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Abstract We applied the patch-clamp technique to
investigate the transport properties of the Slow Vacuolar
(SV) channel identified in leaf vacuoles of Alyssum
bertolonii Desv., a nickel hyperaccumulator plant growing
in serpentine soil of the northern Apennines (Italy). SV
currents recorded in vacuoles from adult plants collected in
their natural habitat showed high sensitivity towards
cytosolic nickel. Dose-response analyses indicated half-
maximal current inhibition at submicromolar concentra-
tions, i.e. up to three orders of magnitude lower than
previously reported values from other plant species. The
voltage-dependent increase of residual currents at saturat-
ing nickel concentrations could be interpreted as relief of
channel block by nickel permeation at high positive
membrane potentials. Including young plants of A. ber-
tolonii into the study, we found that SV channels from
these plants did not display elevated nickel sensitivity. This
difference may be related to age-dependent changes in
nickel hyperaccumulation of A. bertolonii leaf cells.
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Introduction

In 1948, Minguzzi and Vergnano (1948) gave the first
description of metal accumulation in plants when they
reported an extremely high concentration of nickel (Ni*™),
reaching up to 1% of dry matter weight, in the shoots of
Alyssum bertolonii Desv., growing in Tuscan serpentine
soil. The term “hyperaccumulator” was coined only about
30 years later to describe plants that accumulate more than
1,000 ppm of nickel (Brooks et al. 1977). The genus Alys-
sum comprises 48 species showing the ability of nickel
hyperaccumulation (Brooks et al. 1979; Brooks and Radford
1978). Many of them are endemic to ultramafic serpentine
soils, characterised by a low capacity of water retention,
high concentrations of heavy metals (such as nickel, cobalt
and cadmium), low nutrient levels and a high Mg/Ca ratio.

Naturally selected hyperaccumulator plants have
received great interest for their potential use in phyto-
remediation approaches, the plant-based clean-up strategy
to decontaminate soils and waters. In the last decade, the
basic processes underlying the maintenance of plant metal
homeostasis in general and the phenomenon of hyperac-
cumulation in particular have been elucidated (Clemens
2001). At the cellular level, a major role has been ascribed
to vacuolar compartimentalisation of excess cytosolic
metals. Likewise, hyperaccumulation is connected to the
ability to transport large amounts of metals into leaf vac-
uoles (Kramer et al. 2000; Persans et al. 2001). Nickel
accumulation in A. bertolonii leaves is probably based on a
similar mechanism of vacuolar sequestration (Kupper et al.
2001). To date, little is known about the interactions
between metals and plant nutrient transport systems. The
Slow Vacuolar (SV) channel has been implicated in cel-
lular homeostasis of potassium, an essential macronutrient
involved in osmoregulation and growth.
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The SV channel displays poor cation selectivity as it is
permeable not only to small (monovalent and divalent)
cations (Pottosin et al. 2001) but also to organic cations
(e.g. TEA™) under the action of large membrane potentials
(Dobrovinskaya et al. 1999). A wide dimension of the
narrowest pore constriction, between 5 and 8 A, has been
suggested (Dobrovinskaya et al. 1999; Gambale et al.
1996). The large size of the pore is not surprising as known
calcium-permeable channels have pore sizes in this range
(McCleskey and Almers 1985). Consistently, the SV
channel pore is accessible to a variety of cytosolic metal
ions, which affect the channel at concentrations depending
on plant species and tissue. For example, current inhibition
by zinc and/or nickel has been reported in sugar beet tap-
root (Gambale et al. 1996; Hedrich and Kurkdjian 1988;
Paganetto et al. 2001), Eichhornia crassipes (Paganetto
et al. 2001) and radish root (Carpaneto 2003). Here, we
investigated the effect of cytosolic nickel on SV currents in
leaf vacuoles of Alyssum species.

Materials and methods
Plant material and maintenance

Adult plants and seeds of A. bertolonii Desv. were col-
lected at an ultramafic site near Falcinello (La Spezia,
Italy) in the Apennine mountains. Plants were placed into
plastic pots together with soil collected at the same site and
kept in open air under variable weather conditions, as field-
grown plants deteriorated when maintained for prolonged
periods of time in a growth chamber.

