39-noncoding region of TRPC1A and this value (median 9.4 pA/pF).
TRPC1 ends at position 1362 after the stop codon. At To define the permeability of theTRPC1A-related con-
this position starts the linker sequence, followed by a ductance to various ions, we measured whole-cell cur-

rents during voltage ramps (Figure 3A) at various extra-sequence unrelated to TRPC1.
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Figure 4. Regulation of TRPC1A Currents

(A) Time course of inward current (at 270 mV) in a CHO cell stably
expressing TRPC1A and in a control cell during infusion of InsP3

via the patch pipette (10 mM). The whole-cell configuration was
obtained at time 15 s (wc, arrow). Gd31 (20 mM) was added to the
bath of the TRPC1A cell at time 2.5 min (arrow). The Gd31 concentra-
tion was increased to 100 mM at time 4.25 min. The insert shows
voltage ramps from 290 to 160 mV (range of ordinate 2150 to 220
pA) obtained from the TRPC1A cell prior to (1) and after (2) addition
of Gd31.
(B) Inhibition of TRPC1A current by external Ca21. A CHO cell stablyFigure 3. Biophysical Properties of TRPC1A Currents
expressing TRPC1A was infused with InsP3. At the time indicated

(A) Current–voltage relation of TRPC1A currents in the presence of by the bar, the Ca21 concentration in the bath was changed from 0
various cations. In one TRPC1A-expressing cell, voltage ramps from to 1.2 mM (standard bath solution without EGTA). The bath was
290 to 160 mV were applied over 450 ms. One ramp was obtained changed to Na1-free NMDG solution at time 4.25 min.
in Ca21-free solution (140 mM NaCl), one in a solution with 10 mM
CaCl2, 0 mM Na1 and one in a solution containing NMDG as main
cation.
(B) Noise analysis of TRPC1A currents. The current amplitudes in Currents in TRPC1A-injected cells were blocked by
several cells at 270 mV are plotted against the variance (s2) of the Gd31 (20 mM), and the Gd31-sensitive part of the currents
amplitude. The rightmost point derives from a control cell. From reversed close to 0 mV (data not shown for TRPC1A-
the regression line, it is predicted (Neher and Stevens, 1977) that

injected cells, but see Figure 4). Taken together, thesethe current through single channels has an amplitude of 1.1 pA.
data characterize TRPC1A currents as cation currents
with roughly equal permeability for Na1, Cs1, and Ca21

cellular concentrations of Na1 and Ca21. Raising the that carry mostly Na1 but also Ca21 under physiologic
Ca21 concentration in the bath from 0 to 1.2 or 10 mM ion conditions.
left the reversal potential (Erev) of whole-cell currents

As a test whether TRPC1A currents behave as typical
within 65 mV (n 5 3). Substitution of all external Na1

currents through ion channels and to estimate the con-
with 10 mM Ca21 induced a shift of Erev to the left by

ductance of these channels, we performed noise analy-
19–31 mV (n 5 4). A further shift to the left was produced

sis of the currents (Neher and Stevens, 1977). The rela-by omitting Ca21 as well (Figure 3A). Thus, TRPC1A
tion between the currents and their variances wassupports Na1 as well as Ca21 currents. Since the control
roughly linear (Figure 3B). The slope of this relation indi-experiments (see Figure 2) were performed in the ab-
cates a single channel amplitude of 1.1 pA at 270 mV.sence of extracellular Ca21, we had to exclude that the
Assuming a linear amplitude–voltage relation, the pre-currents carried by Ca21 might represent an TRPC1A-
dicted single channel conductance is 16 pS.independent, store-operated Ca21-selective entry path-

way native to CHO cells, such as ICRAC in mast cells (Hoth
Regulation of TRPC1A Currents in CHO Cellsand Penner, 1992). Therefore, we added Ca21 (10 mM)
The regulation of TRPC1A currents was studied in CHOto control cells kept in a Ca21-free bath for 10 min and
cells stablyexpressing TRPC1A. Cells were kept in Ca21-infused with InsP3 (10 mM) via the pipette. No Ca21-
free solution and intracellularly infused with a solutionselective currents were observed under these condi-

tions (n 5 4; data not shown). containing EGTA (10 mM) and either InsP3 (10 mM) or
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thapsigargin (3 mM). Mock-transfected control cells kept
under these conditions did not exhibit currents at 270
mV with an either Gd31-sensitive or Na1 removal–
sensitive part exceeding 40 pA or 4 pA/pF (n 5 20).
When CHO cells expressing TRPC1A were infused with
InsP3, they showed substantially higher currents in 9 out
of 15 cells (median of all experiments 6.2 pA, range 1.2
to 18.4 pA/pF, p 5 0.011). In most cells (n 5 7), these
currents were not present right from the beginning of
the current recording but developed over 10 s to 5 min
(Figures 4A and 4B). The currents were inhibited by Gd31

