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Abstract. We studied the effects of H,0/D,0 substi-
tution on the permeation and gating of the large
conductance Ca’*-activated K* channels in Chara
gymnophylla droplet membrane using the patch-
clamp technique. The selectivity sequence of the
channel was: KT > Rb* » Li*,Na*,Cs* and Cl ™.
The conductance of this channel in symmetric 100
mM KCl was found to be 130 pS. The single channel
conductance was decreased by 15% in D,0 as com-
pared to H,0. The blockade of channel conductance
by cytosolic Ca?* weakened in D,O as a result of a
decrease in zero voltage Ca’* binding affinity by a
factor of 1.4. Voltage-dependent channel gating was
affected by D,O primarily due to the change in Ca’*
binding to the channel during the activation step.
The Hill coefficient for Ca’* binding was 3 in D,0
and around 1 in H,O. The values of the Ca’* binding
constant in the open channel conformation were 0.6
and 6 uM in H,0 and D,0, respectively, while the
binding in the closed conformation was much less
affected by D,0. The H,0/D,0 substitution did not
produce a significant change in the slope of channel
voltage dependence but caused a shift as large as 60
mV with 1 mm internal Ca?*.

Key words: D,0—K® channel—Calcium and
voltage gating—Patch clamp—Cytoplasmic drop—
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Introduction

The H,0O/D,0 substitution has been previously used
on excitable membranes to examine the ion channel

Correspondence to: P.R. Andjus

gating mechanisms (Conti & Palmieri, 1968; Schauf
& Bullock, 1979; Schauf, 1983) or to define the rate-
limiting steps in channel permeation (Andersen,
1983; Lewis, 1984; Brink, 1984). In these studies,
the magnitude of the changes in channel kinetic pa-
rameters induced by these isotope substitutions did
not exceed a factor of 2. However, D,0 effects of
larger magnitude were also observed, indicating a
qualitatively different behavior in the examined sys-
tem. Thus, for instance, externally applied D,O
abruptly decreased transepithelial potential in the
frog skin, similar to the effect of a hyperosmotic
stress (Lindley, Hoshiko & Leb, 1964). Recently,
D,0 was shown to induce an action potential in the
giant cell of the freshwater alga Chara, accompanied
by alarge K* efflux (Andjus & Vucelié, 1990). This
was ascribed to a D,0-induced activation of Ca®*
and Cl~ channels in the cell membrane (Andjus et
al., 1990), while the effects of D,O on K* channels
were not studied in detail.

The large conductance K* channel of Chara
droplet membrane is one of the first ionic channels
in plants studied by the patch-clamp technique
(Luhring, 1986) and also, one of the best character-
ized. At a low concentration of the permeant ion,
its permeation was shown to be limited by diffusion
in the region external to the pore (Laver, Fairley
& Walker, 1989; Pottosin, 1990). The channel was
activated by voltage and micromolar cytosolic Ca?*
(Laver & Walker, 1987, 1991), while larger concen-
trations of Ca’* blocked the channel (Laver, 1990).
Thus, a study was begun to investigate the gating
mechanisms, which could underlay the previously
observed large D,O effects on this channel (Andjus
et al., 1990), compared to the voltage-dependent
channels of a different origin.
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Materials and Methods

Plant material: Internodal cells of C. gymnophylla were kept in
APW prior to experiment. Cells of 1-2 cm were selected, gently
dried on filter paper and used in further preparation procedures. A
number of comparative experiments were performed on a related
Characean species, Nitellopsis obtusa.

Preparation: Cytoplasmic droplets were obtained by the
modified method of Bertl (1989). Namely, the cells were cut at
both ends and internally perfused by immersion in a solution
containing (mm) 100 NaCl or KCI, 0.01 or 1 CaCl,, and 10
HEPES-KOH (pH 7.2). Droplets were spontaneously formed in
the released cell sap and those of 50-200 um in diameter were
used in patch-clamp experiments. Similar preparations were also
obtained according to the alternative method of Lithring (1986).

Solutions: In most of the experiments, pipette and bath
solutions were initially the same, containing (mm) 100 KCI, 0.5
EDTA, 1.5 CaCl,, 5-10 HEPES-KOH (pH 7.2, pD = pH +
0.4 = 7.2). Prior to use, pipette solutions were filtered with a
0.22 um Millipore filter.

In other experiments, free Ca?* concentrations at the cyto-
plasmic side were adjusted using Ca’* buffer solutions. Ca**
buffer solutions were prepared with (mm) 100 KCI, 10 HEPES-
KOH (pH 7.2),  EGTA, 5 citric acid, 1 MgCl,. Thus, the adjusted
Ca?* concentrations, total and free (in parentheses) were calcu-
lated to be (in uM): 10 (0.0016), 405 (0.1) 676 (0.3), 893 (1.0), 1,025
(3.2), 1,200 (10), 1,925 (50). Stability constants for the binding of
H*, Mg?* and Ca?* to EGTA and citrate were taken from Durham
(1983). The lowest Ca’*-free concentration was calculated by
taking into account 10 uM Ca’* contamination in the solution
without EGTA, citric acid and Mg?*, as directly measured with
a Ca?*-selective electrode. It was necessary to test the shifts of
pK values of EGTA and citric acid in D,O (Lobyshev & Kalini-
chenko, 1978). As shown in Fig. 1, pK values for these acids
shifted by 0.3-0.6 units to a more alkaline region, compared to
the values in H,O. The pK values in D,0 were used further for
the correction of Ca?* concentration in the buffer with D,0.

