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In developing bean (Phaseolus vulgaris) seeds, phloem-imported nutrients move in the symplast from sieve elements to the
ground parenchyma cells where they are transported across the plasma membrane into the seed apoplast. To study the
mechanisms underlying this transport, channel currents in ground parenchyma protoplasts were characterized using patch
clamp. A fast-activating outward current was found in all protoplasts, whereas a slowly activating outward current was
observed in approximately 25% of protoplasts. The two currents had low selectivity for univalent cations, but the slow
current was more selective for K* over Cl™ (Py:Pc; = 3.6-4.2) than the fast current (Py:Pc, = 1.8-2.5) and also displayed Ca**
selectivity. The slow current was blocked by Ba®>", whereas both currents were blocked by Gd*>* and La®". Efflux of K" from
seed coat halves was inhibited 25% by Gd®* and La®>" but was stimulated by Ba>* and Cs™, suggesting that only the
fast current may be a component in the pathway for K* release. An “instantaneous” inward current observed in all
protoplasts exhibited similar pharmacology and permeability for univalent cations to the fast outward current. In
outside-out patches, two classes of depolarization-activated cation-selective channels were observed: one slowly activat-
ing of low conductance (determined from nonstationary noise to be 2.4 pS) and another with conductances 10-fold higher.
Both channels occurred at high density. The higher conductance channel in 10 mm KCl had Pg:P; = 2.8. Such nonselective
channels in the seed coat ground parenchyma cell could function to allow some of the efflux of phloem-imported

univalent ions into the seed apoplast.

In developing seeds of grain legumes, there is no
symplastic continuity between the maternal seed coat
and the enclosed embryo (Patrick and Offler, 1995).
Thus, all nutrients accumulated by the embryo must
cross two plasma membranes: the first between the
seed coat symplast and the seed apoplast and the
second between the apoplast and the cotyledon sym-
plast (Patrick and Offler, 1995). As a consequence,
nutrient transport across membranes is an important
process in the transfer of nutrients to embryos. In
bean (Phaseolus vulgaris), phloem-imported nutrients
move through the seed coat symplast from the sieve
elements to specialized ground parenchyma cells
through whose plasma membranes they are trans-
ported to the seed apoplast (Offler and Patrick, 1984;
Wang et al., 1995). Suc, K", Cl~, and amino nitrogen
are the principal nutrients transported by this route
(Patrick, 1984; Walker et al., 1995). Suc efflux is char-
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acterized by both passive and energy-coupled com-
ponents, the latter mediated by proton-Suc antiport
(Walker et al., 1995, 2000). Passive transport through
channels is expected to mediate the efflux of ions
from the seed coat symplast to the seed apoplast
(Walker et al., 1995; Zhang et al., 1997).

The plasma membranes of plant cells are domi-
nated by two classes of voltage-dependent K* chan-
nels: slowly activating outward and inward rectify-
ing channels (Maathuis et al, 1997). These K"
channels are sensitive to tetraethylammonium
(TEA™), Ba®*, and Cs*, and are involved in a number
of important physiological processes (Maathuis et al.,
1997). In addition to these slowly activating and
time-dependent K" currents, an “instantaneously ac-
tivating” current has been observed in various types
of plant cells. These include maize (Zea mays) root
cortical and stele cells (Roberts and Tester, 1995,
1997), wheat (Triticum aestivum) root cortical cells
(Tyerman et al., 1997; Buschmann et al., 2000), and
rye (Secale cereale) root epidermal cells (White and
Lemtiri-Chlieh, 1995). The “instantaneous” current is
often weakly rectified and behaves nonselectively for
the transport of univalent cations including K™,
NH,", Na*, and Cs™ (White and Lemtiri-Chlieh,
1995; Roberts and Tester, 1997; Tyerman et al., 1997;

388 Plant Physiology, February 2002, Vol. 128, pp. 388-399, www.plantphysiol.org © 2002 American Society of Plant Biologists



Buschmann et al.,, 2000). This nonselective cation
channel is insensitive to plant K™ channel blockers,
TEA™, and Cs*, but is inhibited by divalent cations
(White and Lemtiri-Chlieh, 1995; Roberts and Tester,
1997; Tyerman et al., 1997). Similar pharmacological
characteristics are exhibited in an artificial bilayer by
nonselective cation channels from plasma membrane
extracted from wheat roots (Davenport and Tester,
2000).

Univalent cation and anion efflux from plant cells
could occur through ion channels that are poorly
selective between ions of the same charge, or even
poorly selective between cations and anions (Wegner
and De Boer, 1997). To investigate these issues, we
applied the patch clamp technique to protoplasts
derived from ground parenchyma cells from the seed
coat of developing bean seeds. We anticipated that
cation channels would be present that open at depo-
larized membrane potentials to allow efflux. Because
the selectivity for imported nutrients to the seed
would most likely occur during phloem loading, we
also expected that their selectivity might be low. We
have characterized two types of outwardly directed
current that exhibit low selectivity between univalent
cations, and also between K* and C1~. These features
of the outward currents would enable the ground
parenchyma cells to rapidly release phloem-
imported nutrient ions to the seed apoplast.