Seeds of Alyssum montanum L. and Alyssum corsicum
Duby were provided by Ute Kridmer (University of Hei-
delberg, Germany). For germination, seeds were kept on
wet sand, first for 4 days at 4°C in the dark, then at 22°C in
a growth chamber with 12-h light period. Seedlings were
transferred into plastic pots containing either commercial
potting compost or Ni-rich soil taken at the site where
A. bertolonii plants were collected. The nickel content of
the serpentine soil was 2,050 mg kg~' dry weight, as
measured by atomic absorption spectroscopy (ARPAL,
Genoa). Young plants were used for patch-clamp experi-
ments at an age of 6-9 weeks. For all data sets recordings
from at least two individuals were used.

Protoplast isolation

The same protocol was used for protoplast isolation from
primary leaves of adult and young plants. The latter pre-
sented generally shorter and more reproducible incubation
times in enzyme solution. The upper and lower epidermis
bearing stellate trichomes were removed using fine
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sandpaper. Leaf pieces were placed in enzyme solution
containing 0.8% (w/v) cellulase Onozuka R-10 (Yakult),
0.08% (w/v) pectolyase Y-23 (Seishin), 1 mM CaCl,, 0.5%
(w/v) polyvinylpyrrolidone (PVP-10), 0.5% (w/v) bovine
serum albumin, 500 mM b-sorbitol, 5 mM MES, pH 5.5
and incubated in the dark at 30°C for about 2 h (1 h for
young plants). Resulting protoplasts were centrifuged
(100xg, 2 min, 5°C) and washed twice with standard
patch-clamp solution.

Patch-clamp recordings

Patch-clamp experiments on isolated vacuoles were per-
formed as described previously (Carpaneto et al. 2001).
Standard internal and external ionic solutions contained (in
mM): 150 KCl, 1 CaCl,, 2 MgCl,, 10 HEPES-Tris, pH 7.0.
The osmolarity was adjusted by the addition of p-sorbitol
to 600 mOsm (for vacuoles from young plants) and to the
respective osmotic pressure of the leaf (for adult plants;
normally 350 mOsm, but varying seasonally). Desired free
Ni** concentrations in the bath solution were adjusted by
the addition of EGTA and NiCl,, according to the calcu-
lation by maxchelator (http://www.stanford.edu/ ~ cpatton/
webmaxcE.htm).

Vacuoles were released from protoplasts by addition of
10 mM EGTA to an aliquot of protoplast solution. The
recording chamber was initially perfused with bath solution
containing 1 mM dithiothreitol (DTT), as reducing agents
are known to preserve the functional state of SV channels
(Carpaneto et al. 1999). Prior to addition of NiCl,, DTT
was removed from the bath solution leading to a moderate
SV current decrease of about 20-30% for all Alyssum
species (data not shown). Recordings in the whole-vacuole
and excised cytosolic side-out patch configurations did not
differ regarding current—voltage relationships and response
to cytosolic Ni** and thus were considered equivalent.

Results and discussion

We applied the patch-clamp technique on vacuoles from
leaf protoplasts to study slowly activating vacuolar (SV)
currents of the nickel hyperaccumulator A. bertolonii and
the non-hyperaccumulator relative A. montanum and their
response to cytosolic nickel. Recordings in standard ionic
solutions showed typical macroscopic SV currents (Fig. 1a,
c, left panels). Currents from both plants were outward
rectifying and required voltage pulses of several seconds
for full activation. SV channels were closed at negative
membrane potentials and activated at voltages more posi-
tive than +40 mV (Fig. 1b, d, open symbols). Cytosolic
nickel (Ni>*) blocked SV currents in sugar beet, radish and
E. crassipes with constants of half-inhibition between 25
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Fig. 1 a Macroscopic Slow Vacuolar currents of the non-hyperac-
cumulator plant Alyssum montanum before (left panel) and after
addition of 100 uM NiCl, (right panel) to the bath solution. Currents
were elicited by voltage pulses from —20 to 4120 mV in steps of
+20 mV. b Time-dependent currents from a were normalised to the
control value at 4120 mV and plotted against the applied membrane

and 450 uM (Carpaneto 2003; Paganetto et al. 2001).
When Ni*" at a concentration of 100 uM was added to the
bath solution, SV currents of the non-hyperaccumulator
A. montanum decreased at all potentials between +60 and
4120 mV by about 20% (Fig. la, b, closed squares)
indicative of an inhibition constant comparable to those
reported for other plants. Instead, the SV current response
in vacuoles from adult field-grown A. bertolonii plants was
much more pronounced, showing a reduction of at least
80% (Fig. lc, d, closed circles). Therefore, we investigated
the Ni*" sensitivity of A. bertolonii SV currents in more
detail.