Patch-clamp experiments: Micropipettes were made from
hard borosilicate glass (Pyrex) with filament. The two-stage pull-
ing procedure was used, with subsequent fire-polishing of pipette
tips using a platinum ribbon. In further experiments, we used
patch microelectrodes with tip openings of 1-2 um in diameter
and with resistances of 7-25 M{2 in standard 100 mm KCl solution.

Electrical measurements were performed using an SKB Bio-
pribor patch-clamp preamplifier (Pushchino, Russia), equipped
with a 10 G(} feedback resistance headstage with a current noise
of 0.2 pA at 0-1 kHz. The largest measurable current was 200
pA and the holding potential range was =200 mV. The reference
and patch electrodes were filled with the same solution, and the
electrode potential was corrected to zero before measurement.
Command potentials were provided by the generator G-6 (Rus-
sia), in a form of rectangular (5-150 sec) or ramp wave (200 msec)
pulses, with the amplitudes in the range of +200 mV. A standard
patch-clamp technique (Hamill et al., 1981) was used to obtain
the excised outside-out and inside-out patches. Gigaseals in the
range of 5-50 GQ) were formed by applying light suction of 5-10
cm H,0. We obtained outside-out patches by rupturing the patch
membrane in the cell-attached configuration with a 200 mV volt-
age pulse of 1-5 sec duration with subsequent withdrawal of the
pipette, or by withdrawing the pipette after achieving the gigaseal
and disrupting the inner membrane of the vesicle, formed on
the tip, by a large voltage stimulus. Inside-out patches were
obtained by briefly exposing the membrane vesicle to air. The
sidedness of the patch membrane was checked by testing the
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Fig. 1. Titration curves of the components of Ca’* buffer solu-
tions. (a) 0.1 M citric acid; (b) 0.01 m EGTA, open triangles:
H,0:; filled triangles: D,0. Citric acid was dissolved in H,O or
D,0 and titrated with 2 N NaOH(OD). EGTA was dissolved
at slightly alkaline pH (pD), then titrated with NaOH(OD) to
approach the alkaline buffer zone and titrated back with 1 N
H(D) Cl. DC] and NaOD were prepared by dissolving or diluting
NaOH and 10 N HCl, respectively, in 99.8% D,0. The values
of half-equivalence (pK) points in H,O (D,0) for citric acid are:
2.8(3.3); 4.4(4.9); 5.8(6.4) and for EGTA: 2.0(2.3); 2.7(3.2);
8.9(9.3); 9.8(10.4).

effects of Ca’* in the bath. The membrane potential difference
is taken with respect to the outside of the membrane (cytoplasm
minus exterior). The positive current is defined as positive charge
flowing from the inside of the membrane (cytoplasmic side), un-
less otherwise stated. The current signals were filtered by a 6-
pole Bessel filter setting at 1 kHz, displayed on an oscilloscope
and continuously recorded on magnetic tape using an FM data
recorder (TEAC MRC-10C, Japan). Calibrations were made at
the beginning of each tape recording by applying a square-wave
voltage signal of known amplitude. For the analysis of channel
activity, the records were played back, digitized and averaged
over 0.5-2.5 min intervals, using a Nicolett 527 Signal Averager
(Tektronix, Beaverton, OR) and copied by an XY plotter for
further evaluation of mean current amplitudes. Current-voltage
(I-V) relationships of the channel in the open state were measured
using ramp-wave voltage protocols and by subtracting the records
with the channels closed from those with one open channel pres-
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Fig. 2. Current-voltage relationships for the
K™ channel in outside-out patches in the
presence of different alkali cations at the
external side. KCI (100 mm) with 1 mm CaCl,
was present at the internal side. Solution in
the bath contained 100 mm of the following
cations added as chlorides: Li* (filled
triangles); Na* (open triangles); Rb*

(squares); Cs* (circles). Unbroken curves are
low-order polynomials, fitted to the data using
least squares, and giving reversal potentials
for Li*, Na* and Rb* of (in mV) —95 =+ 4,
—109 = 4, —25 = 2, respectively.

VOLTAGE (mV)

ent, or by estimating the unitary current amplitude values from
current fluctuations at the fixed potentials.

Results

SELECTIVITY

Figure 2 shows the I-V relationships of the channel
in outside-out patches with 100 mM KCl in the pi-
pette and 100 mm of other alkali cations added as
chlorides in the bath. According to the reversal po-
tential (V,) in these bi-ionic conditions, the obtained
selectivity sequence (with relative permeabilities to
K™ in brackets) was: K™ > Rb* (0.38 + 0.08, n =
3)> Li* (0.025 = 0.004, n = 3), Na* (0.014 = 0.002,
n = 5), Cs* (<0.005). According to the Goldman-
Hodgkin-Katz equation, the relative permeabilities
in parentheses (presented as mean * SE over n
patches) are the sum of cation and Cl~ permeabilit-
ies. Thus, since the lowest cation permeability was
Py, = 0.014 (see above), it could be estimated that
Pe-/Pg+ < 0.014. With 100/20 mm KCI gradient
across the membrane, V, was found to be —41 =
1 mV (n = 5) in H,0 as expected for ideal K*/
Cl™ selectivity.