RESULTS
Identification of Protoplasts

Anatomical and physiological studies show that
efflux of solutes from coats to the seed apoplast of
developing bean seeds occurs from their ground pa-
renchyma cells (Offler and Patrick, 1984; Wang et al.,
1995). The impermeant sulfhydryl fluorochrome bro-
mobimane binds selectively to ground parenchyma
cells of bean seed coats (Wang et al.,, 1995). This
finding was used to identify their protoplasts.
Ground parenchyma cells were tagged in situ with
bromobimane and then protoplasts were prepared.
Those protoplasts that were labeled with bromobi-
mane (Fig. 1B) exhibited a number of distinctive
characteristics including a granulated cytoplasm, rel-
atively large nucleus, off-center vacuole, and lack of
chloroplasts (Fig. 1A). These characteristics were sub-
sequently used to select protoplasts for patch clamp-
ing in the absence of bromobimane.

Whole-Cell Outward Current

Membrane depolarization evoked two types of out-
ward current with distinct activation kinetics. A fast-
activating outward current was observed in all
patched protoplasts (n = 202; Fig. 2A), whereas in
25% of protoplasts a slowly activating outward cur-
rent appeared (Fig. 2B). The fast and slow currents
were observed in both low and high CI™ pipette
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Figure 1. Light (A) and fluorescent (B) micrographs of a protoplast
preparation isolated from seed coats of bean pretreated with the
impermeant sulfhydryl reagent, bromobimane. The bromobimane
binds specifically to the plasma membranes of ground parenchyma
cells responsible for nutrient efflux from the seed coats (Wang et al.,
1995). The protoplasts labeled with the fluorescent tag (B) are char-
acterized by large vacuole that is located off center to give a “thumb-
nail” appearance. Bar = 50 um.

solutions (data not shown). Both currents appeared
to reverse at membrane voltages (V) positive of the
equilibrium potential for K* (Eg) and negative of the
equilibrium potential for C1™ (Ec;; Fig. 2, C and D).

Slowly Activating Outward Current

The slowly activating outward current was ob-
served at membrane voltages (V) more positive
than =8 = 3 mV (n = 12) in 1 mm KCI external
solution. The slowly activating current usually
reached a maximum value within 2 to 3 s after the
step in V, (Fig. 2B). The mean current density of the
time-dependent component was 46.5 = 8.5 mA m >
(n = 30) at 60 mV measured in 1 mMm external KCl
solution.

The reversal potential (E,.,) of the slowly activat-
ing current was more accurately determined by mea-
suring the “tail current” (Fig. 3A). The E, was pos-
itive of Ey, but negative of E (Fig. 3B), and shifted
in the same direction as Ey in response to a change in
external [KCl] (Fig. 3B). The shift of E.., in response
to a 10-fold change in external [KCI] was less than the
shift in Ex (Fig. 3C). The permeability ratio (Px:Pc;)
was estimated to be 2.9 from the shift in reversal
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Figure 2. Fast-activating (A) and slowly activating (B) outward current elicited by depolarizing voltage pulses from holding
potentials of —41 mV to membrane potentials between —161 and 59 mV at an increment of 20 mV. C and D,
Current-voltage curves for protoplasts showing the fast-activating (C) and slowly activating (D) outward currents. Values are
means * st of 14 and 16 protoplasts for C and D, respectively. Pipette solution was type I. Bath solution: T mm KCI, 1 mm
CaCl,, and 5 mm MES [2-(N-morpholino)ethanesulfonic acid], pH 6.0.

potential. To examine the Ca®" selectivity of the cur-
rent, reversal potentials of tail currents were mea-
sured in 1 and 10 mm CaCl, with 10 mm KCl in the
bath. In 1 mm CaCl, with 10 mm KCl, the reversal
potential was —23.5 = 5.6 mV (n = 8) compared with
—154 £ 51 mV (n = 6) in 10 mm CaCl, with 10 mm
KCl. The relative permeabilities Py:Pr and Py:Pc,
can be calculated using the modified Goldman-
Hodgkin-Katz equation and solving it simulta-
neously for the two cases (MathCad Solve Block,
MathSoft, Cambridge, MA). This gives a PP = 4.2
and Py:Pc, = 0.75. However, the reversal potentials
were not significantly different; therefore, Py:Pc,
should be considered as a lower limit and Py:Pq, as
an upper limit. The relative permeabilities for some
univalent cations was examined by measuring shifts
in reversal potential when the external K™ was re-
placed by the same concentration of NH, ", Na™, Cs™,
TEA™, or choline”. There was a small shift in reversal
potential in response to the substitution of K* by
other univalent cations (Fig. 3D). Based upon the
shifts in reversal potential, the permeability sequence
relative to K™ was NH, " (0.76 = 0.04) ~ Na™ (0.74 =
0.07) ~ Cs™ (0.73 = 0.02) > TEA™ (0.63 = 0.08) ~
choline® (0.60 = 0.10). The permeability sequence of
the slowly activating current relative to K, which
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was determined by measuring the magnitude of tail
current at —160 mV for three protoplasts (Fig.
3D), was NH, " (0.69 = 0.01) ~ Na™* (0.68 = 0.02) >
Cs™ (0.57 = 0.03) > choline™ (0.50 = 0.03) ~ TEA™
(0.45 = 0.01). These data show that the transport
accounting for the slowly activating current was
permeableto univalent cations and Ca?", but was
selective for K™ over CI™.

The slowly activating current was not inhibited
by TEA™ or Cs™, but was significantly inhibited
by 10 mm Ba®?* and 0.1 mm Gd>" (Table I). The
inhibitory effect of Ba®" was fully recovered when
Ba®" was removed, whereas Gd** inhibition was only
partly reversible. No difference in the outward current
was found when measured in different activities of
external Ca”" ({Ca®"}) between 0.037 and 3.6 mm (data
not shown).