Figure 2 shows SV current recordings from the same
vacuole successively exposed to different nickel concen-
trations. Inhibition was already observed at 0.1 pM Ni*"
(Fig. 2b) and increased in a concentration-dependent
manner. The effect was fully reversible (Fig. 2f). The
results from all dose-response experiments in the concen-
tration range from 0.1 to 100 uM Ni*" are displayed in
Fig. 3a. Normalised experimental data were fitted with the
modified Hill equation

Inorm = (1 - Ires)/(l + ([NIZJF} /Kh)n) + Ires (1)

where I, is the fraction of the residual current at saturating
nickel concentrations, [Ni2+] is the nickel concentration,
K;, and n are the Hill constant and the Hill coefficient,
respectively.

0.8 —

0.6 o

Inorm

0.4 —

0.2 — ®

001 e o @ o ©

0 50 100
V (mV)

potential. ¢ Macroscopic Slow Vacuolar currents of an adult Alyssum
bertolonii plant before (left panel) and after addition of 100 uM NiCl,
(right panel) to the bath solution. Voltage protocol was as in a.
d Normalised time-dependent currents (from c) are plotted against the
applied membrane potential

The global fit obtained with the restriction of an iden-
tical Hill coefficient for all data sets (taken at different
membrane potentials) resulted in n = 0.54. Values less
than 1 are found in case of negative cooperativity, in which
ligand binding at one site interferes with binding to addi-
tional identical sites, or alternatively in case of two or more
non-identical binding sites on the protein. According to
Abeliovich (2005), the lower limit of n is given by the
inverse of the subunit number. Thus, the Hill coefficient
found in this study would be in agreement with the
hypothesis of negative cooperativity, under the assumption
that the A. bertolonii SV channel is a homodimer of a
TPC1-like protein homologous to the one identified in
Arabidopsis thaliana (Peiter et al. 2005). Instead, a simple
screening mechanism of negative surface charges near the
channel mouth can be excluded (Ravindran et al. 1991), as
nickel concentrations in the micromolar range are too small
to produce significant surface potential changes in the
presence of 150 mM KCIl.

The dissociation constant value Kj, was about 0.25 pM
for all potentials tested (Fig. 3b) indicating that Ni*™
interacts with the SV channel of adult A. bertolonii plants
with high affinity. This value is up to three orders of mag-
nitude lower than the ones found for other plant species.
Voltage independence of nickel inhibition is in agreement
with the study on radish vacuoles (Carpaneto 2003) and
suggests that the nickel binding site is located outside the
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Fig. 3 a Semi-logarithmic plots of normalised currents /o = Ini/
Iconwor (mean = SEM of at least three experiments) derived from
recordings on vacuoles of adult Alyssum bertolonii plants (see also
Fig. 2). Four different membrane potentials were considered:
+60 mV (not shown), +80 mV (left panel), +100 mV (middle
panel) and +120 mV (right panel). The four data sets were subjected
to a weighted global fit with a Hill function (Eq. 1). The global Hill
coefficient was 0.54. The fraction of the residual current at saturating
nickel concentrations /. (see also ¢) is indicated by a broken line.
b Values of the Hill constant K, (mean + SEM), derived from the
global Hill fit in a, are plotted against the applied membrane potential.

membrane electric field (Woodhull 1973). Interestingly
however, the fraction of the residual current at saturating
nickel concentrations, given by I values in Eq. 1, was
voltage-dependent and increased with the applied tonoplast
potential (Fig. 3c). This could be interpreted in a way that
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¢ The fraction of the residual current at saturating nickel concentra-
tions /s (mean £ SEM), derived from the global Hill fit in a, is
plotted against the applied membrane potential. d Current—voltage
relationship of macroscopic SV currents (recorded from a large
cytosolic-side out excised patch) after replacing 150 mM KCl with
75 mM NiCl,. Currents were elicited by voltage pulses from +40 to
4160 mV in steps of +20 mV. Data points represent the steady state
current (mean £+ SD; n = 4) normalised to the value at +160 mV.
Typical current traces are shown in the inset; note the tail currents
revealing the typical slow deactivation characteristics of the SV
channel. Scale bars 0.5 s/100 pA

current inhibition may be relieved partly by the passage of
Ni** through the SV channel pore at higher membrane
potentials.