EFFECTS OF D,0 oN CHANNEL CONDUCTANCE
AND ITS ATTENUATION BY CyTosoLic Ca?*

The conductance of K* channels in the Chara drop-
let membrane was shown to be decreased by milli-
molar concentrations of cytosolic Ca’* (Laver,
1990). Therefore, D,O effects on channel I-V rela-
tionships at high (1 mm) and low (10 uM) Ca?* con-
centrations in the pipette were analyzed on outside-

—100 -50 0 50

100

out patches (Fig. 3). As shown in Fig. 3, D,0 applied
to the external side of the membrane at low Ca’*
decreased both inward and outward currents by
15%, while at 1 mMm Ca’" it induced a similar change
only in currents at negative potentials. The I-V rela-
tionships were usually measured within 1-3 min
after solution substitution. No changes in the shape
of I-V relationships were found after 10, 20, or 30
min of superfusion with a fresh D,0 solution at each
indicated time (not shown). The I-V relationship at
high Ca®* was taken relative to that at low Ca?* and
fitted with the following equation (Woodhull, 1973);

[Ca?*] exp(zaFV/RT)}‘ ! W

IK+Ca/IK {1 + kd(o)
where & is a fraction of potential drop across the
membrane towards the Ca?* binding site, k,0) is
the binding constant for Ca?* at zero potential, V is
the membrane voltage, and F, R, T have their usual
meanings. The values of £ (0) and & were found to
be 8 + 1 mM and 0.25 = 0.02, and 11 = 2 mm and
0.26 = 0.03 in H,0 and D,0, respectively. Thus,
H,0/D,0 substitution mainly affected the Ca?*
binding affinity at zero voltage, decreasing it by a
factor of 1.39 = 0.25.

In a number of outside-out patches, the magni-
tude of the above effect was also estimated by aver-
aging the slopes of I-V relationships at zero voltage.
In H,O the values of channel slope conductances,
g,, were found to be 130 = 2 (n = 9) and 116 = 2
pS (n = 5), at 10 uM and 1 mm Ca’*, respectively.
With the same patches in D,0O, g, values were
111 = 1 and 103 = 2 pS, respectively. By dividing
the difference between g, at low and high Ca’>* with
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Fig. 3. Current-voltage relationships of C. gymnophylla K* chan-
nel in excised outside-out patches in symmetric 100 mm KCI.
Ca?* concentration in the pipette was 0.01 mM in (A) and 1 mM
in (B). Symbols: open: H,0, filled: D,O. The unbroken curves
are low-order polynomials fitted to the data using least squares.

g, at low Ca** the equilibrium constant, k40), for
Ca’* binding was obtained. This value in H,0 and
D,0, was 9 = 2 and 13 = 4 mM, respectively. These
values differed by a factor 1.46 = 0.48, in agreement
with the previous ratio. When H,0O was replaced by
D,0 at both sides (at 1 mm Ca’*) the slope conduc-
tance value for the channel was 99 = 3 pS (n = 3)
which was close to that found with H,O substituted
by D,0 at the external side (see above).

ErrFecTs oF H,0/D,0O SUBSTITUTION
oN K* CHANNEL ACTIVITY AT FIXep Ca’*
AND VOLTAGE

The effects of H,O/D,0O substitution on the channel
activity were measured at —50 mV with 1 mm Ca?*
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Fig. 4. Effect of external H,O/D,0 substitution on the channel
activity in the outside-out patches. V,, = —S0 mV, K* and Ca?*
concentrations at both sides were 100 and 1 mM, respectively.
(A) An example of the single channel recording with one cycle
of H,0/D,0/H,0 substitution. (B) Changes in the amplitude of the
mean current passing through the patch with three K* channels,
during three cycles of H,O/D,O substitutions (at arrows); C: Con-
trol (H,0), D: D,0; each bar represents an average over a 128
sec recording interval.

at both sides. In outside-out patches, replacing H,O
with D,0O in the external solution caused an immedi-
ate decrease in channel activity which could be re-
versed by returning H,O into the chamber (Fig. 4A).
D,0 was not usually kept in the experimental cham-
ber longer than 15 min. At the end of this period
we did not find significant changes in the channel
activity and the concentration of H,O in the solution,
exchanged for D,O with the atmosphere, was less
than 5%, as estimated with "TH-NMR measurements.
The values of mean current through a number of
channels in the patch were obtained from the first
cycle of H,0/D,0/H,0 exchange, averaged over
several minutes in H,O and D,0. In some patches,
however, several successive cycles of H,O/D,0/
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H,O exchange could be performed and the example
with three such cycles is shown in Fig. 4B.

The channel activity, designated as NP, (N =
number of channels; P, = open channel probability)
was expressed as I/i, where I is the mean current
averaged over 0.5-2.5 min, and i the unitary current.
The NP, values obtained in D,0 were taken relative
to H,O before and after substitution to D,0 and
averaged over a number of patches. This value of
NP, obtained from 11 outside-out patches for the
C. gymnophylla K* channel was 0.42 *+ 0.04, as
compared to 0.39 = 0.04 (n = 6) obtained for the
K* channel in the related species N. obtusa.

