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Summary

The putative two-pore Ca* channel TPC1 has been suggested to be involved in responses to abiotic and biotic
stresses. We show that AtTPC1 co-localizes with the K*-selective channel AtTPK1 in the vacuolar membrane.
Loss of AtTPC1 abolished Ca**-activated slow vacuolar (SV) currents, which were increased in AtTPC7-over-
expressing Arabidopsis compared to the wild-type. A Ca®*-insensitive vacuolar cation channel, as yet
uncharacterized, could be resolved in tpc7-2 knockout plants. The kinetics of ABA- and CO,-induced stomatal
closure were similar in wild-type and tpc7-2 knockout plants, excluding a role of SV channels in guard-cell
signalling in response to these physiological stimuli. ABA-, K*-, and Ca*-dependent root growth phenotypes
were not changed in tpc1-2 compared to wild-type plants. Given the permeability of SV channels to mono- and
divalent cations, the question arises as to whether TPC1 in vivo represents a pathway for Ca2* entry into the
cytosol. Ca®* responses as measured in aequorin-expressing wild-type, tpc1-2 knockout and TPC7-over-
expressing plants disprove a contribution of TPC1 to any of the stimulus-induced Ca?* signals tested, including
abiotic stresses (cold, hyperosmotic, salt and oxidative), elevation in extracellular Ca®* concentration and
biotic factors (elf18, flg22). In good agreement, stimulus- and Ca?*-dependent gene activation was not affected
by alterations in TPC17 expression. Together with our finding that the loss of TPC17 did not change the activity of
hyperpolarization-activated CaZ*-permeable channels in the plasma membrane, we conclude that TPC1, under
physiological conditions, functions as a vacuolar cation channel without a major impact on cytosolic Ca?*
homeostasis.
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Introduction

AtTPC1, a putative Ca?* channel

In plants, an array of plasma membrane and endomembrane
Ca®*-permeable channels has been characterized electro-
physiologically (Sanders et al., 2002). In Arabidopsis
thaliana, a sole member with homology to the voltage-
dependent Ca** channel (Cay) family in animal systems
exists (Arabidopsis Genome Initiative, 2000). In contrast to
these four-domain-containing channels in animals, with a
total of 24 transmembrane spans, the Arabidopsis singleton
AtTPC1 is composed of only two domains with six
transmembrane spans each. Two EF-hand motifs within
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the cytosolic linker suggest Ca2*-dependent regulation of
the protein.

Ca®* transport activity has been postulated for AtTPC1
and its homologs in tobacco (NtTPC7a and NtTPC1b), rice
(OsTPC1) and wheat (TaTPC1), after heterologous expres-
sion in yeast (Furuichi et al, 2001; Kadota et al., 2004;
Kurusu et al., 2004; Wang et al., 2005). NtTPC1s have been
characterized as a pathway for Ca%* entry across the plasma
membrane in tobacco cells in response to cold shock,
sucrose, H,0,, salicylic acid, as well as elicitors (Kadota
et al., 2004; Kawano et al., 2004; Lin et al., 2005). OsTPC1
has been proposed to localize in the plasma membrane and
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to represent a key regulator of elicitor-induced defence
responses (Kurusu et al., 2005). TaTPC1 has been reported
to reside in the plasma membrane and to function in
response to abiotic stresses (Wang et al., 2005). In strong
contrast, a vacuolar localization of AtTPC1 was also found
(Carter et al., 2004; Peiter et al., 2005). Careful electrophys-
iological analysis showed that patches excised from tpc1-
2 knockout vacuoles lack cation currents of the slow
vacuolar (SV) type, while AtTPC1-over-expressing cells
exhibited elevated SV channel activities (Peiter et al., 2005).

SV channels in the vacuole

Slowly activating vacuolar (SV) channels open in response
to depolarization in the presence of elevated cytosolic Ca®*
concentrations (Hedrich and Neher, 1987). Interestingly, in
addition to K* and Na*, significant permeability for Ca* has
been documented in the presence of Ca?* as the major
charge carrier (Allen and Sanders, 1996; Pottosin et al., 2001;
Ward and Schroeder, 1994), thus stimulating an ongoing
discussion about the role of SV channels as a source for
Ca*-induced Ca?* release (CICR) across the vacuolar mem-
brane, and subsequent elevation of cytosolic Ca®* concen-
tration (Barkla and Pantoja, 1996; Bewell etal., 1999;
Pottosin et al., 1997; Sanders etal., 2002; Ward and
Schroeder, 1994, 1997). In guard cells, SV channels may also
mediate K* efflux during stomatal closure. Thus, the
molecular identification of the SV channel as a distantly
related member of the voltage-dependent Ca®* channel
family (Furuichi et al., 2001) has re-opened the question of
its physiological role in K* and Ca** homeostasis.

In this study, we re-evaluated the localization of TPC1, and
extended the electrophysiological analysis of tpc7-2 mutants
and TPC1 over-expressors to the whole-vacuole level, sup-
porting the finding that TPC1 causes SV-type currents in
Arabidopsis thaliana. Germination and root growth assays,
as well as gas exchange measurements, revealed no phe-
notype in tpc1-2 mutants under the various conditions
tested. The question of whether TPC1 transports Ca®* into
the cytosol was addressed using the aequorin Ca* reporter
system. From a detailed comparison of Ca%* responses and
Ca®*-dependent gene activation between wild-type, tpci-
2 knockout and TPC7-over-expressing plants, a function in
Ca** release from the vacuole or Ca* entry via the plasma
membrane in response to various biotic and abiotic stresses
can be excluded. Together, our results suggest that TPC1
functions as a cation channel without impact on cytosolic
Ca®* homeostasis.

Results

Transient co-expression of AtTPC1 with the vacuolar K*
channel AtTPK1(Czempinski et al., 2002; Schonknecht et al.,
2002) N-terminally fused to mRFP1 and mGFP4, respectively,

gave rise to fluorescence signals predominantly in the vac-
uolar membrane and not in the plasma membrane
(Figure 1a). These data obtained in onion epidermal cells
confirm the results from Arabidopsis mesophyll cells (Peiter
et al., 2005), and are in contrast to the localization of AtTPC1,
OsTPC1 and TaTPC1 in the plasma membrane of BY-2 and
onion epidermal cells (Kawano et al., 2004; Kurusu et al.,
2005; Wang et al., 2005).