To test this hypothesis we completely exchanged the
charge carrier potassium in the bath solution with nickel
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(75 mM NiCl, to maintain the chloride concentration of
the bath solution). Figure 3d shows a typical recording
from an A. bertolonii vacuole (inset) and mean current—
voltage relationships in the presence of 75 mM Ni**.
Clearly, SV currents were neglectible in the voltage range
between +40 and +100 mV, as expected from the dose-
response analysis shown in Fig. 3a. Only under the action
of higher membrane potentials (Fig. 3d), SV-type currents
could be identified based on their activation and deacti-
vation kinetics, suggesting that SV channels are permeable
to Ni*t. This, however, does not seem to be a specific
property of A. bertolonii SV channels, as equivalent
experiments with A. montanum vacuoles gave similar
results (data not shown). It is well known that many tran-
sition metal ions are able to mimic physiological ions and
pass through the pore of even highly selective cation
channels (Bridges and Zalups 2005). Only few studies,
however, have raised the question of Ni** permeation: the
answer has been negative in case of animal calcium
channels (Shibuya and Douglas 1992) and non-selective
cation channels (Lotshaw and Sheehan 1999; Mayer and
Westbrook 1987). To our knowledge, nickel permeation
has only been reported for poorly selective channels with
relatively wide pores like that formed by the peptide ala-
methicin (Fonteriz et al. 1991). We attribute nickel currents
to the SV channel and discard the involvement of the
calcium-insensitive vacuolar channel (CIVC) recently
identified in A. thaliana vacuoles (Ranf et al. 2008). The
activation of CIVC at highly positive membrane potentials
produced small K currents compared to the respective SV
currents in the same vacuole. Therefore, Ni’t currents
recorded in our experiments would be compatible with
CIVC activity only under the assumption of a higher per-
meability for nickel than for potassium.

Could the high nickel sensitivity of SV channels be
related to the nickel hyperaccumulation in leaf vacuoles
of A. bertolonii plants? If this were the case, the same
response may be found in other nickel hyperaccumulator
species. For this purpose, we isolated leaf vacuoles from
young A. corsicum plants grown in commercial potting soil
and tested the response of SV currents to 100 pM cytosolic
nickel. The current reduction of about 35% in A. corsicum
was not significantly different from A. montanum grown
under identical conditions (Fig. 4a). Surprisingly, the same
was true for young plants of A. bertolonii grown in Ni-rich
soil identical to the one of adult plants (Fig. 4a) or grown
in potting compost (data not shown). A typical SV current
response of a Ni-grown A. bertolonii plant is shown in
Fig. 4b. Taken together, these results pointed to a stage-
dependent difference in the nickel sensitivity of SV cur-
rents in A. bertolonii. Vacuolar nickel accumulation in this
hyperaccumulator plant is thought to occur predominantly
in the epidermal cells of the leaf (Kupper et al. 2001).
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Fig. 4 a SV current responses (Ihorm = Ini/lconwor) Of different
Alyssum species to the presence of 100 uM NiCl, in the bath
solution. Adult plants of Alyssum bertolonii A.b.(A) were taken from
the field (Ni-rich serpentine soil; +), young plants A.b.(Y) were
grown in the same Ni-rich soil in a growth chamber. Young plants of
the nickel hyperaccumulator Alyssum corsicum A.c.(Y) and the non-
hyperaccumulator Alyssum montanum A.m.(Y) were grown in
commercial potting compost (—). Data are the mean = SEM of 4
(A.b.) or 6 (A.c/A.m.) different experiments. b SV currents of a
young Alyssum bertolonii plant grown in Ni-rich soil. Current traces
were recorded in the absence of nickel (control), in the presence of
100 pM NiCl, in the bath solution, and after washout (recovery).
Holding potential 0 mV, test potential +80 mV, tail potential —
50 mV