Fast-Activating Outward Current

We have previously shown that activation and de-
activation kinetics of the fast-activating current are
best described by a double exponential time course
with time constants on the scale of several millisec-
onds (Zhang et al., 2000). The fast-activating current
did not show any inactivation, even during depolar-
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Figure 3. Selectivity of slowly activating outward current determined by tail-current measurement. A, The current was
activated by stepping the voltage from holding potential of —41 to 79 mV and then stepping down to the potentials from 39
to —81 mV. Bath solution was: 10 mm KCl, T mm CaCl, and type | pipette solution. B, Tail-current-voltage curves of a
protoplast in 10 mm and 1 mm KCl solutions. E.; was 54 and 89 mV in 10 mm and 1 mm KCl solutions, respectively. C, E.,
plotted as a function of external concentrations of K*. The data were means of protoplasts measured (the number of
protoplasts is given in bracket for each point; error bars are the se). The dashed line represents equilibrium potential for K*
(Ey). D, Tail current, taken as the difference between the amplitude of the tail current immediately after the decay of the
capacitance current and the steady current, plotted against voltages of one protoplast in 10 mm cation solutions.

izations that lasted for several minutes (data not
shown). The current density of the fast-activating
current at +60 mV was 59.8 + 16.2 mA m™ 2 (n = 44)
in 1 mm KCl external solution.

The fast-activating outward current displays weak
selectivity for K™ over Cl~ as determined from tail-
current measurements (Zhang et al., 2000). Replace-
ment of external CI™ with Glu had little effect on
current magnitude (data not shown) and reversal
potential remained relatively unchanged, i.e. —1.5 *
0.7and 1 = 1.2 mV (n = 3) in 100 mMm KCl and K-Glu
bath solution, respectively. Using pulse protocols
with a high sampling frequency (i.e. 10 kHz), relative
permeability was determined by measuring reversal
potentials of tail currents. The Ca** selectivity of the
current was determined in the same way as for the
slow current described above. In 1 mm CaCl, with 10
mM KCI, the reversal potential was —15.7 = 3.4 mV
(n = 4) compared with —16.1 = 5.7 mV (n = 4) in 10
mmM CaCl, with 10 mm KCI. From these reversals, a
lower limit for Pg:Pc, = 4 and an upper limit of
Py:Pc = 2.5 is computed. The latter value is in agree-
ment with the previously determined Py:Pc; of 1.8

Plant Physiol. Vol. 128, 2002

(Zhang et al., 2000). The reversal potential of the tail
hardly shifted when the external K™ was replaced by
Cst, NH4+, Na*, TEA*, and choline™ (Fig. 4). The
selectivity relative to K" calculated from the
Goldman-Hodgkin-Katz equation using the shifts in
reversal potential observed for three protoplasts was
Cs* (0.89 = 0.15) ~ NH," (0.82 = 0.12) > Na*
(0.75 = 0.16) > TEA™ (0.62 = 0.11) > choline™ (0.53 =
0.13). The permeability relative to K" determined
from the magnitude of tail current at —160 mV for
three protoplasts was NH," (1.25 = 0.11) > Cs*
(0.91 + 0.10) > Na* (0.67 = 0.04) > choline™ (0.52 *
0.03) ~ TEA™ (0.50 *+ 0.02). These data show that the
transport accounting for the fast-activating current
was permeable to univalent cations, was selective for
K" over Ca®", and was relatively nonselective for
cations over anions.

The fast-activating current was insensitive to
TEA™, Cs*, Ba®", and flufenamate, an antagonist of
nonselective cation channels of animal cells (Gorge-
lein et al., 1990; Table I). However, the current was
markedly inhibited by Gd®>* and La®* (Table I). This
inhibition was not fully reversed upon removal of
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Table 1. Effect of channel-blockers on the fast-activating outward
(FAO), slowly activating outward (SAO), and instantaneous inward
(ll) currents

The percentage inhibition is given relative to control currents at
voltage of +60 mV for outward currents measured in 1 or 10 mm KCl,
1 mm CacCl, solutions, and at voltage at —140 mV for instantaneous
inward current measured in 100 mm KCI, T mm CaCl, solution.
Values are means = st of no. of protoplasts given in brackets.

Blockers FAO SAO 1l

TEA™ (10 mm) 98% * 6% (5)  102% * 4% (6) 106% = 9% (4)

Ba’* (10 mm) 96% * 7% (8) 28 * 7% (3) 94% * 10% (5)
Ca?* (10 mm) 101% = 6% (10)  97% = 4% (12)  36% = 7% (4)
Cs™ (10 mm) 106% *= 9% (6) 96% = 8% (5) 98% * 6% (4)
(5) )
3) (3)
) 3)

Gd** (0.1 mm) 21% = 7% (5 17 = 8% (4 38% * 12% (5)
35% * 9% (4)
96% *+ 4% (3)

La* (0.1 mm)
Flufenamate
(0.1 mm)

24% * 8% (3
102% *= 7% (4

21 6% (3
97% = 5% (3

Gd>". A similar inhibitory effect of La®>" on the fast-
activating current was also observed (Table I).

