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Summary. A feature of the current-voltage (//V) and conduc-
tance-voltage (G/V) characteristics is described, which can be
attributed to the action of the proton pump at the Chara plasma-
lemma. The study of pH dependence in the range 4.5 to 11.0 and
exposure to metabolic inhibitors confirm the pump involvement.

A model describing kinetics of H™-extruding ATPase (Han-
sen, U.-P., Gradmann, D., Sanders, D., Slayman, C.L. 1981. J.
Membrane Biol. 63:165-190) is fitted to the data yielding the I/V
and G/V relationships of the Chara proton pump. The results
show that the stoichiometry is 1H*: 1ATP.
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Introduction

A proton-extruding ATPase has been isolated from
the Neurospora membrane (e.g., Scarborough,
1976), but only indirect indication of its existence
can be furnished for the Chara plasmalemma. This
circumstantial evidence, however, is plentiful. For
pH, greater than 6.0 the transmembrane PD is more
hyperpolarized than explicable by the concentration
gradients of the ions present and is diminished by
the application of metabolic inhibitors (e.g.,
Spanswick, 1972, 1974; Richards & Hope, 1974).
Measurements of the cytoplasmic pH (Walker &
Smith, 1975; Spanswick & Miller, 1977a) give a high
value (~7.5), out of equilibrium at any pH,. In a
stagnant medium acidification occurs (e.g., Spear,
Barr & Barr, 1969). ATP is necessary both for the
hyperpolarized state (Shimmen & Tazawa, 1977)
and for the proton extrusion (Shimmen & Tazawa,
1980).

No consensus has been reached about the
Chara proton pump stoichiometry, the current-volt-
age (I/V) characteristics and the contribution to the
total conductance. Some experiments with inhibi-
tors indicate that most of the membrane conduc-
tance is due to the pump (e.g., Keifer & Spanswick,

1978), while others suggest that the pump provides
only a small contribution (Richards & Hope, 1974).
Kishimoto, Kami-Ike and Takeuchi (1980) estimate
the pump conductance to be slightly more than a
half of the total. The conductance obtained from the
electrical measurements greatly exceeds that calcu-
lated from the tracer experiments (e.g., Hope &
Walker, 1975). This discrepancy is often attributed
to the pump and the passive H' fluxes. A novel
approach has been adopted by Smith and Beilby
(1983), who observed a decrease in the resting con-
ductance following an action potential. They postu-
lated that this effect is caused by a transient inhibi-
tion of the proton pump. If this inhibition is
complete, then the contribution of the pump to the
total membrane conductance does not amount to
more than 20 to 30%.

A central maximum was discovered in the I/'V
characteristics of Chara plasmalemma (Beilby &
Beilby, 1983). By fitting the Hansen, Gradmann,
Sanders and Slayman model (1981), which predicts
such a feature, a new insight was gained into the
proton pump kinetics. The approach yields the I'V
and G/V characteristics and the stoichiometry of the
Chara proton pump.

Materials and Methods

Young leaf cells of Chara corallina were used. These were kept
in the standard APW (0.1 mm KCl, 1.0 mMm NaCl, 0.5 mm CaCl,,
1.0 mm HEPES, NaOH to adjust to pH 7.3, 0.47 mm) at least a
day prior to the experiment.

The apparatus has been described in detail (Beilby &
Beilby, 1983). The clamp circuit accepted commands from
MINC 11 computer, which also data-logged both the membrane
potential and the clamp current. To furnish an I/V curve the cell
was clamped to a bipolar staircase with pulses of 20 to 40 msec
wide. This interval allowed sufficient time for the clamp current
to come to equilibrium. The potential and current were sampled
every 2 msec. A polynomial was fitted to the data and differenti-
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Fig. 1. A comparison between the clamp current flowing across
plasmalemma (upper trace, right-hand vertical axis) and plasma-
lemma and tonoplast in series (lower trace, left-hand vertical
axis). For the first sec the potential is clamped at the resting
level, then to 0 for 8 sec and finally back to the resting level. The
linear clamp command is modulated by 20 mV, 5 Hz sinusoidal
signal to monitor the conductance. The conductance is given by
(1,/V,) cos ¢, where I, and V, are the amplitudes of the current
and potential sine waves, respectively, and ¢ is the phase angle,
which can be neglected at depolarized levels (Beilby & Beilby,
1983). Note particularly the large conductance increase of the
plasmalemma, as the potential level is depolarized