Mesophyll cells are targeted to a much lower extent, pre-
sumably to protect photosynthesis against metal toxicity.
Broadhurst et al. (2004) reported, however, that palisade
mesophyll cells became increasingly important as a storage
site when A. murale was grown at higher nickel concen-
trations. In this study, mesophyll protoplasts were used for
vacuole isolation, while the epidermal cell layers had been
removed. Thus, an explanation for the observed differences
could be that mesophyll cells from adult plants were indeed
involved in nickel accumulation while those from young
plants were not.
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At present one can only speculate about the physical
nature (let alone physiological relevance) of the high nickel
sensitivity of SV currents in adult plants. It seems rather
unlikely that the SV channel (being an ion channel, not an
active transporter) should participate in nickel accumula-
tion in the vacuolar lumen against a huge concentration
gradient. The transport proteins involved in vacuolar metal
sequestration in plants belong to the cation diffusion
facilitator (CDF) family. For example, zinc tolerance in the
zinc hyperaccumulator plant Arabidopsis halleri has been
correlated to constitutively high metal tolerance protein 1
(MTP1) transcript levels (Drager et al. 2004). In this con-
text it is noteworthy that the constant of half-inhibition for
SV currents of adult plants is comparable to apparent
affinity constants of CDF proteins: reported values are
0.16 uM zinc for the yeast ZRC1 protein (MacDiarmid
et al. 2002) and 0.30 uM zinc for the A. thaliana MTP1
protein (Kawachi et al. 2008). Possibly the change in Ni*"
affinity of the A. bertolonii SV channel is caused by a
posttranslational modification of the TPC1 protein or by
differential gene expression. For example, heterogeneity of
the nickel response among animal T-type calcium channels
arises from three isoforms with almost identical biophysi-
cal properties, but differential nickel sensitivities (Lee et al.
1999). Future molecular cloning studies on A. bertolonii
will help to address these questions.

Acknowledgments This research was supported by the EU
Research Training Networks “NICIP” (HPRN-CT-2002-00245) and
“VaTEP” (MRTN-CT-2006-035833) and by the German Research
Foundation (grant SCHO 1238/1-1 to JSS). We are grateful to Ute
Kriamer (University of Heidelberg, Germany) for the kind gift of
A. montanum and A. corsicum seeds.

References

Abeliovich H (2005) An empirical extremum principle for the hill
coefficient in ligand-protein interactions showing negative
cooperativity. Biophys J 89:76-79. doi:10.1529/biophysj.105.
060194

Bridges CC, Zalups RK (2005) Molecular and ionic mimicry and the
transport of toxic metals. Toxicol Appl Pharmacol 204:274-308.
doi:10.1016/j.taap.2004.09.007

Broadhurst CL, Chaney RL, Angle JS, Erbe EF, Maugel TK (2004)
Nickel localization and response to increasing Ni soil levels in
leaves of the Ni hyperaccumulator Alyssum murale. Plant Soil
265:225-242. doi:10.1007/s11104-005-0974-8

Brooks RR, Radford CC (1978) Nickel accumulation by European
species of the genus Alyssum. Proc R Soc Lond B Biol Sci
200:217-224

Brooks RR, Lee J, Reeves RD, Jaffre T (1977) Detection of
nickeliferous rocks by analysis of herbarium specimens of
indicator plants. J] Geochem Explor 7:49-75. doi:10.1016/0375-
6742(77)90074-7

Brooks RR, Morrison RS, Reeves RD, Dudley TR, Akman Y (1979)
Hyperaccumulation of nickel by Alyssum Linnaeus (Cruciferae).
Proc R Soc Lond B Biol Sci 203:387-403

@ Springer

Carpaneto A (2003) Nickel inhibits the slowly activating channels of
radish vacuoles. Eur Biophys J 32:60-66

Carpaneto A, Cantu AM, Gambale F (1999) Redox agents regulate
ion channel activity in vacuoles from higher plant cells. FEBS
Lett 442:129-132. doi:10.1016/S0014-5793(98)01642-1

Carpaneto A, Cantu AM, Gambale F (2001) Effects of cytoplasmic
Mg?* on slowly activating channels in isolated vacuoles of Beta
vulgaris. Planta 213:457-468. doi:10.1007/s004250100519