Whole-Cell Inward Current

An “instantaneous” inward current always ap-
peared, because V , became more negative than the
reversal potentials at low sampling frequencies (Fig.
5A). The current was reduced with decreasing exter-
nal KCI concentrations, and the reversal potential
shifted in the direction of the change in Ey (Fig. 5B).
When hyperpolarizing voltage pulses at sampling
frequencies of 10 kHz were applied from holding
potential close to the reversal potential, the inward
current showed a rapid deactivation (Fig. 5C). More-
over, the fast-activating outward current was elicited
by the depolarizing voltage pulses under the same
conditions (Fig. 5C). These results suggest that in-
ward current consists of an initial deactivation (par-
tial or complete) of fast outward current that is al-
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Figure 4. Selectivity of the fast-activating outward current deter-
mined from measurement of tail-current reversal potential. Tail cur-
rent, obtained as described in Figure 3 (see also Zhang et al., 2000),
plotted as a function of the clamped voltages for one protoplast
measured in different monovalent cation solution. Mean results for a
number of protoplasts are given in the text. Pipette solution was type
I; all bath solution also contained 1T mm CaCl, and 5 mm MES, pH 6.0.
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Figure 5. Hyperpolarization-activated inward current (A) from a
holding potential of —40 mV to V,,, between —160 and 60 mV. Bath
solution: 100 mm KCI, T mm CaCl,, and 5 mm MES, pH 6.0. Pipette
solution was type Il. B, Initial current-voltage curves for one proto-
plast measured in 100 and 1T mm KCI solution. C, Activation of
fast-activating outward and deactivation of inward current by depo-
larizing and hyperpolarizing voltage-pulses from holding potential of
—40 mV to V,, shown in the individual current traces. The currents
were digitized at 10 kHz and filtered at 2 kHz. Bath solution: 100 mm
KCl, 1 mm CaCl,, and 5 mm MES, pH 6.0; pipette solution was type I.

ready on at the holding potential. The current that
remains after the deactivation may or may not be
accounted for by the transport that underlies the fast
outward current.

The selectivity of the inward current was examined
by substituting 100 mm KCl in the bath with the same

Plant Physiol. Vol. 128, 2002



concentration of other univalent cations while main-
taining [Cl7] constant and measuring the current
magnitude at —140 mV. The transport(s) responsible
for the inward current were permeable to all the
univalent cations examined. The permeability se-
quence relative to K* determined from six to eight
protoplasts was: NH,* (1.18 = 0.37) > ~ Cs™ (0.78 =+
0.11) ~ Na* (0.74 + 0.16) > TEA™ (0.43 = 0.07) ~
choline™® (0.39 + 0.04).

The inward current was insensitive to TEA™, Cs™,
BaZ, and fluflenmate, but it was inhibited by external
Ca?* and Gd®* (Table I). It was inhibited to a maxi-
mum of approximately 80% by increasing external
Ca®"activity ({Ca®"}) from 37 um to 12.6 mm (Fig. 6,
A and B). In contrast, the fast-activating outward
current was relatively insensitive to external {Ca%™}
(Fig. 6A). The inhibition of the inward current by
external [Ca®"] was independent of V,,, at least at
negative V,, because the ECs, was not significantly
different between —60 and —140 mV (Fig. 6B).

Like the fast-activating outward current, the in-
ward current was sensitive to Gd>" (Fig. 7A). The
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Figure 6. Effect of external Ca®* activity {Ca>"} on fast-activating
inward and outward current. Currents were elicited from holding
potentials of =20 mV to V,, between —160 and 60 mV in bath
solution of 100 mm KCI plus a range of {Ca”"}. Pipette solution was
type I. A, Initial current-voltage curves for the currents measured in
different levels of {Ca®*}. B, Dose-response curves of inhibition of
the inward current by {Ca®*} at —140 mV (black circle) and —60 mV
(white circle). The half-maximal inhibition value (EC;,) was esti-
mated from the fitted curve was 0.75 and 0.79 mm activity for
currents at —140 and —60 mV, respectively. Data points are mean *+
st of four protoplasts.
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Figure 7. Effect of GdCl; on the fast-activating current. Currents
were elicited from holding potentials of —20 mV to V,, between
—160 and 60 mV. A, Initial current-voltage curves before and after
addition of varying concentrations of GdCl;. All bath solution con-
tained: 100 mm KCI, T mm CacCl,, and 5 mm MES, pH 6.0; pipette
solution was type |. B, Dose-response curves of inhibition of the
current by GdCl; at 60 mV (white circle) and —160 mV (black circle).
Data are mean = st of five protoplasts. The curves were fitted by a
Hill equation, giving Hill coefficients of 2.4 and 2.8 and EC;, values
of 0.70 and 0.1 mm at V,, of =160 and + 60 mV.

dose-response curve for the Gd>" inhibition was fit-
ted by the Hill equation (Fig. 7B). The Hill slopes
were 2.8 and 2.4 and ECy, values were 0.1 and 0.07
mwM for inward (V,, = —160 mV) and outward (V,,, =
+60 mV) currents, respectively. The Hill slopes and
ECs;, values at positive (i.e. +60 mV) and negative
(i.e. =160 mV) V_, values were the same within 95%
confidence limits. The inhibitory effect of La’" on the
fast-activating inward and outward currents was
similar (Table I).