(20–100 mM, Figure 4A). The inhibition was quantitatively
the same with both concentrations of Gd31, but it took
place over 1 min with the lower concentration (see Figure
4A) and within 10 s with the higher concentration (data
not shown). Substitution of external Na1 with N-methyl-
D-glucamine (NMDG) inhibited the inward component of
the currents (Figure 4B). Raising the extracellular Ca21

concentration to 1.2 mM induced a slow decrease in
InsP3-induced currents (Figure 4B). The mean inhibition
was 32% 6 9.4% (mean 6 SEM, n 5 6) after 2 min.
This inhibition affected both, the inward as well as the
outward component of the currents, with no noticeable
shift in the reversal potential.

Intracellular infusion of thapsigargin (3 mM) induced
currents in 6 out of 9 cells (median of all experiments
9.0 pA/pF; range 1.2 to 32 pA/pF, p 5 0.001). In contrast,
currents exceeding the range of control cells were ob-
served only in 1 out of 6 TRPC1A-expressing cells when

Figure 5. TRPC1A Currents in Insect Sf9 Cells
kept in the whole-cell configuration for 5 min with neither

(A) Currents (at 260 mV) in an Sf9 cell infected with recombinantInsP3 nor thapsigargin in the pipette solution. Thus, cur-
baculovirus carrying TRPC1A. Extracellular Na1 was completely re-

rents in TRPC1A-expressing cellsbut not in control cells moved in exchange for NMDG during the time indicated by the bar.
were induced by InsP3 as well as thapsigargin. These The holding potential was 0 mV; a ramp from 290 to 160 mV was
findings characterize TRPC1A as a store-operated applied every 15 s.Measurements were started 1 min after obtaining

the whole-cell configuration.channel.
(B) Currents in the same cell during one ramp in the presence and
one in the absence of extracellular Na1.TRPC1A Currents in Sf9 Cells

TRPC1A was also expressed in insect Sf9 cells by infec-
tion with recombinant baculoviruses carrying TRPC1A

dilution. In all subclones, the basal level of [Ca21]i, ascDNA. Current messurements were performed 35–45 hr
measured with fura-2 (Grynkiewicz et al., 1985) in theafter infection, in Ca21-free bath solution with InsP3 (10
presence of 1 mM external Ca21, was not different frommM) in thepipette solution. These cellsexhibited NMDG-
[Ca21]i in control cells. Then, different subclones weresensitive cation currents at 260 mV (Figures 5A and
tested for calcium influx induced by depletion of intracel-5B) that exceeded the range of those in control cells
lular calcium stores. Cells were exposed to Ca21-free(infectedwith baculovirus carrying histamine H1 receptor
solution containing EGTA (2 mM) and thapsigargin (5cDNA; n 5 11) in 5 out of 17 experiments. Since infected
mM) for 30 min prior to readdition of Ca21 (8 mM) to thecells showed large leak currents (Figure 5B), no further
bath. Figure 6 shows the results from two representativebiophysical analysis of these currents was attempted.
subclones of CHO cellsstably expressing TRPC1A. Sub-
clone 1 (SC1, Figure 6) exhibited a slow increase inEnhanced Calcium Entry after Expression
[Ca21]i, larger than but kinetically similar to that in controlof TRPC1A in CHO Cells, Sf9 Cells,
cells. In contrast, subclone 2 (SC2, Figure 6) displayedand Xenopus Oocytes
a fast increase in [Ca21]i, resulting in peak [Ca21]i valuesThe expression of store-operated Ca21-permeable cat-
three times higher than control. However, [Ca21]i in thision channels should enhance the increase in [Ca21]i in
clone gradually returned to control levels within 1 min.response to resubstitution of Ca21 after Ca21 depletion.
In spite of kinetic differences, peak levels of [Ca21]i inThis was tested in three different cell types expressing
both subclones expressing TRPC1A were significantlyTRPC1A, i.e., CHO cells, Sf9 cells, and Xenopus laevis
larger than those in control cells (p < 0.001, n 5 13oocytes.CHO cells were transfectedwith either theplas-
experiments, Wilcoxon test for paired data).mid pcDNA3, resulting in control clones, or with pcDNA3