EFFECTS OF VOLTAGE AND CyTtosoLic Ca?* oN
THE CHANNEL ACTIVITY

Clamping the membrane to positive potentials pro-
duced longer channel closures, thus decreasing the
mean number of the opened channels (Fig. 5). At

-50

-125

-175

Fig. 5. Recording of single K* channel
fluctuations in an outside-out patch, measured
at various voltages. Ca’* concentrations in
the bath and in the pipette were 50 uM and 1
mM, respectively. Signals are filtered at 1
kHz. The current baseline is shown at each
record (horizontal line). Everything else is the
same as in legend to Fig. 4.

large negative potentials (< — 150 mV) frequent brief
channel closures appeared. Although this process
could also decrease channel open probability, its
contribution was not significant up to the highest
attainable holding potential (—200 mV).

The decrease of cytosolic Ca’* concentration
apparently had the same effect as the stepping of
membrane potential to positive values (Fig. 64).
Due to a large number of channels in most of the
examined patches, it was not possible to perform
an accurate analysis of Ca’" and voltage effects on
the distribution of channel open and close times.
For the quantification of the observed channel activ-
ity, we used the mean number of opened channels
(NP,).

The effect of Ca?™ on channel activity was stud-
ied at —50 mV on inside-out patches, each con-
taining 5-15 channels. In the course of the experi-
ment, the bath medium was changed to a series of
Ca® -buffered solutions with different pCa values.
To check the reversibility of the effects of changed
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Ca?* concentrations, we applied low Ca’* after high
Ca?* and vice versa. Thus, each Ca?* concentration
was usually repeated 2-3 times at each patch. The
channel activity relative to that at 1 mm Ca®* plotted
against pCa is shown in Fig. 6B. Fitting the data to
the Hill equation of the form:

(ICa®* k)™

NPoINPowen) = T3 (1Ca> Vhk?

2)
gave the apparent values of the binding constant (k)
and the Hill coefficient («) for Ca?* of 7.8 = 0.6 uMm
and 0.92 = 0.05, respectively.

EFFECTS OF D,0 ON VOLTAGE DEPENDENCE OF
THE CHANNEL ACTIVITY AND ITS MODULATION
BY CyTosoLic Ca’*

The effect of H,O/D,0 substitution at the external
side on the channel activity, as a function of voltage

(Ca®],M
-3
10
Fig. 6. Ca’* activation of the large
conductance K* channels in inside-out
5 patches. V,, = —50 mV, symmetric 100 mm
10 KCl and | mm CaCl, solutions. Note that the

current convention is inverted {inward current
is positive). (A) An example of the single
channel current fluctuations in a patch at
various concentrations of cytosolic Ca®*.
Current baseline is shown at the bottom of
each record. Positive current is for positive
charge moving from the cytoplasm. (B) Ca?*
dependence of the channel open probability at
—50 mV, derived from three patches. The
relative open probabilities were derived by
taking the value of mean current through a
number of K* channels at each patch
averaged over several minutes at each Ca’*
concentration. Thick line is drawn to the data
according to the Hill equation (Eq. (2) in the
text). Thin line represents the fit to the
following equation derived from the kinetic
model (see Discussion):

10°®

Po/Pmax
=1+ 890+ +p*+y1+«BY) &)

where y = exp(z6F(V, — VI»)/RT), V, = —50
mV; 8 = kyopen/[Ca®"]. The best fit gives the
values of kygpeny and & equal to 0.6 puM and
1.1, respectively.

and cytosolic Ca’* concentration, was measured on
a number of outside-out patches each containing
from 5-15 individual channels. The averaging of
mean current and calculations of NP, were done as
above. In the pCa range of 3.0-6.0 the open probabil-
ity dependence in H,O showed saturation between
—100 and —150 mV (Fig. 7). Thus, all NP, values
(in H,0 or D,0) were given relative to the values
averaged over the range of saturation potentials.
However, at lower Ca?* concentrations (pCa 7.0
and 8.8), there was no saturation in the examined
potential range (Fig. 8), and the NP, values were
averaged for a number of patches and plotted against
voltage. The unbroken curves in Figs. 7 and 8 are
predictions of the effective number of opened chan-
nels using the Boltzmann distribution:

NP(V) = NP expl[z8F(V,, — V)/RT]

oma) ]+ explz6F(V,, — V)/RT] ®
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Fig. 7. The voltage dependence of the relative channel activity
at different cytoplasmic Ca’* concentrations. Data obtained from
a total of 21 outside-out patches (with symmetric 100 mm KCl).
Open circles: control (in H,0); filled circles: H,O in the bath is
replaced by D,0O. Ca?* concentrations shown are actual values
in H,0. Unbroken curves are the best fits of data using the Boltz-
mann distribution (see text). The values of parameters are given
in Table 1.