Single-Channel Currents

In some of the outside-out patches, depolarizing
voltage pulses induced a time-dependent, slowly
activating outward current (Fig. 8A). The current-
voltage curves obtained for the initial and final
currents were similar to those obtained for the
whole-cell configuration when the slow outward cur-
rent was present (Fig. 8, B and C; compare with Fig.
2D). The time-dependent outward current was best
fitted by a single exponential time course with a time
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Figure 8. Time-dependent slowly activating currents through outside-out patches. A, Current as a function of time in
response to voltage clamp pulses from a holding potential of —80 mV to V,, values between —180 and 90 mV at 30-mV
increments in T mm KCI. B and C, Current-voltage curves for initial (l) and final currents (A) for four patches in 1 mm KCl
(B) and five patches in 10 mm KCI (C). Currents were normalized to the final current at 90 mV for each patch. D, Current
voltage curves obtained from nonstationary noise analysis on smooth time-dependent currents obtained from outside-out
patches in 10 mm KCI (A, n = 4 patches) or 1 mm KCI (M, n = 3 patches). The conductances estimated from linear regressions
were 2.5 and 0.5 pS, respectively. The fitted line for T mm KCl extrapolates to a reversal potential of =40 mV. The voltage
intercept for the 10 mm KCl line is —1.5 mV. Bath solution: 1 or 10 mm KCI, T mm CaCl,, and 5 mm MES; pipette solution
was type I. Data were filtered at 1 kHz and sampled at 2 or 4 kHz.

constant of 2.65 *+ 0.82 s (n = 6) at +90 mV. Distinct
individual channel opening and closing events were
difficult to resolve for these outward currents. To
determine single-channel amplitudes for outward
currents, nonstationary noise analysis was used (Hei-
nemann and Conti, 1992; Tyerman et al., 1995). The
variance and mean at each time point for 20 to 40
activation curves were obtained, and variance as a
function of mean current was plotted. From the ini-
tial slope of the fitted curve, the single-channel am-
plitude for the particular voltage can be obtained.
Figure 8D shows the current-voltage curves for 10
and 1 mm KCl in the bath. The single-channel con-
ductance in 10 mm KCI was 2.4 pS (95% confidence
interval from regression: 1.86-2.99 pS, n = 4 patches)
and in 1 mm KCI it was 0.49 pS (95% confidence
interval from regression: 0.32-0.67 pS, n = 3 patches).
The reversal potential in 10 mm KCl was close to zero
and in 1 mm KCI the current-voltage curve extrapo-
lated to —40 mV.
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Noisier patch currents that activated rapidly were
also observed (Fig. 9A), and single-channel steps
could be observed within these (Fig. 9, A and B). In
Figure 9B, the single-channel amplitude from nonsta-
tionary noise analysis for these fast-activating cur-
rents is compared with the amplitude peaks ex-
tracted from the same data using the TRAMP
analysis technique (Tyerman et al., 1992). The fitted
curve in Figure 9B is for 11 Gausian components with
equal separation of 5.16 pA, which is the amplitude
obtained from the nonstationary noise analysis. It can
be seen that at least for the lower amplitudes there is
good agreement between the noise analysis and ex-
tracted single-channel amplitudes.

Current-voltage curves were obtained with a fast
voltage-ramping protocol from which current-
voltage curves with channels open were subtracted
from those in which one or more channels were
closed. These are plotted in Figure 9, C and D, with
the current-voltage curves obtained from the noise
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Figure 9. Analysis of fast-activating channel currents in outside-out patches. A, Two separate current responses as a function
of time illustrating rapid activation of channels subjected to voltage clamp pulses to 120 mV from a holding potential of =100
mV. B, Amplitude histogram (solid line) generated by transition/amplitude (TRAMP) on data such as that shown in A. Current
transitions with a dl/dt greater than a threshold value were excluded and mean levels were calculated so long as dl/dt remained
below the threshold (Tyerman et al., 1992). Fitted to the data (dotted line) is the sum of 11 Gausian distributions with the same
sb and using the mean current measured using nonstationary noise analysis (5.16 pA) but with variable n. C and D, Fast voltage
ramps were used to obtain current as a function of voltage when channels were open and closed in 1 mm KCl (C, seven
patches/ramps) or 10 mm KCI (D, four patches/ramps). The subtracted curves are shown as a function of voltage (dashed lines).
Some ramps were from negative to positive voltage where the channel currents captured reversed at the same voltage as for
positive to negative going ramps. Also shown are the currents obtained from nonstationary noise analysis (ll) with a cubic
polynomial regression in A (solid line). Single-channel currents resolved for inward current in 10 mm KClI are also shown for
one patch (@) with a fitted cubic polynomial. The external solution contained T mm CaCl, and 5 MES, pH 6.0; pipette solution

was type I. Data were either filtered at 1 kHz and sampled at 2 kHz or filtered at 2 kHz and sampled at 5 kHz.

analysis (black squares) and also a single-channel
record obtained from one patch in which single am-
plitudes could be clearly recognized at negative
membrane potentials (Fig. 9D, black circles). The
ramp data gives a range of conductances, which was
due mostly to having more than one channel open
during a ramp, or channels opening/closing during a
ramp (e.g. Fig. 9C at positive V). The noise analysis
data and single-channel data indicate the likely
single-channel amplitudes (black symbols) and a
single-channel conductance can be estimated at 20 pS
near the reversal potential in 10 mm KClL. With 1 mm
KCl in the bath (Fig. 9C), the reversal potential of the
current-voltage curves from ramps was —52.5 mV (s
= 8.2 mV, n = 4 patches). In 10 mm KCI the mean
reversal potential from ramps was —19.7 mV (sg =
8.4 mV, n = 7) giving a Pr:Pc = 2.8. In two patches
where channels were active at negative membrane
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potentials, ramps from both positive and negative
membrane potentials reversed at the same voltage.