Similar results were obtained with Sf9 cells (Figure 7).carrying the TRPC1A cDNA. Cells stably expressing
Calcium store depletion was performed by keeping theTRPC1A were selected by addition of geneticin. To se-
cells in Ca21-free buffer (4.5 mM EGTA) containing thap-lect cells with highest expression of TRPC1A, we sub-

cloned the stably expressing cells by several rounds of sigargin (0.2 mM) for 10 min. In cells expressing TRPC1A,
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Figure 7. Effects of TRPC1A on [Ca21]i in Sf9 Cells

Cells were kept in a Ca21-free buffer containing thapsigargin before
extracellular Ca21 was resubstituted by addition of CaCl2 (arrow).
Comparison of Sf9 cells infected with wild-type baculoviruses (wt)
with cells infected with recombinant baculoviruses containing the
cDNAs from either TRPC1A or Drosophila trp (representative trac-Figure 6. Effects of TRPC1A on [Ca21]i in CHO Cells
ings from one experiment).

Cells were kept in a Ca21-free buffer containing thapsigargin before
extracellular Ca21 was resubstituted by addition of CaCl2 (arrow).
Comparison of two different subclones (SC1 and SC2) of CHO cells
stably expressing TRPC1A with mock-transfected CHO cells (con). activated by InsP3 or by a metabolite of InsP3. Further-
Each trace represents the mean of 12 (SC1 and SC2) or 18 (con) more, activation of the currents cannot be attributed to
cells obtained during one experiment.

an increase in [Ca21]i, since we used a high concentra-
tion of EGTA in thepipette and since addition of extracel-
lular Ca21 decreased the currents (see Figure 4B). TheCa21 restitution induced an increase 1.56 6 0.11 (n 5

12 measurements in nine independent infections) of that common feature of the effects of InsP3 and thapsigargin
is the depletion of intracellular calcium stores (Thastrupin controls (cells infected with wild-type virus, p < 0.001).

In comparison, this increase was 1.46 6 0.14 (n 5 12) et al., 1990). Thus, our experiments provide evidence
that TRPC1A is a store-operated cation channel.of control in cells expressing trp (p < 0.001).

Effects of TRPC1A on [Ca21]i in Xenopus oocytes were However, it is notoriously difficult to decide whether
the expressed product of a cDNA constitutes an ionassessed from Ca21-dependent Cl2 currents with the

protocol of Petersen et al. (1995). Oocytes were kept in channel or a channel subunit. The amino acid sequence
of TRPC1A predicts a protein with at least six transmem-Ca21-free solution containing thapsigargin (1 mM) for

3–5 hr before readdition of Ca21. The resulting Ca21- brane spanning regions (see discussion in Zhu et al.,
1995). Furthermore, the present study shows that ex-dependent Cl2 currents were significantly larger in oo-

cytes injected with TRPC1A mRNA (z5 ng, 24–48 hr pression of TRPC1A induced cation currents carried by
Na1 in the mammalian CHO cells as well as in the insectbefore measurements) than in oocytes injected with se-

rotonin 5-HT2A receptor mRNA as control (data not Sf9 cells. Unfortunately, the currents in Sf9 cells could
not be better characterized. Thus, we could not addressshown). The Cl2 currents were 1.02 6 0.07 mA (TRPC1A,

n 5 36) versus 0.77 6 0.06 mA (control, n 5 34) in one the question whether the currents in both systems are
identical with respect to their biophysical properties,batch of cells (p 5 0.014, t test) and 2.65 6 0.25 mA

(n 5 24) versus 1.92 6 0.17 mA (n 5 24) in another batch which would argue against the idea that TRPC1A
requires other subunits to form a functional cation(p 5 0.04).
channel.