ated to obtain the G/V characteristics (see Fig. 4b and ¢). AC
conductance was also measured by superimposing a small sinus-
oidal signal (10-20 mV) with frequency of 5 Hz on a linear clamp
command (see also Beilby & Beilby, 1983).

The cells were placed in the chamber and illuminated by
fiber optics source Intralux H150 Volpi, light intensity of 50~100
ueinsteins/m? sec (~10-20 W/m?, when the light frequency was
approximated as the middle of the visible spectrum). The I/V
characteristics were monitored until stabilization was reached
(up to 2 hr in some cells).

To ensure that the potential-measuring electrode was in the
cytoplasm, the cell was clamped at 0. At this potential the behav-
ior of the plasmalemma and the two membranes in series is quite
distinct (see Fig. 1). At the resting potential the resistance of the
tonoplast is ~4 times lower than that of the plasmalemma, and
thus the combination is dominated by the properties of the latter
(Coster & Smith, 1977). At the time of excitation, however, the
resistance of the plasmalemma seems to drop below that of the
tonoplast—thus with the electrode in the cytoplasm the changes
in conductance (as reflected by the amplitude of the clamp-cur-
rent sine wave in Fig. 1) are more marked. When both mem-
branes in series are clamped, the tonoplast conductance be-
comes visible at the peak of excitation. Our measurements of the
tonoplast slope conductance are ~20 S m~2 (see Fig. 2 insert),
rather a large value compared to those measured by Findlay and
Hope (1964) and Coster and Smith (1977).

The I/V curves for the plasmalemma and for both mem-
branes in series are shown in Fig. 2. As the cell was in the resting
state while the I/V data were gathered, the two membranes in
series reflected mainly the properties of the plasmalemma. The
I/V curve for the membranes in series was shifted by ~20 mV
(the PD across the tonoplast) in the depolarizing direction. To
isolate the I/V characteristics of the two series elements, the PD
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across plasmalemma was subtracted from the PD across both
membranes, when the currents were the same. (Both sets of data
were collected within 30 min, so that changes in either membrane
were unlikely.) A limited /V curve for the tonoplast was thus
obtained (see inset in Fig. 2).

When the cells were made inexcitable by La** or DES, it
was no longer possible to be absolutely sure of the potential-
measuring electrode position. While the attempt was made to
keep the electrode in the cytoplasm at all times, a failure to do so
should not significantly affect the results.

To change the pH of the APW, 1 mM zwitterionic buffers
were used: MES, pH 4.5-6.5; HEPES, pH 7.5; TAPS, pH 8.5-
9.5; CAPS, pH 10~-11. NaOH was employed to adjust the pH to a
desired value. Solutions were freshly made up before the experi-
ments, and the flow rate through the chamber was high.

The cell was kept in APW of pH 7.5 between pH, changes.
The time in APW of other pH, values was minimized (~20 min)
to prevent fluctuations of the cytoplasmic pH. Upon a pH,
change (except for pH, above 9.0, which will be discussed else-
where) the potential stabilized within ~10 min and the I/V curves
were reproducible after this time.