Effect of Blockers on K* Efflux

Some of the blockers used in the patch-clamp ex-
periments were also tested on the net release of K*
from seed coat halves. The changes in K+ efflux
relative to controls are presented in Table II. Gd**
and La®" resulted in about 25% reduction in efflux,
whereas Ba®" and Cs™ resulted in stimulation of the
efflux. There was no effect of TEA™ or Ca®".

DISCUSSION

In response to depolarizing voltage steps, two
types of outward current were observed in the
whole-cell configuration of protoplasts derived from
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Table Il. Effect of channel blockers on release of potassium from
P. vulgaris seed coat halves

Data was expressed as percentage of K™ released compared with
control. Four seed coat halves per replicate; corresponding halves
between control and treatment washed in 5-mL volumes of bath
solution (see Walker et al., 1995); washout solution 300 mOsmol, pH
6 with 5 mm MES; initial O- to 10-min washout 3 X 3 min, thereafter
changed at 10-min intervals.

Treatment K* Efflux % of Control
TEACI (10 mm) 107 =5
CsCl (10 mm) 148 = 8
BaCl, (10 mm) 132 +9
CaCl, (10 mm) 102 = 4
GdCl; (5 mm) 76 £ 3
LaCl; (10 mm) 74 £ 3

the ground parenchyma cells of coats of developing
bean seeds. The fast-activating outward current oc-
curred ubiquitously, whereas the slowly activating
current was present in about 25% of the protoplasts.
The two types of outward currents were distin-
guished by the marked difference in their activation
kinetics, with the fast-activating current achieving a
steady state approximately 50 times faster than the
slowly activating current (Fig. 2; also see Zhang et al.,
2000). The currents are unlikely to arise from imper-
fect seals based upon the time and voltage depen-
dence as well as specific blocker profiles that they
displayed. Supporting the notion that channels ac-
count for the whole-cell currents, two types of out-
ward rectifying cation channel with distinctly differ-
ent time activation kinetics were identified in
outside-out patches. The channels differed in con-
ductance by an order of magnitude. Both appeared to
have a low selectivity between K" and CI~ that was
similar to the selectivity of both types of whole-cell
current. The 2.4-pS channel (in 10 mm KClI) activated
slowly and could account for the slow outward cur-
rent observed in whole cells. The more positive re-
versal potential of this channel also matches with the
whole-cell currents under the same ionic gradients,
probably reflecting the Ca®" permeability of the
channel. The 20-pS channel activated rapidly but not
as rapidly as the fast outward current observed in
whole cells. The 20-pS channel could account for the
inward currents observed in whole cells, because it
remained activated at negative voltages, allowing
inward current flow.

Depolarization-elicited slowly activating K out-
ward rectifiers have been found across a wide variety
of plant cell types (Maathuis et al., 1997). Of partic-
ular significance to this study is a slowly activating
K" outward rectifier identified in protoplasts derived
from root stelar cells (Wegner and Raschke, 1994;
Roberts and Tester, 1995). Recently, an outward rec-
tifier channel gene, cloned from Arabidopsis, has
been shown by using a knockout mutant to play a
central role in loading xylem vessels (Gaymard et al.,
1998). Ground parenchyma cells from seed coat per-
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form a similar physiological function to root stelar
cells. However, the K™ outward rectifiers in root
stelar cells differ in their selectivity and pharmacol-
ogy from the slowly activating current in bean seed
coat ground parenchyma cells. For example, the K*
outward rectifiers in root stelar cells are highly selec-
tive for K* and are sensitive to TEA™ (Wegner and
Raschke, 1994; Roberts and Tester, 1995). The slowly
activating current observed here seem weakly selec-
tive between K™ and Ca?*, nonselective between uni-
valent cations, and insensitive to block by TEA™ or
Cs" (compare with Table I). These features of the
slowly activating outward current are comparable
with a nonselective, slowly activating outward cur-
rent in xylem parenchyma cells of barley (Hordeum
vulgare) roots (Wegner and Raschke, 1994; Wegner
and De Boer, 1997). The nonselective channel may
play a role in transduction of electrical and hydraulic
signals because its activity is enhanced at elevated
cytoplasmic Ca*" activity ({Ca®*} > 1 um; Wegner
and De Boer, 1997). The permeability to Ca®* for the
slowly activating outward current may also indicate
a role in signal transduction. Barium blocked the
slowly activating outward current, but had a signif-
icant stimulatory effect on the efflux of K™ from bean
seed coat halves, as did Cs™. Therefore, it is unlikely
that the slowly activating outward current is the
pathway for K" release in vivo, but it remains a
possibility that the current is involved in the control
of K™ release.

A slowly activating outward current observed in
outside-out patches is attributed to a 2.4-pS channel.
The nonstationary noise analysis used to extract the
single-channel characteristics is rarely used in plant
ion channel studies but is commonly used in animal
studies. Similar time-dependent currents in patches
of the symbiosome membrane from soybean nodules
are thought to result from a subpicoSiemen channel
based upon the noise characteristics of the currents
(Tyerman et al., 1995). The subpicoSiemen channel is
nonselective for univalent cations (Tyerman et al,,
1995), and its rectification is strongly dependent
upon Ca®" activity on either side of the membrane
(Whitehead et al., 1998). It is interesting that the
subpicoSiemen channel observed in Lotus japonicus
symbiosome membrane is also permeable to Ca*"
(Roberts and Tyerman, 2002), as we have observed in
this study for the slow whole-cell currents in bean
seed coat cells.