Our conclusion that expression of TRPC1A confers aDiscussion
store-operated Ca21 entry pathway is supported by our
measurements of increases in [Ca21]i in response toWhereas previous studies reported only sequence data

of trp homologs, we were able to express TRPC1A func- restitution of Ca21 after Ca21 depletion. This was done
in three different expression systems: CHO cells, Sf9tionally. Two days after intranuclear injection of TRPC1A

cDNA, CHO cells exhibited nonselective cation currents cells, and Xenopus oocytes. Expression of TRPC1A pro-
duced results similar to those of expression of the store-that could be carried byNa1,Cs1, andCa21. Noise analysis

provided evidence that the currents passed through operated channel trp in either Sf9 cells (Vaca et al., 1994)
or in Xenopus oocytes (Petersen et al., 1995). In twochannels with a single channel conductance of about

16 pS. In parallel, we studied the regulation of TRPC1A subclones of stably expressing CHO cells, different ki-
netics of the increase in [Ca21]i were observed. Interest-currents in stably expressing CHO cells. The advantage

of these cells was that they were available in large num- ingly, fast and strong initial rises in [Ca21]i were followed
by a marked decline, whereas only cells with a slowbers, although the observed currents were smaller in

amplitude and did not appear quite as consistently as in initial response reached a higher plateau than control.
We suggest that the initial response rate reflects thethe injected cells. Currents were induced by intracellular

infusion of either InsP3 or thapsigargin. The findings with amount of TRPC1A expression. We interpret the subse-
quent decline of [Ca21]i as a Ca21-induced inhibition ofthapsigargin make it unlikely that TRPC1A is directly
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150 mM NaCl, 1 mM EDTA, 2.5 mM Tris–HCl [pH 7.4]) containingCa21 entry, in line with the observation that Ca21 inhibits
1% sodium dodecyl sulfate (SDS) overnight. The filters were washedcurrents through TRPC1A. Ca21-induced inhibition is a
at 608C with 13 SET, 0.1% SDS. Sequences of the isolated cDNAsgeneral characteristic of store-operated Ca21 entry (Ber-
were determined by the dideoxynucleotide termination method.

ridge, 1995).
The amino acid sequence of TRPC1A is about 38% Subcloning of TRPC1A into Various Expression Plasmids

identical to the sequences of trp and trpl. Functionally, The entire 5.5 kb insert carrying the TRPC1A cDNA was cloned
into the eukaryotic expression plasmid pcDNA3 (Invitrogen, Leek,TRPC1A shares properties of both its insect homologs.
Netherlands) by use of the KpnI and XbaI sites on the multipleIn terms of regulation, it resembles trp because it is
cloning sites of pBluescript SK(2) and pcDNA3. The 2451 bpactivated by depletion of intracellular calcium stores.
Bsp120I–SspI cDNA fragment containing the entire 2277 bp coding

However, with respect to ion selectivity, it is closer to region of TRPC1A was cloned to the baculovirus transfer vector
trpl that is also a fairly nonselective cation channel, al- pVL1392 (Invitrogen) using the NotI and SmaI sites of the vector.
though the estimated single channel conductance of The SmaI cDNA fragment missing the first 175 bp of the 59-noncod-

ing region of the cDNA was cloned into theplasmid pSP64T modifiedTRPC1A (16 pS) is almost one order of magnitude below
by Krieg and Melton (1984) using the BglII site of the plasmid afterthat of trpl (110 pS), as assessed from a similar noise
producing blunt ends.analysis as in the present study and confirmed in single-

channel studies (Obukhov et al., submitted). Cell Culture and Generation of Stable Cell Lines
In conclusion, expression of TRPC1A increased Ca21

CHO-K1 cells were cultured in Ham’s F12 medium supplemented
depletion–induced Ca21 entry in three different expres- with 200 U/ml penicillin, 200 mg/ml streptomycin, and 4 mM gluta-

mine. For stable expression of TRPC1A, CHO cells were transfectedsion systems. TRPC1A currents were activated by thap-
with either pcDNA3, resulting in control clones, or with pcDNA3sigargin and by InsP3. Thus, TRPC1A is capable of medi-
carrying the 5.5 kb of TRPC1A cDNA. Cells stably expressingating capacitative Ca21 entry (Putney, 1990; Berridge,
TRPC1A were selected with 500 mg/ml geniticin (GIBCO BRL, Eg-