Loss of TPC1 abolishes Ca®*-activated SV currents

We used the whole-vacuole configuration of the patch-
clamp technique to enable the detection of possibly low
numbers of active channels in the tpc7-2 mutant, which
could escape observation in excised patches. The results
shown in Figure 1(b,c) completely confirm studies on
excised patches by Peiter et al. (2005). In the wild-type, SV
currents in the mesophyll vacuole are able to saturate the
patch—-clamp amplifier at 20 nA, while no SV currents were
recorded in tpc7-2 mutants under the same conditions. SV
currents in TPC1-over-expressing vacuoles exceeded those
obtained in the wild-type (Figure 1b,c), and emphasize the
fact that, under reducing conditions, K* release into the
cytosol (inward currents in Figure 1b,c) can occur between
-50 mV and the Nernst potential for K*, which is +17 mV
under the experimental conditions used (Figure 1b). In
excised vacuolar side-in patches, single channels of about
43 pS could be resolved in membranes from wild-type and
TPC1-over-expressing plants, but were absent from tpc1-2
patches (Figure 1d). Instantaneous currents, probably due to
the activity of fast vacuolar (FV) channels (Hedrich and
Neher, 1987; Schonknecht et al., 2002), were not affected by
alterations in TPC1 expression (Figure 1e).

When cytosolic Ca?* concentrations were reduced in wild-
type samples using 10 mm EGTA in the absence of Ca%*, SV
channels remained silent due to their intrinsic Ca®* sensitiv-
ity (Hedrich and Neher, 1987), but another time-dependent
current component became visible at voltages >140 mV
(Figure 2a,c). The lack of SV channels in the tpc7-2 mutant
allowed us to show that the latter conductance is activated
independently of the cytosolic Ca?* concentration
(Figure 2b,c). We therefore named this channel the Ca?*-
insensitive vacuolar channel (CIVC). A single channel con-
ductance of 13 pS further distinguishes CIVC from the SV
and FV channels (Figure 2d). Although how CIVC is activated
in vivo remains unknown, its CaZ* insensitivity, together with
a significant Na* permeability Py.:P¢ of 1.06 & 0.02 (n = 3),
as determined in the tpc71-2 mutant, suggests that it may
complement SV functions under conditions inhibiting
Ca*-sensitive FV channels, i.e. elevated cytosolic Ca®*
concentrations (Allen and Sanders, 1996).

In contrast to the tonoplast localization shown here and
elsewhere (Carter et al., 2004; Peiter et al., 2005), TPC1
has been proposed to represent a plasma membrane
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Figure 1. TPC1 functions in the vacuolar mem-
brane.

(a) TPC1-RFP1 (red) and TPK1-GFP (green) fluo-
rescence after transient expression in onion
epidermal cells. Bars = 20 um.

(b) Current-voltage relations of steady-state cur-
rents determined from traces as shown in (c), for
wild-type (closed circles, n = 13), tpc1-2 mutants
(open circles, n=9) and TPC1-over-expressing
plants (open squares, n=6). Data represent
means + SE.

(c) Whole-vacuolar currents from wild-type (left),
tpc1-2 knockout plants (middle) and TPC7-over- Overlay
expressing plants (right). Currents were elicited
by 600 msec test voltages between -74 and
+86 mV in 20 mV increments. The presence of
SV-type currents in wild-type and TPC7-over-
expressing samples and their absence in tpc1-2
were observed without exception.

(d) Single-channel fluctuations in vacuolar side-
in patches from vacuoles derived from wild-type
(left) and TPCT-over-expressing plants (right),
but not in those from tpc7-2 plants (middle).
Currents were measured at the voltages indi-
cated. The traces were selected to show open- (c)
ings of a single SV channel and could already be

resolved at negative voltages (compare Fig-

ures 1b, 2a and 4a,b).

(e) Instantaneous currents in wild-type (left),

tpc1-2 knockout  (middle) and  TPCT-over-
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expressing plants (right). Currents were mea-
sured <2 min after whole-vacuolar access, be-
fore disappearance in Ca2*-containing solutions.
Test pulses were applied between -74 and (d)
+86 mV in 20 mV increments, starting from a
holding potential of —-54 mV. Traces are repre-
sentative for 31 (Col-0), 15 (TPC1 over-expres-
sors) and 40 (tpc1-2) measurements.
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Ca®*-permeable channel (Furuichi et al., 2001; Hashimoto
et al., 2004; Kadota et al., 2004; Kawano et al., 2004; Kurusu
et al., 2004, 2005; Lin et al., 2005; Wang et al., 2005). The
dominant plasma membrane Ca*-permeable channel is
activated by hyperpolarization (Grabov and Blatt, 1998; Pei
et al., 2000; Stoelzle et al., 2003). In the mesophyll plasma
membrane of wild-type and tpc7-2 mutant plants, we
resolved similar cation current amplitudes upon hyper-
polarization (Figure 3), excluding the possibility that AtTPC1
mediates this type of Ca* current.

Root growth and germination of tpc1-2 mutants

SV channels in the tonoplast are Ca?*-permeable (Allen and
Sanders, 1994; Peiter et al., 2005; Pottosin et al., 2001; Ward
and Schroeder, 1994). In the species tested so far, SV
channels are equally permeable to K* and Na*, and,

© 2007 The Authors

w T ANt b W«ﬂ

TPC1ox

accordingly, a value of Py,:P¢ of 0.96 + 0.06 (n = 3) was
determined in Arabidopsis under bi-ionic conditions. How-
ever, elevated vacuolar Na*, Cs* or Ca®* concentrations shift
the voltage dependence of the channel towards depolarized
potentials, and reduce the possibility of cation release to the
cytoplasm (Figure 4a,b) (Allen and Sanders, 1996; lvashikina
and Hedrich, 2005). Thus, any cation release function of
TPC1 depends on the vacuolar and cytosolic cation compo-
sition. Under standard growth conditions, tpc1-2 plants do
not develop a characteristic phenotype, and a prediction
concerning the exact role of TPC1 in K* and/or Ca%
homeostasis is therefore difficult. We tested a putative role
of TPC1in germination and root growth under various cat-
ionic conditions. On agar plates containing K* concentra-
tions between 50 uym and 1 mm, germination rates were
similar in the wild-type and the tpc7-2 mutant (Figure 4c).
Germination rates were also unaffected by changes in water
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Figure 2. Comparison of Ca®*-sensitive and -insensitive channels in wild-type
and tpc1-2 mutant plants.