where NP, (V) is channel activity at membrane volt-
age V, NP .y is the maximal value of NP,, 24 is
the effective valence of the gating charge, V,,, is the
value of the voltage at which half-maximal activation
of the channel occurred, and other parameters have
their usual meanings. The values of the parameters
of channel voltage dependencies obtained at differ-
ent Ca’* concentrations are listed in Table 1. The
results in Table 1 indicate that the slope of voltage
dependence did not significantly change with the
change of Ca?" concentration or with the exchange
of H,0 to D,O. The values of z8 averaged over all
Ca’* concentrations were 0.79 + 0.07 and 0.78 *
0.07 in H,0O and D,0, respectively. However, V,;,
became more negative with the decrease of cytosolic
Ca’* concentration and in D,O the channel activa-
tion was also shifted to negative potentials as com-
pared to H,O at the same Ca’" concentration. The
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Fig. 8. The mean number of open channels at low Ca?* as a
function of voltage in H,O and D,0. Data of each panel are
obtained from four outside-out patches. Unbroken curves are
drawn according to the Boltzmann distribution (see text). The
maximal mean number of open channels was estimated to be
8013 (n=4)atpCa=7.0and 83 £ 2.5(n=4)atpCa=
8.8. Everything else is the same as in legend to Fig. 7.

latter effect, however, was a complex function of
Ca’* concentration, being most significant at
pCa = 3 and the least significant at pCa = 5.0 or
8.8 (Fig. 9, Table 2).

Discussion

CHANNEL IDENTIFICATION

The K™* channel studied here had a conductance of
130 pS in symmetric 100 mM KCI which could be
compared with the conductance of the C. australis
K* channel in similar ionic conditions (see Fig. 2 in
Laver et al., 1989). The C. gymnophylla K* channel
was blocked by internal Ca®* with a k; of 8 mm,
and the Ca’* binding site was found to be at the
depth (8) of 0.25 of the voltage drop across the mem-
brane. These values, again, were close to those
found for the C. australis K* channel (k; = 15 mm;
8 = 0.27; Laver, 1990). The permeabilities for Rb*
and Na ™ relative to K™ for the channel in C. gymno-
phylla were 0.38 and 0.014, respectively, compara-
ble to the values of 0.33 and 0.01-0.02, respectively,
for the C. australis K* channel (Lihring, 1986; La-
ver & Walker, 1991). Cytosolic Ca’>* concentration
required to produce half-activation of the K* chan-
nel in C. gymnophylla was found to be 8 uM, while
in C. australis it varied from 0.5 to 5 uMm (Laver &
Walker, 1991). Therefore, it could be concluded that
the C. gymnophylla large conductance Ca®*-acti-
vated K* channel is very similar or even identical
to the K* channel, previously described in the C.
australis droplet membrane.
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Table 1. Parameters® of K* channel voltage gating in H,O and D,O as a function of cytoplasmic Ca?*concentration®

pCa 3.0 4.3 5.0 6.0 7.0 8.8
HO0 28 0.58 = 0.04 0.65 = 0.05 0.87 + 0.09 0.73 + 0.06 0.73 = 0.07 1.10 = 0.17 0.87 = 0.11
Vin (mV) -18.0 =22 -27.1 =34 -52.1+28 -73.6 26 —-845 +3.0 —1249 =8.0 —143.7 x 16.4
n 3 3 5 4 4 4 4
D,0O z8 0.78 £ 0.08 0.73 £ 0.06 0.88 = 0.09 0.59 £ 0.04 0.51 = 0.06 1.06 = 0.16 0.91 = 0.11
Vin (mV) —-83.1 +28 —-80.3 =25 -64.3 = 3.1 -106.3 *2.7 —-137.2 +£49 ~164.0 * 5.6 —-1453 = 5.1
n 3 3 3 3 3 3 3

2 Mean + sD for n patches. ® (See text for symbols).

O 1 T T T 1 . T
< —-50 + -
£ ®
S’
N ®
> 100+ T
-150 | ® j
i I | 1 IQ[ 1 1
2 3 4 5 6 7 8 9 10
pCa

Fig. 9. The K* channel half-activation voltage as a function of
cytoplasmic Ca’* concentration. Open circles: outside-out
patches in H,O; filled circles: in D,0. Data are taken from Figs.
7 and 8. Error bars are standard deviations obtained by fitting
the data to the Boltzmann distribution (see texr). pCa values in
Ca’* buffers with D,0 are corrected, assuming the shifts of pK
by 0.3-0.6 units for citric acid and EGTA. Unbroken lines are
drawn according to the equation derived from the kinetic scheme
(see Discussion):

" RT
Vip=Vin - ——ln[

1+ (kd(open,/[Ca“])ﬂ‘]
8F

5
1+ (kyopen/ICa " ©)

The values of parameters are given in Table 2.

EFFEcTS oF D,0O ON THE CHANNEL
CONDUCTANCE AND ITS BLOCKAGE
BY INTERNAL Ca?”

Deuterium oxide could, in principle, affect ionic
channel conductance in two ways. First, by decreas-
ing the conductivity of the solution in the vicinity
of the channel pore, and secondly, for a channel
with a somewhat restricted pathway for diffusion,
by H/D exchange within a channel pore (Andersen,
1983; Brink, 1983). With the Chara K* channel it
was found here that D,0O decreased the single chan-
nel conductance by 15%. This value is expected for
a diffusion-limited channel conductance (Laver et
al., 1989; Pottosin, 1990).