1995). Widespread expression of Htrp-1 and/or its splice genstein, Federal Republic of Germany).
variants has been reported (Zhu et al., 1995). Therefore,
TRPC1A is likely to play a general role in the calcium Expression of TRPC1A in the Sf9–Baculovirus System

Monolayer fall armyworm cells (Sf9 from ATCC, Rockville, MD) werehomeostasis of the organism. On the other hand, ion
propagated in TMN-FH medium (Sigma, Deisenhofen, Federal Re-selectivity and single channel conductance of TRPC1A
public of Germany) supplemented with 10% (v/v) fetal calf serum.are quite different from those of other mammalian store-
When cells were grown in suspension, lipid concentrate (1:100, Lifeoperated Ca21 entry pathways (Hoth and Penner, 1992;
Technologies, Karlsruhe, Federal Republic of Germany) was added.

Zweifach and Lewis, 1993; Lückhoff and Clapham, 1994) cDNAs encoding the guinea pig histamine H1 receptor, the Drosoph-
as well as from those of their insect homologs trp and ila trp channel, and the TRPC1A protein were subcloned to baculovi-

rus transfer plasmid (pVL1392 from Invitrogen). Recombinant vi-trpl (Vaca et al., 1994). Therefore, TRPC1A cannot be
ruses were generated by cotransfection of Sf9 cells with the cDNAthe only pathway for capacitative Ca21 entry, but may
constructs and BaculoGOLD baculovirus DNA (Dianova, Hamburg,be the first characterized mammalian member of a family
Federal Republic of Germany) by lipofection. The subsequent ampli-of genes coding for Ca21-permeable channels responsi-
fication procedure were performed according to standard tech-

ble for refilling of intracellular calcium stores. niques (O’Reilly et al., 1992). Cells were infected at a multiplicity of
infection of 5 to 7.5.

Experimental Procedures
Microinjection of Expression Plasmids

Database Searches CHO cells (subclone CHO-K1) were seeded at a density of about 103

Database searches and sequence similarity analyses were per- cells per mm2 on coverslips imprinted with squares for localization of
formed using the Heidelberg Unix Sequence Analysis Resources injected cells. Intranuclear microinjection with the eukaryotic ex-
(HUSAR) of the Deutsches Krebsforschungszentrum (DKFZ), which pression plasmid pcDNA3 (control) or with plasmids carrying the
is based on the Wisconsin Sequence Analysis Package from the 5.5 kb TRPC1A cDNA insert was performed with a manual injection
Genetics Computer Group (GCG). The TFASTA program, which is system (Eppendorf, Hamburg, Federal Republic of Germany). The
performing a Lipman and Pearson search, was used to look for injection solution contained 0.3 mg/ml plasmid in water. Approxi-
related amino acid sequences to different parts of trp and trpl pro- mately 10–20 fl were injected with commercially available microcap-
teins of Drosophila in the database of expressed sequence tags. illaries (Femtotips, Eppendorf) with an outlet diameter of 0.5 mm.
Before starting the search, TFASTA translates the DNA sequences The pressure was 20–40 hPa, and the injection time was 0.3 s. After
of the database in all six frames into amino acid sequences. injection, the cells were kept in culture medium for 40–48 hr.

In Vitro Transcription and MicroinjectionIsolation of cDNA Clones
of Xenopus OocytesThe specific oligodesoxynucleotides 59-TCGCCGAACGAGGTGA
The cDNAs of TRPC1A and the 5-HT2A receptor were subcloned toTGG-39 (corresponding to nucleotides 476–494 of TRPC1A cDNA)
the plasmide pSP64T modified by Krieg and Melton (1984). Weand 59-GTTATGGTAACAGCATTTCTCC-39 (corresponding to nucle-
linearized 1 mg of each construct by the restriction endonucleaseotides 658–669 of TRPC1A cDNA) were used to amplify a 194 bp
XbaI and used this as template to produce capped RNA by in vitrofragment of the expressed sequence tag (EST05093) by PCR. PCRs
transcription with the mMESSAGE mMACHINE SP6 Kit (Ambion,were performed by using 0.4 mM of each primer, 50 mM KCl, 1.25
Austin, TX). RNA was diluted by 1:10 with diethyl pyrocarbonatemM MgCl2, 10 mM Tris–HCl (pH 8.3), and 1.25 U of Taq polymerase
(DEPC)-treated water, and 50 nl was injected per oocyte.(Perkin–Elmer, Überlingen, Federal Republic of Germany). As tem-

plate, we used 1 3 107 plaque forming units (pfu) of the lZAP human
fetal brain cDNA library (Stratagene, La Jolla, CA). The resulting Electrophysiology