(a) Whole-vacuolar currents from wild-type plants recorded before (left) and
after (right) exchange of 1 mm Ca2* against 10 mm EGTA in the bath solution.
(b) Whole-vacuolar currents from tpc1-2 mutants recorded as in (a).

(c) Corresponding current-voltage relations of whole-vacuolar currents in the
presence (closed symbols) and from the same cells in the absence (open
symbols) of Ca®* for wild-type (squares, n = 5) and tpc7-2 (circles, n = 3). Data
represent means + SE.

(d) Single-channel fluctuations for Ca®*-insensitive channels in tpc1-2 at the
indicated voltages.

Currents were measured at test voltages between -74 and +226 mV in 20 mV
increments, except for wild-type SV currents in the presence of Ca*, which
were recorded between -74 and +146 mV only [left traces in (a); closed
squares in (c)].

Iv (mV) 0:2 . gé

50 100

_07_

104 <
£

-13 =

Figure 3. Hyperpolarization-activated Ca**-permeable channels in the plasma
membrane are not affected in the tpc7-2 mutant.

Current-voltage relations of hyperpolarization-activated channels in wild-
type (n = 11, closed circles) and tpc1-2 knockout plants (n = 20, open circles).
Data represent means + SE. Currents were elicited in the whole-cell config-
uration by voltage ramps from +99.5 to —181.5 mV over 2000 msec. Pipette
solution: 150 mm K-gluconate, 10 mm EGTA, 3 mm MgCl,, 1 mm MgATP,
10 mm HEPES, pH 7.4/Tris; bath solution: 40 mm Ca-gluconate,, 10 mm MES,
pH 5.6/Tris.

potential (0, 5, 10 and 20% PEG 8000, data not shown). No
difference in root growth between wild-type and mutant was
observed at K* concentrations between 5 and 105 mwm (Fig-
ure 4d). Ca?*-dependent effects on root growth were also
equal in wild-type and tpc1-2 mutant seedlings (Figure 4e).
The phytohormone ABA inhibits root growth at 10-50 um in

the wild-type, and this did not differ in the tpc7-2 mutant
(Figure 4f).

Stomatal closure in the tpc1-2 mutant

Ca**-activated SV channels in the tonoplast have been pro-
posed to fulfil a dual function, i.e. K* homeostasis and CICR
during stomatal responses to ABA and CO,, for example
(MacRobbie, 2000; Sanders et al., 2002). We used gas
exchange measurements in order to follow the kinetics of
stomatal movement in the intact leaf. After feeding 100 um
ABA via the petiole, stomatal closure was comparable
between tpc1-2 and wild-type plants (Figure 5a), in agree-
ment with previous observations (Peiter et al, 2005). In
response to elevated CO, concentration, which, like ABA,
induces a rise in the cytoplasmic [Ca2*] (Webb et al., 1996),
stomata of wild-type and tpc1-2 leaves closed with the same
kinetics (Figure 5b), indicating that the lack of TPC1 does not
interfere with guard-cell Ca?* signalling. The results
furthermore show that, if TPC1 does play a role as a K*
channel, it is not rate-limiting for stomatal closure.

TPC1 does not contribute to Ca®* responses and
gene expression induced by abiotic stresses

Cold, mannitol and high salinity, as well as oxidative stress,
induce a transient rise in the cytosolic Ca®* concentration,
involving Ca®* entry via the plasma membrane, as well as
Ca®* release from intracellular stores including the vacuole.
Depending on the stimulus, the degree of vacuolar contri-
bution to the Ca®* signature varies, with mannitol and salt
stress drawing on the vacuolar Ca?* store to a larger extent
than cold and H,0, (Knight et al., 1996, 1997b). We used
these abiotic stress stimuli in order to determine the role of
TPC1 as a mediator of Ca?* release into the cytosol. Changes
in [Caz"]Cyt were resolved using Ca?*-induced cytosolic
aequorin luminescence, and showed no difference between
wild-type, tpc1-2 mutant and TPCT-over-expressing plants
(Figure 6a-d). According to these results, TPC1 does not
contribute to the Ca®* release pathway involved in the ele-
vation of [Caz"]cyt in response to any of the stimuli tested.
Elevation of the extracellular Ca** concentration has been
shown to raise the cytosolic Ca?* concentration by drawing
on extra- and intracellular Ca®* stores (Han et al., 2003;
McAinsh et al., 1995). No difference in cytosolic Ca** con-
centration changes between wild-type, tpc1-2 mutant and
TPC1-over-expressing plants was measurable in response to
10 mm external Ca* (Figure 6e).

As a complementary approach, we determined stress-
induced gene activation known to require an upstream Ca%*
signal. Expression of A'-pyrroline-5-carboxylate synthetase
(P5CS1), the first enzyme of the proline biosynthesis path-
way, was equally induced in wild-type, tpc1-2 knockout and
TPC1-over-expressing plants in response to mannitol and
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Figure 4. Regulation of wild-type TPC1 activity
by cations, and lack of germination and root
phenotype in tpc71-2 mutants.

(a) Steady-state current-voltage relations of
wild-type SV currents in the presence of
100 mm K* (open circles and line, n=6), Na*
(closed triangles, n=3) or Cs* (closed circles,
n = 5) on the vacuolar side.

(b) Relative open probabilities of SV channels in
the presence of 100 mm K* (open circles), Cs*
(closed circles) or Na* (closed triangles) on the
vacuolar side. Data were fitted using the Boltz-
mann equation with half-maximal activation
potentials (Vy,) of -6.2 & 2.6 mV (n = 6) for K*,
+426+56mV (n=4) for Cs*, and
+75.6 + 16 mV (n = 5) for Na*.