Table 2. Model parameters for the modulation of channel voltage
dependence by Ca’*

Experimental

condition H,0 D,0

V' (mV) —145 = 5 —-153 =10
V" (mV) -14 = 6 -76 = 9
a 0.7+ 0.1 3.1+ 1.9
ko) (M) 0.6+ 0.4 6 =+ 2
kd(L‘) ([LM) 30 =17 4 = 5

2 Fitted to the data of Fig. 9. V' and V" are midpoint potentials
for channel activation at 0 and infinite Ca’*, « is the Hill coeffi-
cient, ky,y and ky, are Ca’* binding constants for the open and
closed states, respectively.

In most of the experiments described here, the
effect of external H,O/D,0 substitution was studied.
The following experimental facts, however, indi-
cated that the internal side of the patch would soon
also face a high concentration of D,O: (i) in the
absence of blocker (Ca?*), externally applied D,0
reduced the inward and outward currents through
the channel by the same extent, and this effect was
stable in time; and (ii) the channel conductance in
symmetric 100% D,0 solution was close to that mea-
sured with D,O added only to the external side. The
diffusion calculations (see Appendix) showed that
D,0 concentration at the inner membrane side
sharply increased (in a few seconds) after solution
exchange and further on changed slowly (see Fig.
11). The measurements of I-V relationships of the
channel were done in 1-3 min after solution ex-
change when D,0 concentration at the internal side
is calculated to be between 86 and 99%, assuming
that the permeability coefficient for water was in the
range between 2.5 - 1072 and 1.5 + 1072 cm/sec,
respectively (see Appendix). Thus, it appears that
the relatively small effect of D,O on the conductance
of the Chara K* channel is not a consequence of a
nonuniform distribution of D,O at the opposite sides
of the patch.

In the presence of higher concentrations of cyto-
solic Ca?>* the channel conductance decreased in a
voltage-dependent manner, and the extent of this
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Fig. 10. The relative mean number of open K* channels as a
function of cytosolic pCa at three different membrane potentials
(+25, —50, —100 mV). Data were taken from Figs. 7 and 8 and
normalized to the value at pCa 3.0. Curves were fitted to the Hill
equation and gave &, values of 12.1, 2.1 and 0.5 uM, respectively.

blockade was found here to be different in H,O as
compared to D,0. H,0/D,0 substitution did not
change the electrical distance for Ca?* movement
towards its binding site within the channel and
mainly affected zero-voltage binding affinity for
Ca’", by afactor of 1.4. A similar effect was demon-
strated with the Ba?* block of K* current in Myxi-
cola giant axon (Schauf, 1983). Due to competition
of HY (DT) with Ca®* for the binding sites, Ca>™*
binding should be dependent on pH (pD). At
pH = pD, deuterons bind more strongly compared
to protons, which should result in the pK values
for the acceptor groups shifting to a more alkaline
region, whose extent is usually about 0.4-0.5 units
for organic acids and bases (Lobyshev & Kalini-
chenko, 1978). To illustrate the effect of this D,0-
induced pK shift on Ca?* binding affinity, we used
two chelating agents with different pK values, below
and above the experimental pH (pD) = 7.2, citric
acid and EGTA, respectively (Fig. 1). In D,0, the
calculated values of apparent binding constants for
Ca’* at pH (pD) = 7.2 were decreased 10-fold for
EGTA, which has two pK values in the alkaline
region, and only 1.35-fold in the case of citric acid
with the highest pK value of around 6. Since the
magnitude of the latter effect was comparable to the
isotope effect on the K* channel block by Ca?*, the
pK value of the acceptor group within a channel was
expected to be slightly larger than 6.

EFrFECT OF D,0 ON THE VOLTAGE-
AND Ca?*-DEPENDENT CHANNEL GATING

The effect of H,0/D,0 substitution on the channel
open probability was found here to be a complex
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Fig. 11. Volume fraction of H,O and D,O at the internal surface
of the patch as a function of time after H,O/D,0 replacement in
the external chamber. Calculations were made assuming the case
of semi-infinite cylinder (x = 0) in which diffusion is in the axial
direction with a membrane (M) at its tip (at x = 0), as shown in
the inset. Curves for H,O (unbroken lines) are calculated from Eq.
(11A) and those for D,0 (dashed lines) are calculated assuming a
constant sum of volume fractions of H,0 and D,0. Coefficient
of selfdiffusion of water is D = 2 - 107° cm® sec™!, and the
permeability coefficient is (in cm sec™!): P = 2.5 - 1073 (curve
1); P=5-10"3 (curve 2); and P = 1.5 - 1072 (curve 3; see text
for further explanation).

function of voltage and internal Ca?*. Therefore, it
was necessary for the description of the D,O effect
to model the channel voltage- and Ca®*-dependent
behavior in some detail. The model described below
is based on two experimental facts. First, as demon-
strated in Fig. 10, the apparent Ca®" binding affinity
was higher upon hyperpolarization and, thus, the
voltage dependence of Ca®* binding could not be
explained by the Woodhull (1973) model. At —50
mV, k, varied within different samples from 2—-8 um,
and between — 100 and 25 mV it changed from 0.5
to 12 uM (cf. Figs. 6 and 10). The absence of Ca’*
binding facilitation upon depolarization indicates
weak or no voltage dependence. Moreover, a weak
voltage dependence of Ca’* binding to the K* chan-
nel was also found by Laver and Walker (1991) in
C. australis. Second, as shown here, the channel
half-activation voltage was shifted to more negative
values by a decrease in Ca’" concentration. This
Ca’*-dependent shift of the closed-open equilib-
rium can be explained in terms of preferential Ca>*
binding to the open channel conformation. These
conditions could be expressed by the following reac-
tion steps (on the left, with equilibrium constants
for each step on the right):
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MWCeo0 k., = exp(z8'F(Vi, — V)/RT)
(2) C*nCa « O*nCa kg = exp(z8"F(V|, — V)/RT)
() C + nCa o C*nCa ke = ([Ca>* Vkyeione)
@) O + nCa < O*nCa kype = ([Ca** Vi yopen)®