Currents in CHO and Sf9 cells were measured with the patch-clampamplificate was subcloned and used as a probe for subsequent
screening of the human fetal brain cDNA library. We plated 1 3 106 technique in the whole-cell mode (Hamill et al., 1981). For CHO cells,

the intracellular solution contained 140 mM CsCl, 2 mM MgCl2, 10pfu as described by the manufacturer. Filter lifts were performed
using reinforced nitrocellulose membrane (Schleicher und Schuell, mM EGTA, 0.3 mM ATP, 0.03 mM GTP, 10 mM HEPES (pH 7.2). The

standard bath solution contained 140 mM NaCl, 1.2 mM MgCl2, 1.2Dassel, Federal Republic of Germany). Hybridization was carried
out in a shaking air incubator at 608C overnight in 63 SET (13 SET: mM CaCl2, 10 mM EGTA, 10 mM glucose, 11.5 mM HEPES (pH 7.4).
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The solution labeled “10 Ca” in Figure 3A contained 125 mM NMDG, Clapham, D.E. (1995). Calcium signaling. Cell 80, 259–268.
10 mM CaCl2 instead of NaCl. The “NMDG” solution in Figure 3A Dippel, E., Kalkbrenner, F., Wittig, B., and Schultz, G. (1996). A
contained 140 mM NMDG instead of NaCl. For noise analysis, cur- heterotrimeric G protein complex couples the muscarinic m1 recep-
rents were filtered at 1 kHz. Mean and variance were calculated tor to phospholipase C-b. Proc. Natl. Acad. Sci. USA 93, 1391–1396.
from continuous traces of 200 or 400 ms. Pipettes were coated with

Fasolato, C., Innocenti, B., and Pozzan, T. (1994). Receptor-acti-Sylgard in experiments used for noise analysis. For measurements
vated Ca21 influx: how many mechanisms for how many channels?in Sf9 cells, the pipette solution contained 120 mM CsCl, 1 mM
Trends Pharmacol. Sci. 15, 77–82.MgCl2, 10 mM EGTA, 30 mM glucose, 30 mM mannitol, 10 mM PIPES
Grynkiewicz, G.,Poenie, M., andTsien, R.Y. (1985). A new generation(pH 6.5). The bath solution contained 100 mM NaCl, 1 mM MgCl2,
of Ca21 indicators with greatly improved fluorescence properties.1 mM EGTA, 70 mM sucrose, 50 mM mannitol, 0.02 mM InsP3, 10
J. Biol. Chem. 260, 3440–3450.mM PIPES (pH 6.5). The access resistance was less than 10 MV.

Series resistance compensation was set to 50%–70%. Ca21-depen- Hamill, O.P., Marty, A., Neher, E., Sakmann, B., and Sigworth, F.J.
dent chloride currents in Xenopus oocytes were measured in two- (1981). Improved patch-clamp techniques for high-resolution cur-
electrode voltage clamp at 260 mV two days after injection. The rent recording from cells and cell-free membrane patches. Pflügers
electrodes were filled with 3 M KCl. The extracellular solution con- Arch. 391, 85–100.
tained 115 mM NaCl, 2 mM KCl, 1 mM MgCl2, 10 mM HEPES (pH Hardie, R.C., and Minke, B. (1993). Novel Ca21 channels underlying
7.4).To deplete intracellular calcium stores, oocytes were incubated transduction in Drosophila photoreceptors: implication for phospho-
for 3 hr in the extracellular solution supplemented with 1 mM thapsi- inositide-mediated Ca21 mobilisation. Trends Neurosci. 16, 371–376.
gargin and 1 mM EGTA. Chloride currents were induced by addition

Harteneck, C., Obukhov, A.G., Zobel, A., Kalkbrenner, F., andof 2 mM CaCl2. All experiments were performed atroom temperature
Schultz, G. (1995). The Drosophila cation channel trpl expressed(198C–238C).
in insect Sf9 cells is stimulated by agonists of G-protein-coupled
receptors. FEBS Lett. 358, 297–300.Measurement of [Ca21]i in CHO Cells