Data in (a) and (b) represent means + SE. Whole- 100 —
vacuolar currents were recorded at test pulses o]
between -74 and +126 mV in 20 mV increments, 80 —
starting from a holding potential of -54 mV in
standard external solution.

(c) Germination of tpc1-2 (open symbols) versus
wild-type seeds (closed symbols) in the presence
of various K* concentrations. Data represent
means + SE (n = 6; total of 90 seeds) for 50 pm
(triangle), 500 um (square) and 1 mm (circle) KCI.
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salt treatment (Figure 6f), confirming that the elevation in
[Caz"]cyt required for gene activation (Knight et al., 1997b)
was not altered in tpc 7-2 knockouts or TPC7over-expressors.
Similarly, Ca?*-dependent induction of RD29a by osmotic/
drought, cold and salt stresses (Cheong et al., 2003; Kim
et al., 2003; Wu et al., 1997) and induction of GST1 by H,0,
(Rentel and Knight, 2004) was comparable in tpc7-2 knock-
out, TPCT-over-expressing and wild-type plants (Figure 6f).

TPC1 does not contribute to Ca®* responses, oxidative
burst or gene expression induced by biotic interactions

Induction of defence responses induced by pathogen-asso-
ciated molecular patterns (PAMPs) was tested using the
bacterial elongation factor Tu N-terminal peptide, elf18, as
well as the peptide flg22 that corresponds to the conserved
N-terminal part of bacterial flagellin. Both peptides have
been shown to act as potent elicitors of the pathogen
response, including extracellular alkalinization, oxidative
burst and defence gene activation (Felix et al., 1999;
Gomez-Gomez et al., 1999; Kunze et al., 2004; Zipfel et al.,

© 2007 The Authors
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2006), while their role in Ca?* signalling during the defence
response has not yet been documented. We show here that
treatment of leaf discs with elf18 induced a prolonged Ca2*
response after a lag phase of about 1 min (Figure 7a), indi-
cating that the peptide is effective in elicitation of Ca?*
responses as has been shown for other peptide/protein
elicitors, such as pep13 in parsley (Blume et al., 2000;
Zimmermann et al, 1997) and cryptogein in tobacco
(Lecourieux et al., 2002). A Ca®* signature of similar ampli-
tude and kinetics was induced by treatment with flg22
(Figure 7a). Changes in [Ca*']., are required for down-
stream defence reactions, including accumulation of reac-
tive oxygen species during the plant-pathogen interaction
(Nirnberger and Scheel, 2001). Treatment with the elicitors
elf18 and flg22 induced the production of reactive oxygen
species such H,0, (Figure 7d, and data not shown), and this
production could be completely blocked using the NADPH
oxidase inhibitor diphenylene iodonium chloride (DPI,
25 um), or the Ca* channel blocker LaCl; (10 mm), indicating
Ca?* dependence of the oxidative burst via NADPH oxidase
(data not shown). Accordingly, elf18 led to increased FRK1
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Figure 5. Kinetics of stomatal closure in wild-type and tpc7-2 mutant plants.
(a) Gas exchange in wild-type (closed circles) and tpc1-2 knockout plants
(open circles) before and after feeding 100 pm ABA (arrow) via the petiole of
detached leaves.

(b) Gas exchange in intact leaves of wild-type (closed circles) and tpcT-
2 knockout plants (open circles) after a shift from 50 to 1500 ppm CO, (arrow).
Data represent means + SE (n=3 for WT; n=5 for tpci-2). Stomatal
movement is expressed as the change in water loss relative to the maximum
value.

and GST1 expression in seedlings (Figure 7c), as was pre-
viously shown for the peptide elicitor flg22 (Asai et al., 2002).
No difference in the elf18- and flg22-induced Ca?* signature,
oxidative burst and marker gene activation was observed
between wild-type, tpc7-2knockout and TPCTl-over-
expressing plants (Figure 7a,c,d, and data not shown). flg22
induced a growth inhibition of the same extent in tpc1-
2 knockout, TPC1-over-expressing and wild-type seedlings
(data not shown). H,0, accumulation in leaves infiltrated
with an avirulent pathogen, Pseudomonas syringae pv.
tomato (avrB), was also comparable between wild-type and
tpc1-2 knockout plants (Figure 7e).

We could not detect any Ca*" elevation following the
addition of salicylate (Figure 7b), which accumulates during
the plant defence response (Niirnberger and Scheel, 2001). It
should be noted that the use of free salicylic acid caused
some disturbance of the Ca?* homeostasis (data not shown),
probably due to non-specific pH effects. However, salicylate
induced PR-17 expression to a similar extent in wild-type,
mutant and over-expressing plants (Figure 7c). These
results show that salicylate does not induce a rise in
cytosolic Ca?* concentration, as has been previously
reported using salicylic acid (Lin et al., 2005). In conclusion,
by probing for defence-related Ca®* signatures and oxidative
burst, as well as downstream gene activation, we could

disprove any role of TPC17 in these plant defence signal
transduction pathways.

Finally, taken all together, our analyses covering electro-
physiology, in vivo measurements of Ca®* signatures and
Ca**-dependent stress responses support our hypothesis
that AtTPC1 does not function as a Ca* channel in vivo.

Discussion

AtTPC1 function in pathogen responses

TPC1 is considered to represent a key regulator of elicitor-
induced hypersensitive cell death, activation of MAP kinases
and defence-related genes in rice and tobacco cells (Kadota
et al., 2004; Kurusu et al., 2005). As the elicitor-induced oxi-
dative burst was not suppressed in Ostpc Tknockout mutants,
TPC1 was suggested as a downstream candidate for H,0,-
induced Ca** entry. Our data strongly argue against this
hypothesis, as Ca%* responses to H,0, at 10 mm (Figure 6d),
100 pm and 25 pm (data not shown) were identical, and
downstream expression of GST1 was not altered (Figure 6f)
in wild-type, tpc7-2 mutant and TPC1-over-expressing Ara-
bidopsis plants. In response to the peptide elicitors elf18 and
flg22, a transient rise in [Caz"]Cyt could be demonstrated. Its
amplitude and kinetics were similar in wild-type, tpc1-
2 knockout and TPC1-over-expressing plants. No reduction
or delay in MAPK activation was observed in tpc1-2 mutant
plants treated with either elf18 or flg22, compared to wild-
type plants (data not shown). Pathogen-related gene
expression and a pathogen-induced oxidative burst occurred
independently of the AtTPC1expression level. In accordance
with our results using bacterial pathogens and elicitors that
predominantly induce salicylate signalling, Bonaventure
et al. (2007) recently reported no difference between wild-
type and tpc1-2 knockout plants in response to infection with
the necrotrophic fungus Botrytis cinerea, which induces the
jasmonate pathway, or in MeJA-induced root growth inhibi-
tion. Instead, the effects that they did observe, such as en-
hanced resistance to B. cinerea and elevated oxylipin levels,
were seen only in a gain-of-function mutation of AtTPC1
(fou2) that probably leads to mis-regulation of its function -
indicating that AtTPC1 per seis not involved in these defence
processes.