where steps (1) and (2) describe the channel voltage-
dependent close-open transitions in the absence and
presence of bound Ca’*, respectively, while steps
(3) and (4) described Ca’?* binding to the closed and
open conformations of the channel protein, respec-
tively. Here, V|, or V|, are the midpoint potentials
for the channel activation and z8' or z8” are the
valences of the gating charge at zero or infinite Ca’*,
respectively, Kyqpen) OF Kyciose) are the constants for
Ca’" binding to the open or closed conformations,
respectively, and « is the Hill coefficient. Accord-
ing to the principle of microscopic reversibility,
(kd(close)/kd(open))a - exp(z8 (V,],/Z - V{/Z)/RT) = K,
when V1, > V|, the binding of Ca’" to the open
conformation will be favorable.

The channel activation by hyperpolarization and
by cytoplasmic Ca?* could only be explained by
weak voltage dependence of Ca** binding which,
however, strongly influences the channel voltage de-
pendence. All this is emphasized by the proposed
model. The alternative model of Moczydlowski and
Latorre (1983) which assumes that voltage depen-
dence of channel kinetics directly reflects Ca?* bind-
ing could certainly not explain the observed channel
activation at steps to more negative potentials which
are actually unfavorable for Ca’* binding. Further-
more, the model underlines the shift of midpoint
potential for channel activation as the main effect of
Ca’* concentration change and predicts two limiting
states for the voltage dependence, at low and high
Ca’*, respectively (see Fig. 9 and its model parame-
ters shown in Table 2).

The data points in the plot of V,, values obtained
in D,0 and H,0O against pCa (Fig. 9) were fitted
using the above scheme, and the values of
Vi, Vin, k, and « were obtained. To test the valid-
ity of the above model, the parameters of Ca?* bind-
ing in H,O were also extracted from the independent
experiment of Fig. 6. The values of k., and «
from these two types of experiments were found to
be in good agreement (see legend to Fig. 6 and Table
2). The result of this analysis suggested that D,0
produced stronger cooperative interactions between
Ca’" binding sites, since the « value increased from
approximately 1 in H,O to 3 in D,0 (Table 2). How-
ever, these values were obtained by averaging the
recordings from multichannel patches (5-15 chan-
nels in the patch). This could smear the pCa depen-
dence of channel activity, providing activation by
Ca’" can vary between channels in one population.
With the presently used preparation, even after at-

LI Pottosin et al.: D,O Effects on K* Channel in Chara

tempts to reduce the patch area by making micro-
electrodes of high resistance (up to 50 M), ob-
taining single channel recordings was not possible.
Thus, although the D,0O effect is evident, the
obtained a values could be underestimated.

The binding of Ca’* to the open conformation
weakened 10-fold in D,0O compared to H,O, the
binding constant values being 6 and 0.6 uM, respec-
tively. In contrast, Ca** binding to the close con-
formation changed much less in D,0, the binding
constant values being twice smaller than in H,O,
14 and 30 uM, respectively. A possible explanation
for this finding would be that in the open channel
conformation, pK values for Ca?* accepting groups
are in a more alkaline range compared to the
closed conformation. Hence, according to the data
on chelating agents, citric acid and EGTA (Fig.
1; see above) the isotope effect on Ca’* binding
would be larger in the open conformation. At a
very low Ca’* concentration, D,O did not affect
the channel voltage dependence in any way. In
contrast, at the highest Ca’* concentrations the
shift of V,, was as large as 60 mV. According to
these data, the channel was sensitive to D,0 only
with Ca?* bound. Different Ca>* binding to channel
protein in D,0 compared to H,O could affect
channel conformation, particularly the conforma-
tion of its voltage gate, which would result in a
different value of V,, measured in H,0 and D,O.

The complex gating mechanism in the Chara
K* channel, which was activated by voltage and
by an agonist (Ca’*), could account for the consid-
erably larger effects of D,0O on the channel activity
found here, compared to that for the channels
regulated by voltage. (Conti & Palmieri, 1968;
Schauf & Bullock, 1979; Schauf, 1983) or by bind-
ing of a ligand (Lewis, 1984). In its results, the
present study resembles the case of D,0 effects
on enzymatic processes with or without allosteric
regulation (Henderson et al., 1970; Lobyshev &
Kalinichenko, 1978). Namely, D,0 was shown to
greatly affect the cooperative properties, rather
than the primary catalytic step in allosteric en-
zymes. The rate of the overall enzymatic reaction
could thus be changed by an order of magnitude
in D,O, compared to the change by a factor of
less than 2, typical for the isotope effect on the
primary reaction step.