Measurement of [Ca21]i in single CHO cells loaded with fura-2/acet- Hoth, M., and Penner, R. (1992). Depletion of intracellular calcium
oxymethylester (fura-2) (MoBiTec, Göttingen, Federal Republic of stores activates a calcium current in mast cells. Nature355, 353–356.
Germany) was performed as described (Dippel et al., 1996) with a Hu, Y., and Schilling, W.P. (1995). Receptor-mediated activation of
digital imaging system (T. I. L. L. Photonics, München, Federal Re- Trpl expressed in Sf9 insect cells. Biochem. J. 305, 605–611.
public of Germany). CHO cells were loaded with 2 mM fura-2 for 60

Hu, Y., Rajan, L., and Schilling, W.P. (1994). Ca21 signaling in Sf9min at 378C in a buffer consisting of 138 mM NaCl, 6 mM KCl, 0.1
insect cells and the functional expression of a rat brain M5 musca-mM CaCl2, 1 mM MgSO4, 1 mM Na2HPO4, 5 mM NaHCO3, 5.5 mM
rinic receptor. Am. J. Physiol. 266, C1736–C1743.glucose, 20 mM HEPES (pH 7.4), substituted with 0.1% (w/v) BSA.
Krieg, P.A., and Melton, D.A. (1984). Functional messenger RNAsCells were washed twice with 2 ml of a buffer consisting of 138 mM
are produced by SP6 in vitro transcription of cloned cDNAs. Nucl.NaCl, 6 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 5.5 mM glucose, 20

mM HEPES (pH 7.4). Before starting the measurements, cells were Acid Res. 12, 7057–7070.
overlayed for 30 min with 300 ml buffer containing 138 mM NaCl, 6 Lückhoff, A., and Clapham, D.E. (1994). Ca21 channels activated by
mM KCl, 1 mM MgCl2, 2 mM EGTA, 5.5 mM glucose, 0.005 mM depletion of internal calcium stores in A431 cells. Biophys. J. 67,
thapsigargin, 20 mM HEPES (pH 7.4). For each single cell measured, 177–182.
Fmax and Fmin were determined by subsequent addition of the wash

Montell, C., and Rubin, G.M. (1989). Molecular characterization ofbuffer described above containing 10 mM ionomycin plus 10 mM
the Drosophila trp locus: a putative integral membrane protein re-CaCl2 and the same buffer containing 10 mM EGTA, respectively.
quired for phototransduction. Neuron 2, 1313–1323.Images were digitized and analyzed by the software Fucal 5.14
Neher, E., and Stevens, C.F. (1977). Conductance fluctuations and(T. I. L. L. Photonics). Ratio images were generated in 2.5 s intervals.
ionic pores in membranes. Annu. Rev. Biophys. Bioeng. 6, 345–381.For background compensation, illumination of an area containing

no cells was subtracted. For each cell, [Ca21]i was averaged from O’Reilly, D.R., Miller, L.K., and Luckow, V.A. (1992). Baculovirus
pixels within manually outlined areas. The significance of the results Expression Vectors: A Laboratory Manual (New York: Freeman).
was determined using Student’s t tests.

Penner, R., Fasolato, C., and Hoth, M. (1993). Calcium influx and its
control by calcium release. Curr. Opin. Neurobiol. 3, 368–374.Measurement of [Ca21]i in Sf9 Cells
Petersen, C.C.H., Berridge, M.J., Borgese, M.F., and Bennett, D.L.[Ca21]i in suspensions of Sf9 cells was measured with fura-2 as
(1995). Putative capacitative calcium entry channels: expression ofdescribed by Hu et al. (1994) in a Perkin–Elmer luminescence spec-
Drosophila trp and evidence for the existence of vertebrate homo-trometer LS 50B.Sf9 cells weregrown in spinner cultures and loaded
logues. Biochem. J. 311, 41–44.with fura-2 by incubation in fura-2 (2 mM in the presence of 10 mM

Ca21) 38–46 hr after infection. For details see Harteneck et al. (1995). Phillips, A.M., Bull, A., and Kelly, L.E. (1992). Identification of a Dro-
Cells were incubated in buffer containing 4.5 mM EGTA and 200 sophila gene encoding a calmodulin-binding protein with homology
nM thapsigargin for 10 min before starting the measurements. to the trp phototransduction gene. Neuron 8, 631–642.
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