Taken together, this leads us to conclude that TPC1 does
not play a crucial role in the signalling pathways of plant
defence induced by bacterial or fungal pathogens, nor of the
defence-related plant hormones salicylate and jasmonate.

AtTPC1 function in Ca** homeostasis

In several reports, TPC1 has been suggested to mediate Ca*
entry across the plant plasma membrane in response to cold
shock, sucrose, oxidative stress, elicitors and salicylic acid
(Furuichi et al.,, 2001; Kadota et al., 2004; Kawano et al.,
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Figure 6. Elevation of cytosolic Ca** concentra-
tion and gene activation induced by abiotic
stresses are not altered in tpc71-2 mutants and
TPC1 over-expressors.

(a) Cold shock was applied by addition of 1 vol-
ume ice-cold water.

(b) Osmotic stress was simulated by the addition
of 600 mm mannitol.

(c) Ca®* response (300 mm NaCl).

(d) Oxidative stress was induced by 10 mm H,0,.
(e) External Ca* concentration was elevated to
10 mm.

(f) Results from RT-PCR analysis of four stress-
related genes: RD29a induced by cold, mannitol
and NaCl stress, GST1 induced by oxidative
stress, and P5CS1induced by mannitol and NaCl
stress were visualized in wild-type (WT), tpc1-2
(KO) and TPC1-over-expressing line 10.21 (OX).
EF1o was used as a constitutive control. Num-
bers of PCR cycles are indicated in parentheses.
UC, untreated  control; W, water  control;
Man, mannitol.

For (a), cytosolic Ca?* concentrations were cal-
culated from relative aequorin luminescence
measured in leaf discs using 1 sec integration
intervals, for (b)-(d) in seedlings using 0.5 sec
integration intervals, and for (e) in leaf discs
without lower epidermis using 2 sec integration
intervals. Data represent means + SD, n > 5. Left
graphs: pMAQ2/TPC1(WT) (solid lines), pMAQ2/
tpc1-2 (KO) (open circles). Right graphs: pMAQ2
(solid lines), pMAQ2/35S::TPC1(OX) (open trian-
gles). Two independent controls were performed
(see Experimental procedures for details). Dotted
lines represent data obtained upon application of
water as a control.

2004; Lin et al., 2005), and across the plasma membrane of
yeast cells after heterologous expression (Hashimoto et al.,
2004; Wang et al., 2005). In contrast, our results obtained
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from aequorin luminescence measurements strongly sug-
gest that TPC1 is not involved in the Ca®* response to any of
the tested stimuli (Figures 6 and 7). The discrepancy between
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Figure 7. Elevation of cytosolic Ca** concentra-
tion, oxidative burst and gene activation in
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response to biotic stresses are not altered in
tpc1-2 mutants and TPCT over-expressors.

(a) Ca®* response after challenge with the elici-
tors elf18 or flg22 (1 um, leaf discs, 10 sec inte-
gration interval) following a lag phase of about
1 min in two independent wild-type controls
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tpc1-2 (open circles) and TPCT-over-expressing
lines  (open triangles). Data represent
means + SD, n > 5.

(b) Lack of [Ca*] elevation after addition of
500 pm sodium salicylate (seedlings, 10 sec inte-
gration interval). Data represent means + SD,
n>5. Symbols as in (a).

(c) Results from RT-PCR analysis of gene expres-
sion induced by biotic stresses: FRK7 and GST1
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(d) Oxidative burst in response to treatment with
1 um elf18 in leaf slices from wild-type (closed
circles), tpc1-2 (open circles) and TPCT-over-
expressing line 10.21 (open triangles), as deter-
mined using a luminol-based assay.
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our results and those obtained for aequorin-expressing BY-2
wild-type and TPCT-co-suppressing and -over-expressing
cell lines may be due to the sensitivity of the aequorin-based
method to differences in total luminescence between the
plant lines used for comparison. In particular, the free Ca
level is in a double logarithmic relationship to the aequorin
luminescence. For proper quantification and comparability of
[Caz"]cyt, it is absolutely necessary to convert these lumi-
nescence values into actual [Ca?*] (van Der Luit et al., 1999;
Knight et al., 1996, 1997a; Rentel and Knight, 2004). For our

[WT ko OX|wrT KO OX|[WT KO OX |

L Rt

Ca®* measurements and RT-PCR experiments

PR1 were performed as described in Figure 6.
P (27x)

TPC1
S 7145127x)

EF1a

(28x)

studies, we introgressed the pMAQ2 apoaequorin transgene
into the tpc71-2 mutant and TPCT over-expressor genetic
background to ensure similar aequorin levels. However, we
observed a strong reduction of the total aequorin lumines-
cence in all progeny homozygous for the tpc7-2 mutation.
Thus, we carefully selected independent Arabidopsis wild-
type linesfromthe crossesto pMAQ2to serve as independent
controls forknockouts and over-expressors, respectively (see
Experimental procedures for details). Our data using lines
with comparable total aequorin luminescence and calibrated
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[Caz"]Cyt show that, for the stimuli tested, TPC1 apparently
does not contribute to Ca®* entry into the cytosol, either from
external or internal stores. We cannot, however, exclude a
potential role in Ca2* release from the vacuole in very local
Ca®* responses, which would escape observation by the
cytosolic aequorin reporter.