Clemens S (2001) Molecular mechanisms of plant metal tolerance and
homeostasis. Planta 212:475-486. doi:10.1007/s004250000458

Dobrovinskaya OR, Muniz J, Pottosin II (1999) Asymmetric block of
the plant vacuolar Ca2+-permeable channel by organic cations.
Eur Biophys J 28:552-563. doi:10.1007/s002490050237

Drager DB, Desbrosses-Fonrouge AG, Krach C, Chardonnens AN,
Meyer RC, Saumitou-Laprade P, Kramer U (2004) Two genes
encoding Arabidopsis halleri MTP1 metal transport proteins
co-segregate with zinc tolerance and account for high MTP1
transcript levels. Plant J 39:425-439. doi:10.1111/j.1365-313X.
2004.02143.x

Fonteriz RI, Lopez MG, Garcia-Sancho J, Garcia AG (1991)
Alamethicin channel permeation by Ca*", Mn*™ and Ni*" in
bovine chromaffin cells. FEBS Lett 283:89-92. doi:10.1016/
0014-5793(91)80560-P

Gambale F, Bregante M, Stragapede F, Cantu’ AM (1996) Ionic
channels of the sugar beet tonoplast are regulated by a multi-ion
single-file permeation mechanism. J Membr Biol 154:69-79.
doi:10.1007/s002329900133

Hedrich R, Kurkdjian A (1988) Characterization of an anion-
permeable channel from sugar beet vacuoles: effect of inhibitors.
EMBO J 7:3661-3666

Kawachi M, Kobae Y, Mimura T, Maeshima M (2008) Deletion of a
histidine-rich loop of AtMTP1, a vacuolar Zn>*/H* antiporter of
Arabidopsis thaliana, stimulates the transport activity. J Biol
Chem 283:8374-8383. doi:10.1074/jbc.M707646200

Kramer U, Pickering 1J, Prince RC, Raskin I, Salt DE (2000)
Subcellular localization and speciation of nickel in hyperaccu-
mulator and non-accumulator Thlaspi species. Plant Physiol
122:1343-1353. doi:10.1104/pp.122.4.1343

Kupper H, Lombi E, Zhao FJ, Wieshammer G, McGrath SP (2001)
Cellular compartmentation of nickel in the hyperaccumulators
Alyssum lesbiacum, Alyssum bertolonii and Thlaspi goesingense.
J Exp Bot 52:2291-2300. doi:10.1093/jexbot/52.365.2291

Lee JH, Gomora JC, Cribbs LL, Perez-Reyes E (1999) Nickel block
of three cloned T-type calcium channels: low concentrations
selectively block alphalH. Biophys J 77:3034-3042

Lotshaw DP, Sheehan KA (1999) Divalent cation permeability and
blockade of Ca®*-permeant non-selective cation channels in rat
adrenal zona glomerulosa cells. J Physiol 514(Pt 2):397-411.
doi:10.1111/j.1469-7793.1999.397ae.x

MacDiarmid CW, Milanick MA, Eide DJ (2002) Biochemical
properties of vacuolar zinc transport systems of Saccharomyces
cerevisiae. J Biol Chem 277:39187-39194. doi:10.1074/jbc.
M205052200

Mayer ML, Westbrook GL (1987) Permeation and block of N-
methyl-p-aspartic acid receptor channels by divalent cations in
mouse cultured central neurones. J Physiol 394:501-527

McCleskey EW, Almers W (1985) The Ca channel in skeletal muscle
is a large pore. Proc Natl Acad Sci USA 82:7149-7153. doi:
10.1073/pnas.82.20.7149

Minguzzi C, Vergnano O (1948) Il contenuto di Nichel nelle ceneri di
Alyssum bertolonii Desv. Atti Soc Tosc Sc Nat LV:49-74