In contrast to the slowly activating current, the
fast-activating outward current was less selective be-
tween cations and anions (Px:Pc = 1.8; Zhang et al.,
2000) and showed a higher selectivity for K* over
Ca?". It was nonselective between univalent cations,
ie. K" (1.0) =~ Cs* (0.89) ~ NH," (0.82) > Na"
(0.75) > TEA™ (0.62) > choline™ (0.53). The selectiv-
ity among the univalent cations could be attributed
to their different mobilities in aqueous solution: The
mobilities relative to K* for Na* and choline® are
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0.68 and 0.51, respectively (Robinson and Stokes,
1959). Ion channels with low selectivity between cat-
ions and anions are not common in plant cells, but
the nonselective channels in barley xylem paren-
chyma cells exhibit an identical selectivity between
K™ and CI™ (Pg:P¢; = 1.8; Wegner and De Boer, 1997)
to the currents found in the present study. Like the
fast-activating currents here, the nonselective chan-
nels in xylem parenchyma cells are nonselective for
univalent cations, and they exhibit a similar
pharmacology.

A hyperpolarization-activated, time-dependent
K*-selective inward rectifier, which functions to me-
diate uptake of K, is prominent in higher plant cells
(for review, see Maathuis et al., 1997). In contrast,
bean seed coats displayed an “instantaneous” inward
current at hyperpolarizing V.. The following obser-
vations suggest that the same channel is responsible
for the instantaneous inward and the fast-activating
outward current: (a) The instantaneous inward cur-
rent and the fast-activating outward current always
occurred together. (b) They exhibit similar sensitivity
to channel antagonists (Table I). (c) Both are nonse-
lective for univalent cations, and they show similar
permeability sequences for the univalent cations ex-
amined. (d) The instantaneous inward current exhib-
its a rapid deactivation in response to hyperpolariz-
ing voltage pulses (Fig. 5C). (e) A 20-pS channel
appears to be responsible for both inward and out-
ward currents in outside-out patches.

Davenport and Tester (2000) recently characterized
a 45-pS channel in plasma membranes of wheat roots
by reconstitution in artificial lipid bilayers. This
channel, which is suggested to be responsible for the
whole-cell nonselective cation current (Tyerman et
al., 1997), exhibits high opening probability (P.,) at
depolarized membrane potentials, and the P, is
reduced as the membrane potentials become more
negative. Furthermore, this channel is poorly selec-
tive between univalent cations, is insensitive to
TEA™, Cs™, but is inhibited by external Ca®*" and
Gd>" (Davenport and Tester, 2000). These character-
istics of channel selectivity and pharmacology are
comparable with those of nonselective channels in
seed coat ground parenchyma cells. The lack of
distinct channel opening and closing events in
the majority of outside-out patches at depolarized
membrane potentials, but not at hyperpolarized
membrane potentials, could be explained by a high
Ppen at depolarized potentials combined with a large
number of channels in the patch. A major difference
between the wheat channel and the whole-cell and
patch currents from ground parenchyma is the ap-
parent selectivity between K and Cl™. The wheat
nonselective cation channel in bilayers is highly se-
lective for cations over anions (Davenport and Tester,
2000).

The weak selectivity of the ensemble of channels
between K and Cl™ ions, which are major solutes
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released from the seed coats (Walker et al., 1995), will
allow efflux of either K™ or Cl~ depending on their
electrochemical potential differences. Efflux of K"
from excised bean seed coats is 71 nmol m * s~ !
measured under conditions of zero turgor and no
added K" in the incubation solution (Patrick, 1984).
The K" concentration in the seed coat apoplast is
estimated to be approximately 1.4 mm under such
experimental conditions (Walker et al., 1995). Given
the mean diameter of 30 um for the ground paren-
chyma protoplasts, this K" efflux rate corresponds to
a current density of 7 mA m™2 This current density
occurs at membrane potentials of approximately 20
and 50 mV for protoplasts exhibiting only fast or fast
and slowly activating outward currents, respectively
(Fig. 2, C and D). These membrane potentials are
more positive than the —100-mV membrane potential
measured for intact seed coat cells of zero turgor and
bathed in 1 mm KCl (Walker et al., 1995). Because the
ensemble of channels responsible for both fast and
slow currents are poorly selective for K™ over Cl~,
the measured currents at voltages between Ey and
E, will be the net current resulting from efflux of K*
and CI™ from the cell. This may account for some of
the discrepancy between seed coat K" flux and out-
ward current measured in protoplasts. The observa-
tion that Cl~ efflux is approximately 50% of the K*
efflux from the excised seed coats of bean (Walker et
al., 1995) is consistent with Py:P- = 2:1 for the fast-
activating current in ground parenchyma proto-
plasts. However, the release of K* from bean seed
coat halves was only inhibited by about 25% using
blockers (Gd** and La®") that in contrast resulted in
almost complete inhibition of inward and outward
nonselective cation currents in seed coat protoplasts.
This suggests that the nonselective channels de-
scribed here, particularly the fast-activating current,
could only account for about 25% of K" release and
that there are other transport systems primarily in-
volved in K* release that may be electrically silent.