We demonstrate that hyperpolarization-activated Ca**
currents across the plasma membrane are independent of
TPC1 expression. Instead, we confirm that TPC1 causes SV
currents in the vacuolar membrane and show that
it co-localizes with AtTPK1, a Ca?*-activated vacuolar
K*-selective (VK) channel (Gobert et al., 2007).

Ca®*.,dependent activation and Ca®* permeability have
led to the hypothesis of the SV channel as mediator of CICR
from vacuoles. Due to a small open probability in the
physiological voltage range of -30to 0 mV, it has been
questioned whether SV channel-mediated CICR occurs
in vivo (Pottosin et al., 1997). However, potentiation of the
Ca®*-dependent activation is induced by cytosolic Mg?* (Pei
et al, 1999), revealing a Ky (Ca%") that is similar to that
reported initially in the presence of 1 mm Mg?* (Hedrich and
Neher, 1987) and allows gating around 0 mV. Further
activating conditions, such as reducing agents and alkaline
pH (Carpaneto et al., 1999; Schulz-Lessdorf and Hedrich,
1995), could support channel opening and allow CICR to
occur at physiological voltages. According to the results
presented here, TPC1 cannot be the source for Ca?* release
during CICR, as wild-type-like Ca?* signatures were
observed in response to various biotic and abiotic stresses,
including elevation of extracellular [Ca%*] in TPCT mutants
and over-expressors. (Figures 6 and 7). The latter observa-
tion is in agreement with the very recent finding that an
extracellular Ca®*-induced Ca* increase exists in guard cells
and mesophyll cells, and involves the Ca**-sensor receptor
CAS, which triggers Ca?* release from intracellular stores via
second messenger (IP3) production, and therefore very likely
requires ligand-gated rather than voltage-gated Ca?* chan-
nel activity (Tang et al, 2007). In guard cells, elevated
external Ca* leads to Ca** inhibition of plasma membrane
K* channels (Dietrich et al., 1998; Grabov and Blatt, 1999;
Schroeder and Hagiwara, 1989). The Ca®* insensitivity of
stomata from the tpc7-2 mutants (Peiter et al., 2005) there-
fore does not necessarily indicate alterations in vacuolar
Ca** release, but may suggest changes in cellular K*
homeostasis. Together, the data presented here strongly
suggest that TPC1 functions in Ca® signalling as a target
rather than as a source for Ca®* release from the vacuole.

Under in vivo situations, the fractional Ca®* current in the
presence of competing K* and Na* ions has not yet been
quantified. The relative Ca** permeability of TPC1 is only
moderate compared to the high Ca?" selectivity of related
voltage-dependent Cay channels in animal systems (Potto-
sin et al., 2001). In good agreement, a glutamate residue
within the pore region that is responsible for high Ca?*
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selectivity is conserved between Cay channels (Zagotta,
2006), but is missing in both pore domains of AtTPC1 and its
homologs in other plant and animal species (Hashimoto
et al, 2004). Phylogenetic analyses of ion channel
sequences suggest that the divergence of TPC1 from a
common ancestor preceded that of Na* and Ca®* channels
(Anderson and Greenberg, 2001). Given the absence of the
latter four-domain Ca2* and Na* channels from the Arabid-
opsis genome, the enigmatic function of the two-pore
channel singleton in cation homeostasis requires future
research.

Experimental procedures

Plant material and growth conditions

The AtTPC1 T-DNA mutant line (SALK_145413, tpc1-2) was either
obtained from D. Sanders (York, UK) (Peiter et al., 2005) or inde-
pendently retrieved from the SALK collection (Alonso et al., 2003),
and plants homozygous for the insertion were identified by PCR,
using primer pairs TPC1fw and TPC1rv for verification of the wild-
type gene and Lba1 and TPC1rv for the T-DNA insertion (see Table
1). The absence of TPC7T mRNA in homozygous tpc1-2 plants was
confirmed by RT-PCR using the TPC1-specific primers TPC1fw and
TPC1rv (see Table 1).

TPC1-over-expressing lines (numbers 5.6 and 10.21) were kindly
provided by E. Peiter (York, UK), H. Knight (Durham, UK) and
D. Sanders (Peiter et al., 2005), and aequorin-expressing pMAQ2
plants by M. Knight (Durham, UK) and H. Knight. All plant lines used
were in the Col-0 background. Seeds were stratified at 4°C for at
least 2 days prior to germination. Plants were grown on soil in
climate chambers under 8 h:16 h (short day) conditions, or on agar
plates under constant light at 22°C.

Electrophysiological recordings

Mesophyll tissue of leaves from 5-10-week-old plants was
enzymatically digested (1% BSA, 0.05% pectolyase Y-23 (ICN; http://
www.mpbio.com), 0.5% cellulase-R10  (Yakult http://www.
yakutt.co.jp), 0.5% macerozyme-R10 (Yakult), 1 mm CaCly, 10 mm
MES, pH 5.6/Tris) at 22°C for 1 h, and washed twice with 400 mm
p-sorbitol. Vacuoles were released from the protoplasts by osmotic
lysis (10 mm EGTA, 10 mm HEPES, pH 7.4/Tris, sorbitol to
200 mOsM/kg). Vacuolar currents were studied in the whole-vacu-
olar and vacuolar side-in configuration using an EPC-7 patch—clamp
amplifier (List Medical Electronics) and an LIH 1600 interface (HEKA
Elektronik; http://www.heka.com). Patch-clamp recordings were
performed as described previously (Dietrich and Hedrich, 1998;
Hamill et al., 1981). The external (cytoplasmic) solution consisted of
50 mm K-gluconate, 0.2 mm Ca-gluconate,, 0.8 mm CaCly, 2 mm
DTT, 10 mm HEPES pH 7.4/Tris. The pipette (luminal) solution was
composed of 100 mm K-gluconate, 2 mm DTT, 10 mm EGTA, 10 mm
HEPES pH 7.4/Tris. Solutions were adjusted to an osmolarity of
400 mOsM/kg using p-sorbitol. Any deviations from standard
solutions are indicated in the figure legends.