Paganetto A, Carpaneto A, Gambale F (2001) Ion transport and metal
sensitivity of vacuolar channels from the roots of the aquatic
plant Eichhornia crassipes. Plant Cell Environ 24:1329-1336.
doi:10.1046/j.1365-3040.2001.00777.x


http://dx.doi.org/10.1529/biophysj.105.060194
http://dx.doi.org/10.1529/biophysj.105.060194
http://dx.doi.org/10.1016/j.taap.2004.09.007
http://dx.doi.org/10.1007/s11104-005-0974-8
http://dx.doi.org/10.1016/0375-6742(77)90074-7
http://dx.doi.org/10.1016/0375-6742(77)90074-7
http://dx.doi.org/10.1016/S0014-5793(98)01642-1
http://dx.doi.org/10.1007/s004250100519
http://dx.doi.org/10.1007/s004250000458
http://dx.doi.org/10.1007/s002490050237
http://dx.doi.org/10.1111/j.1365-313X.2004.02143.x
http://dx.doi.org/10.1111/j.1365-313X.2004.02143.x
http://dx.doi.org/10.1016/0014-5793(91)80560-P
http://dx.doi.org/10.1016/0014-5793(91)80560-P
http://dx.doi.org/10.1007/s002329900133
http://dx.doi.org/10.1074/jbc.M707646200
http://dx.doi.org/10.1104/pp.122.4.1343
http://dx.doi.org/10.1093/jexbot/52.365.2291
http://dx.doi.org/10.1111/j.1469-7793.1999.397ae.x
http://dx.doi.org/10.1074/jbc.M205052200
http://dx.doi.org/10.1074/jbc.M205052200
http://dx.doi.org/10.1073/pnas.82.20.7149
http://dx.doi.org/10.1046/j.1365-3040.2001.00777.x

Eur Biophys J (2009) 38:495-501

501

Peiter E, Maathuis FJ, Mills LN, Knight H, Pelloux J, Hetherington
AM, Sanders D (2005) The vacuolar Ca®"-activated channel
TPC1 regulates germination and stomatal movement. Nature
434:404-408. doi:10.1038/nature03381

Persans MW, Nieman K, Salt DE (2001) Functional activity and role
of cation-efflux family members in Ni hyperaccumulation in
Thlaspi goesingense. Proc Natl Acad Sci USA 98:9995-10000.
doi:10.1073/pnas.171039798

Pottosin II, Dobrovinskaya OR, Muniz J (2001) Conduction of
monovalent and divalent cations in the slow vacuolar channel.
J Membr Biol 181:55-65

Ranf S, Wunnenberg P, Lee J, Becker D, Dunkel M, Hedrich R,
Scheel D, Dietrich P (2008) Loss of the vacuolar cation channel,
AtTPC1, does not impair Ca>* signals induced by abiotic and

biotic stresses. Plant J 53:287-299. doi:10.1111/j.1365-313X.
2007.03342.x

Ravindran A, Schild L, Moczydlowski E (1991) Divalent cation
selectivity for external block of voltage-dependent Na™ channels
prolonged by batrachotoxin. Zn** induces discrete substates in
cardiac Na* channels. J Gen Physiol 97:89-115. doi:10.1085/
jgp.97.1.89

Shibuya I, Douglas WW (1992) Calcium channels in rat melanotrophs
are permeable to manganese, cobalt, cadmium, and lanthanum,
but not to nickel: evidence provided by fluorescence changes in
fura-2-loaded cells. Endocrinology 131:1936-1941. doi:10.1210/
en.131.4.1936

Woodhull AM (1973) Ionic blockage of sodium channels in nerve.
J Gen Physiol 61:687-708. doi:10.1085/jgp.61.6.687

@ Springer


http://dx.doi.org/10.1038/nature03381
http://dx.doi.org/10.1073/pnas.171039798
http://dx.doi.org/10.1111/j.1365-313X.2007.03342.x
http://dx.doi.org/10.1111/j.1365-313X.2007.03342.x
http://dx.doi.org/10.1085/jgp.97.1.89
http://dx.doi.org/10.1085/jgp.97.1.89
http://dx.doi.org/10.1210/en.131.4.1936
http://dx.doi.org/10.1210/en.131.4.1936
http://dx.doi.org/10.1085/jgp.61.6.687

	Response to cytosolic nickel of Slow Vacuolar channels �in the hyperaccumulator plant Alyssum bertolonii
	Abstract
	Introduction
	Materials and methods
	Plant material and maintenance
	Protoplast isolation
	Patch-clamp recordings

	Results and discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