Conclusions

The effect of H,0/D,0 substitution on the single K*
channel conductance in C. gymnophylla could be
explained in terms of a solvent isotope effect, in
agreement with previous results which showed that
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the ion flow through the channel is limited by diffu-
sion at the channel entrance (Laver et al., 1989;
Pottosin, 1990). D,0 effects on cytosolic Ca* bind-
ing in the course of channel activation and blockage
could be explained by the changes of pK values for
the acceptor groups within the channel. The appar-
ent number (&) of Ca*" jons bound to the channel
at the activation step was found to be as large as 3
in D,0, which was close to the values obtained in
H,O for Ca’*-activated K* channels of other origin.
In Chara the value of a in H,O was found to be
approximately 1. It appeared that H,O/D,0 substitu-
tion mainly affected the modulation of channel volt-
age dependence by Ca?*, rather than the voltage
dependence itself. This could account for the sub-
stantially larger effect of D,O on the Kkinetics of the
K* channel in Chara, compared to its effects on
other voltage-dependent ionic channels.

We wish to express our gratitude to Dr. A.A. Alexandrov and
Dr. A.A. Kataev for valuable discussions.
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Appendix

DiFrFusioN oF WATER THROUGH
THE PATCH MEMBRANE

Immediate H,0/D,0 replacement in the bath initiates the influx
of D,O into the patch pipette and efflux of H,O into the bath.
The sum of volume fractions of water and heavy water is constant
by definition, C¥ + CD = 1. Assuming that the fluxes of H,O and
D,0 are in opposite directions, noninteracting, and having equal
magnitudes!, the fractional composition of solvent at two sides
of the patch was calculated as a function of time. To solve this
function, two problems were considered: (i) diffusion of water
in the volume external to the patch (for simplicity we assumed
that the volume flux J originated from a spherical membrane with
the area §,, equal to the area of the patch); and (i) axial diffusion
of water within a micropipette tip which was assumed to be of
cylindrical form.

WATER EFFLUX
Considering the case of radial diffusion with its rate (v) defined as
v=_Cr

where C is concentration (volume fraction of H,0) and r is radial
distance, the diffusional equation becomes

—=D—= (1A)

where D is the diffusion constant. If the flux Jat r = r, (§,, =
4T1r2) is constant, then

v(r,, )= 4_I{_D =y, (2A)

and at the initial moment
v(r,0)=0,r=r, (34A)

the solution of this problem is (Tichonov & Samarsky, 1966):

o(r, t)=2r%[l —%Herf(z\/:ﬁt_)ﬂ. (4A)
For short times

J=C,PS,=PS, (5A)
where C, = 1 is the initial volume fraction of H,O at the inner

side of the patch, P is the permeability coefficient for water

! The last two assumptions are approximations to an ideal
case, used only for estimative calculations.

LI. Pottosin et al.: D,O Effects on K* Channel in Chara

diffusion through the patch. Therefore, for the volume fraction
of H,O at the external surface of patch membrane, r = r, we have

C(ro,z)=ﬂ[1 ——z—erf< Lo )] (6A)
4D VI \2V(Dp)

On putting P = 1.5 - 1072 cm sec™! (which is the upper limit for
Chara membranes; Dainty & Hope, 1959; see below), D = 2 -
107 cm? sec ! and r, = 107* cm, follows:

P
Clr, 1) = 4—;2 =0.02. (TA)

Since H,0O efflux from the electrode decreased with time
due to the decrease of H,O fraction at the inner side, the estimate
given by Eq. (7A) is the upper limit. Therefore, dilution of D,O
with H,O at the external side of the patch will be negligible at
any moment.

DIFFUSION IN PATCH ELECTRODE

The patch electrode is considered as a semi-infinite cylinder with
impermeable walls, initially filled with the H,O solution, in which
diffusion is everywhere axial. Equation (1A) has to be solved
for the boundary condition, which, in the absence of significant
accumulation of H,0O at the external side of the patch as shown
above, can be written as

scl
| = hCO.D1>0 (8A)

=0
where h = P/D, and the initial condition is
C(x,0)=const=1,x=0. (9A)

The solution of this problem is given (Budak, Samarski & Ticho-
nov, 1956) as:

Clx, 1) = —2—erf( X

+ explhx + W Dt)
vil 2\/(Dz)> TP

2 x
1-—= rf( h V(D >] 10A
[ \/ﬁe 2\/(131)Jr b1 (104

For the volume fraction of H,O at the internal membrane surface
(x = 0) Eq. (10A) reduces to

1A
- (11A)

In Fig. 11 curves of volume fractions of H,O and D,O on the
internal membrane surface are plotted against time for different
values of permeability coefficient. The diffusion coefficient for
water (P, could not be correctly determined in the large cells of
Charophytes, thus we used the value of osmotic water permeabil-
ity P,=1.5- 10~ cm sec ! obtained with these cells as the upper
limit for P, (Dainty & Hope, 1959; Wayne & Tazawa, 1990) since
the ratio P¢/P, is always greater than 1 for a porous membrane.
The largest P,/P, ratio measured in a living cell is about 6 for red
blood cells (Finkelstein, 1987), and thus, a sixfold smaller value
than Py was used as the lower limit for P, in Chara, namely, 2.5 -
1073 cm sec™!.

(0, 1) = exp(k2D1) [1 - ~2ﬁerf(h \/(Dt))].