Gas exchange measurements

Wild-type and tpc1-2 plants were analyzed using a gas exchange
fluorescence system (GFS-3000, Heinz Walz GmbH (http:/
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Table 1 Primers used in this study

Gene Length (bp) Primer name Sequence

AtP5CS1 (At2g39800) 560 P5CS1-F 5-GGAGGAGCTAGATCGTTCAC-3
P5CS1-R 5-TCAGTTCCAACGCCAGTAGA-3’

AtRD29a (At5g52310) 365 RD29a-F 5-GAACACTCCGGTCTCTCTGC-3’
RD29a-R 5-GCGAATCCTTACCGAGAACA-3’

AtGST1 (At1g02930) 364 GST1-F 5-TGTCGAGCTCAAAGATGGTG-3
GST1-R 5-GGACTCACCAAGCCTGTGTT-3

AtFRK1 (At2g19190) 340 FRK1-F 5-TGAAGGAAGCGGTCAGATTT-3
FRK1-R 5-CTGACTCATCGTTGGCCTCT-3’

AtPR1 (At2g14610) 480 PR1-F 5-AATTTTACTGGCTATTCTCG-3’
PR1-R 5-GTATGGCTTCTCGTTCAC-3

AtTPC1 (At4g03560) 269 tpc1-2 F2 5-TGGGGAAACAGCTACCTTCA-3’
tpc1-2 R2 5-AGAGCTTTTTGTTCCCAGCA-3’

AtEF1a (At1907920) 653 EF1a-F 5-TCACATCAACATTGTGGTCATTGGC-3
EF1a-R 5-TTGATCTGGTCAAGAGCCTCAAG-3

Other primers used
LBa1 5-TGGTTCACGTAGTGGGCCATCG-3
TPC1fw 5-GGCAGGTTGCCGAGTTTGTC-3
TPClrv 5-GCAGTAGATACACAGCACGC-3’
TPC1-fwd 5-GAGAAGAATGTTGGAGAAAGCCTTTGG-3
tpc1-2 rev 5-CGCAGAAAATGGTCCCTAAA-3’
Aeqg-fwd 5-ATGAAATATGGTGTGGAAACTGATT-3
Aeg-rev 5-GTTGTCTTGTCATCTCATCAACATC-3’

www.walz.com). Stomatal opening was promoted by superfusion
of intact leaves with air containing 50 ppm CO,, and subsequent
stomatal closure was induced by 1500 ppm CO,. For ABA-induced
stomatal closure, detached leaves were opened in the presence of
100 ppm CO, in the light, and 100 um ABA was fed via the petiole.
Humidity and light intensities were 11000 ppm H,0,,s, and
250 pmol m~2 sec™' PAR (photosynthetic active radiation), respec-
tively.

Aequorin luminescence measurements

Plants expressing the aequorin apoprotein under control of the 35S
promoter in the cytosol were used and were derived from the same
homozygous pMAQ2 line (single insertion of aequorin, M. Knight,
School of Biological and Biomedical Sciences, Durham University,
UK, pers. comm.). Aequorin-expressing tpc7-2 mutants and TPC1-
over-expressing lines were generated by crossing of tpc7-2 and
TPC10.21 with pMAQ2 plants. In case of the knockout, F, und F3
progeny from pMAQ2 X tpc1-2 crosses homozygous for the tpc1-2
mutation (knockout) and progenies segregating for the wild-type
TPC1 genotype (as a control, see below) were used. Plants were
screened by PCR using primers spanning the T-DNA insertion (tpc1-
2 F2/R2, see Table 1), as well as primers for the T-DNA insertion
(LBa1) and the TPCT gene (tpc1-2 rev), and primers specific for the
aequorin cDNA (Aeg-fwd/rev), using genomic DNA. Genotypes
were confirmed by RT-PCR using primers spanning the T-DNA
insertion (tpc1-2 F2/tpc1-2 rev and tpc1-2 R2) for all lines used. In
case of the over-expressor, F; progeny from pMAQ2 x TPC10.21
crosses heterozygous for the 35S::TPC1 insertion were used, and
original pMAQ2 plants were used as a control. Plants were screened
by PCR using TPC1-specific primers (TPC1 fwd/tpc1-2 rev) spanning
eight introns to discriminate between genomic TPCT and the in-
serted TPC1cDNA.

We observed a reduction in total aequorin luminescence in all F,
and F3 progeny from pMAQ2 x tpc1-2 crosses tested, and therefore

used TPCT wild-type genotypes from the same generation as
independent controls. Only plants with comparable amounts
of total aequorin luminescence were selected for experiments,
allowing comparison of the relative luminescence levels and
calculated [Ca®*],; values.

Leaf discs (diameter 3 mm, 4-8-week-old plants) were cut from
mature leaves and floated individually in wells of a 96-well plate on
100 pl H,0/10 um native coelenterazine per well (5 mm stock in
methanol, Molecular Probes/Invitrogen, http://www.invitrogen.
com/) in darkness for at least 4 h for reconstitution. For treatment
with external CaCl,, the lower epidermis was removed prior to
reconstitution (1 mm MES-KOH, pH5.7, 100 um KCI, 10 um
coelenterazine) to allow direct contact of the CaCl, with the
mesophyll tissue. Seedlings were grown axenically on MS agar
plates (1 x MS, 1% sucrose, 1% agar), and used when 6-7 days old.
Intact seedlings were placed individually in wells of a 96-well plate
and reconstituted overnight as described above. Luminescence was
measured using a Luminoskan Ascent 2.1 luminometer (Labsys-
tems (http://www.thermo.com)). After 30-60 sec recording, treat-
ment was applied by addition of 50 pul of a threefold concentrated
solution in water via an automatic dispenser, and measurements
were continued for the indicated time. Controls were performed by
addition of an equal volume of water. Remaining aequorin was
discharged by automatic injection of 1 volume 2 m CaCly/20%
ethanol, and luminescence recorded for another 8-10 min until
values were within 1% of the highest discharge value.

In the case of cold-shock treatment, luminescence was measured
in a Lumat LB 9501/16 Iuminometer (Berthold; http://www.
berthold.com). Reconstituted leaf discs were transferred individu-
ally to single tubes containing 200 pl H,0/10 um coelenterazine, and
allowed to recover for at least 15 min from the touch response.
Tubes were placed individually into the luminometer chamber, and
luminescence recorded at 1 sec integration intervals. After 30 sec,
cold shock was applied by manual addition of 1 volume of ice cold
water, and measurements were continued for 3 min. Remaining
aequorin was discharged as described above.