In contrast to bean seed coat, K*-selective outward
and inward channels predominate in the plasma
membranes of transfer cells of Vicia faba seed coats
(Zhang et al., 1997). Therefore, nonselective channels
may not be universal in seed coat unloading or we
have patched protoplasts derived from cells with
differing transport functions in the two species.
There could be a more finely tuned control of solute
release from transfer cells of V. faba seed coats. For
instance, solute turnover in transfer cells of V. faba
seed coat is about 10-fold greater than that in the
ground parenchyma cells of bean seed coat as esti-
mated on seed growth rates and relative cell volume
(Patrick, 1994).

The low selectivity of the channel ensemble for a
wide range of cations and anions, including large
organic ions such as TEA™, choline™, and Glu ", sug-
gests that the channels seen here may mediate a
component of the efflux of phloem-imported ions. It
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has been suggested that a nonselective membrane
transporter is involved in release of amino acids such
as Glu and Lys from pea (Pisum sativum) seed coat as
deduced from measurement of amino acid influx into
excised seed coats (de Jong et al., 1997; van Dongen et
al., 2001). The nonselective nature of the ensemble of
channels and their activation over a wide range of
membrane potentials (Zhang et al., 2000) may ensure
that all nutrient ions imported from the phloem can
flow into the seed apoplast. A low-resistance path-
way for nutrient ions through the channel ensemble
would enable the ground parenchyma cells to keep a
low turgor pressure, thus maintaining a constant hy-
drostatic pressure difference between source and
sink. This would in turn allow for a sustained phloem
import into the seed coat.

MATERIALS AND METHODS
Plant Materials and Protoplast Isolation

Plants of bean (Phaseolus vulgaris L. cv Redland pioneer)
were raised and seeds harvested for isolating protoplasts as
described previously (Wang et al., 1995). Seed coat halves
of bean were cut longitudinally into small pieces and di-
gested with enzyme solution of 0.8% (w/v) cellulase (Ono-
zuka RS, Yakult Honsha, Tokyo) and 0.08% (w/v) pectol-
yase (Sigma, St. Louis) for 2 to 3 h at 20°C. A Suc density
gradient, as described previously (Zhang et al., 1997), was
used to collect clean protoplasts. The protoplasts were kept
on ice until patch clamped. Protoplasts of ground paren-
chyma cells that function to release solutes were identified
on the basis of their characteristic appearance (Fig. 1). The
mean diameter of these protoplasts was 29.2 = 4.3 um (sD,
n = 86).

Electrophysiology and Data Analysis

Patch pipettes, pulled from borosilicate glass blanks
(Clark Electromedical, Readings, UK), were coated with
Sylgard® (Dow Corning, Midland, MI). Voltage across the
patch was controlled and current measured using an Axo-
patch 200B (Axon Instruments, Foster City, CA). Whole-
cell preparations were obtained by forming a gigaseal in
the cell-attached mode and then applying a short burst of
extra suction to rupture the membrane. Successful achieve-
ment of whole-cell configuration was indicated by a sub-
stantial increase in capacitance. Series resistance was com-
pensated to about 50% and capacitance was compensated.
Voltage pulses between 60 ms and 4 s in duration were
used to study the voltage-dependent current. Data was
sampled at either 2 or 10 kHz and filtered at 0.5 and 2 kHz,
respectively, by a low-pass 4-pole Bessel filter. Sufficient
time between voltage pulses was given to allow currents to
settle to a steady-clamp current for the particular holding
potential before a new pulse was applied. Records were
stored and analyzed using pClamp 6.0 (Axon Instruments,
Foster City, CA). All experiments were carried out at room
temperature (20°C-22°C). Junction potentials were calcu-
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lated and corrected for using the program JPCalc (P.H.
Barry, University of New South Wales, Sydney).

Current-voltage curves from whole-cell recordings were
constructed from a series of voltage steps. “Initial current,”
measured approximately 2 or 50 ms after the beginning of
voltage pulses for short and long voltage-pulses, and “final
current,” measured at the end of voltage pulses, were used
to construct current-voltage curves. Current-voltage curves
were fitted with third order polynomials. Single-channel
data were recorded from outside-out patches formed from
whole-cell configuration after pulling the patch-pipette off
the protoplast. A fast voltage ramping protocol was used to
obtain the current-voltage curve for single channels (Tyer-
man and Findlay, 1989). Nonstationary noise analysis was
applied to time-dependent currents in outside-out patches
according to Heinemann and Conti (1992). Single-channel
amplitudes were determined using TRAMP analysis (Ty-
erman et al., 1992).

Experimental Solutions

Two types of pipette solution were commonly used in the
present study. They were composed of type I (high C17),
100 mm KCl, 2.3 mm CaCl,, 2 mm MgCl,, 2 mm Na,ATP,
10 mm EGTA, and 10 mm HEPES [4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid]; and type II (low Cl),
10 mm KCl, 90 mm K-Glu, 2.3 mm CaCl,, 2 mm MgCl,,
2 mm Na,ATP, 10 mm EGTA, and 10 mm HEPES. Free
calcium concentrations of both types of pipette solution
were approximately 50 nM calculated using the chemical
speciation program GEOCHEM (Parker et al., 1987). Both
solutions were adjusted to osmolality of 720 mOsM with
sorbitol and pH 7.2 with Tris. All bath solutions contained
in addition to other solutes: 1 mm CaCl,, 5 mm MES, pH
6.0, and 700 mOsm l<g*1 adjusted with Tris and sorbitol,
respectively. The details of the bath and pipette solutions
are given in appropriate figure legends. Ionic activities,
computed using the program GEOCHEM (Parker et al.,
1987), were used and are given in the relevant figure
legends.
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