© 2007 The Authors
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Relative luminescence values were calculated and converted into
actual Ca®* concentrations using the calibration equation below as
described in detail by Rentel and Knight (2004):

pCa = 0.332588(— log k) + 5.5593

where k is the luminescence counts per sec/total luminescence
counts remaining.

Oxidative burst in Arabidopsis leaves

Luminol assay. Reactive oxygen species were assayed by H,0,-
dependent luminescence of luminol (Gomez-Gomez et al., 1999).
Mature Arabidopsis leaves were cut in 1 mm slices and floated
overnight on H,0. Slices were transferred to a 96-well plate (four
slices per well) containing 200 pl of H,O, 200 um luminol, 2 pg
horseradish peroxidase. Luminescence was measured in the
Luminoskan Ascent 2.1 luminometer with a 1 sec integration time
at 12 sec intervals. After 60 sec, 1 um elf18 or an equal volume of
water was added manually, and luminescence recorded for further
30 min. This assay is not quantifiable and allows only qualitative
estimation of H,0, production.

DAB staining. Leaves of wild-type and tpc1-2 plants were infil-
trated with avirulent P. syringae pv. tomato Pst DC3000 avrB
(ODggo = 0.2, washed twice in 10 mm MgSO,) and buffer control.
Four hours after infection, leaves were transferred to diamino-
benzidine solution (1 mg mI~" DAB pH 3.8) and incubated in dark-
ness for 18 h. Chlorophyll was cleared for 10 min in boiling 98%
ethanol.

Semi-quantitive RT-PCR experiments

One-week-old seedlings grown as described above were transferred
to liquid medium (1 x MS, 1% sucrose) in 24-well plates (two or
three seedlings/1 ml per well). Seedlings that were 12-14 days old
were treated by exchanging the medium with medium containing
10 pm elf18, 0.5 mm NaSA, 10 mm H,0,, 0.6 M mannitol, 0.3 m NaCl
or water as control. For cold treatment, the medium was exchanged
with ice-cold medium, and seedlings were kept on ice. Whole
seedlings were harvested at the time points indicated, frozen in
liquid nitrogen and stored at —-80°C. Total RNA was prepared using
RNeasy plant mini-preps (Qiagen, http://www.giagen.com/). First-
strand synthesis was performed with 1 pg of total RNA (DNase
I-treated, Fermentas; http://www.fermentas.de) using 200 U
RevertAid M-MuLV reverse transcriptase (Fermentas), oligo(dT)qg
primer (MWG Biotech; http://www.mwg-biotech.com) and RiboLock
RNase inhibitor (Fermentas) according to the manufacturers’
instructions. A 0.5 pl aliquot of cDNA was used in a 50 ul PCR
reaction containing 2.5 U Taq polymerase (New England Biolabs;
http://www.neb.com), HiFi buffer (Fermentas), 1.5 mm MgCl,,
200 um dNTPs and 200 nm primers (MWG Biotech). Amplification
conditions were 1 min at 94°C; x cycles of 15 sec at 94°C, 20 sec at
50°C and 45 sec at 72°C, followed by 5 min at 72°C. Optimal PCR
cycle numbers determined to be in the non-saturated range have
been established previously for each primer pair and are indicated
in the text. PCR products were analyzed on 2% TAE agarose gels
containing ethidium bromide. Primers were chosen to span at least
one intron if possible.

Primers used
The primers used in this study are listed in Table 1.
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Root growth measurements and germination assay

Wild-type and tpc1-2 seedlings were grown on agar plates in
climate chambers under a 16 h/8 h light/dark regimen at 22°C.
K*-dependent seed germination was observed for a period of
264 h on modified half-strength MS agar plates in which KNO3 and
KH,PO, had been replaced by NH,NO3 and NH,PO,. Final [K*] was
adjusted to 50 pm, 500 pm or 1 mm using KNO;. The medium
contained 1.8% K*-depleted agar (Xu et al., 2006). For root growth
measurements, plants were grown on half-strength MS medium
containing 1% sucrose and 0.8% agar for 4 days, and then trans-
ferred to plates with modified half-strength MS media containing
1% sucrose and 1% purified agar (A7921, Sigma, http://www.
sigmaaldrich.com/). For variations in Ca* contents, 1.5 mm CaCl,
was replaced by 0, 0.15, 1.5 and 15 mm CaCl,, respectively. Note
that 0 mm corresponds to approximately 50 ym Ca**. For ABA-
dependent root growth experiments, plants were transferred to
half-strength MS plates containing 10 or 50 um (+) cis,trans-ABA
in 10 mm KCI and 1.5 mm CaCl,. Root growth within 4 days after
transfer was measured using IMAGEJ analysis software (http://
rsh.info.nih.govi/ij).

TPC1-GFP construct, transient expression,
and confocal fluorescence imaging

For localization of TPC1 in onion epidermal cells, AtTPCT cDNA
lacking its stop codon was inserted in-frame with mrfp1 (Campbell
et al., 2002) into pPily (Ferrando et al., 2000), creating 2 x 35S-pro-
motor:TPC1-mrfp1. In similar fashion, AtTPK1 cDNA was inserted
into pPily in-frame with mgfp4 (Haseloff et al., 1997), creating
2 x 35S-promotor: TPK71-mgfp4. Onion epidermal cells were then
co-transfected by biolistic delivery of tungsten particles (tungsten
M-17, Bio-Rad, http://www.bio-rad.com/) coated with equal
amounts of both plasmids. After 1-2 days, transfected cells were
imaged using a Zeiss LSM5 Pascal confocal microscope (http:/
www.zeiss.com/) in multi-track mode. mGFP4 fluorescence was
measured using a 488 nm excitation wavelength and an emission
band path of 505-530 nm, while mRFP1 was excited at 543 nm and
fluorescence emission was detected using a longpass filter
LP560 nm. Images were processed using zeiss Lsm software and
ADOBE PHOTOSHOP Elements 2.0.
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