To obtain I/V curves over a wider potential range, excita-
tion was removed. La** was chosen as an excitation-blocking
agent, because its action was complete, relatively fast and irre-
versible in APW. Keifer and Spanswick (1978, 1979) found that
0.5 mm LaCl; depolarized the resting potential by ~70 mV, but
caused no change in the membrane conductance or ATP concen-
tration. In my experiments, 0.1 mm LaCl; was sufficient to re-
move excitation. At this concentration the resting PD depolar-
ized by only 10 to 20 mV. After ~2 hr the cell was tested for
excitability and, if this was absent, returned into APW. (An ex-
ample of a clamp current before and after application of La3* can
be seen in Fig. 3.) The cells then hyperpolarized to potentials
equal or more negative than before La3* application. At pH, 7.5,
where the effect of LaCl; was at first tested, both the shape of the
I/V curve and the G-maximum were essentially unchanged (com-
pare Figs. 4a, ¢ and 6a, b).

DES (diethyl stilbestrol) has been found to be an effective
inhibitor of membrane-bound ATPases, both by direct action and
by interference with oxidative phosphorylation, thus reducing
the supply of ATP (Balke & Hodges, 1977, Keifer & Spanswick,
1979). The stock solution of 40 mM DES in ethancl was prepared
freshly before an experiment or stored at 4°C for no more than
three days. The addition of ethanol alone to APW in comparable
concentrations had no effect on the cell behavior (M.J. Beilby,
unpublished data). Our cells seemed more sensitive to DES, and
the concentration was lowered from 40 uM (Keifer & Spanswick,
1979; Keifer & Lucas, 1982) to 10 um. Cells were also exposed to
2 mM NaNj. To test the effect of CO,, 2 mM NaHCO; was added
at pH, 5.0.

Results

I'V AND G/V CURVES AS FUNCTION
of pH, 1N ExciTtaBLE CELLS

The I/V characteristics in the pH, range 4.5 to 8.5
can be seen in Fig. 4a. The potential range was
delimited by the punchthrough at the hyperpolar-
ized potentials and by the excitation transients at
~—100 mV. As pH, decreased, the punchthrough
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potential became more depolarized as observed by
Coster (1969). At pH,, 4.5 the threshold for excita- S S
tion shifted to more depolarized level (Beilby, 1977)
and the potential range was extended to —70 mV. <0 .
Figure 4b shows the polynomials fitted to the above N8 =
data. The differentials of these give the G/V curves = A
in Fig. 4c. x E
20 N
At pH, above 9.0 the pump conductance be- ©g gﬁ
came progressively swamped by the increasing H* '
conductance (see Fig. 5) as the cells were entering -
the ‘Bisson’ state (e.g., Bisson & Walker, 1981). 2 =
However, the conductance maximum was still dis- '
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tinguishable in the conductance profiles (Fig. 5b).

I’V anD G/V CuURVES As FUNCTION OF pH,
IN La**-DeacTivaTep CELLS

The summary of the data is shown in Fig. 6. The
data were treated as in Fig. 4. As the difference in
I/V characteristics was small at pH, 7.5 and 8.5, the
pH, range was truncated at 7.5. The treated cells
seemed less sensitive to pH, change than the excit-
able cells. Compare, for instance, the resting poten-
tials.

THE EFFECT OF INHIBITORS

DES caused a steady depolarization, which reached
a stable level after ~30 min. In cells not treated with

TIME /sec

Fig. 3. The clamp currents at —80 mV before (upper trace, left-
hand vertical axis) and after (lower trace, right-hand vertical axis)
application of La’*. Apart from the middle potential level, the
clamping protocol is as in Fig. 1. Note that the conductance
remains virtually unchanged upon the clamp level depolarization
in the La’*-treated cell

La3* the resultant resting PD’s were —60 to —100
mV, more positive than those observed by Keifer
and Lucas (1982). Collected data from these cells
can be seen in Fig. 7 (open points). A straight line
could be fitted through the data.

After the DES was put on and the PD reached
steady value, the I/V curve also stabilized. In one
cell the pH, was changed at this point in the range
4.5 to 7.5 with no appreciable effect on the shape of
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Fig. 4. (a): A summary of the I/V response of four cells to pH,
variation: X, 8.5,@,7.5;0,6.5; A, 5.5; #,4.5. The horizontal
bars denote the grouping of the data into intervals of 20 mV, the
vertical bars are the standard error. (b): Polynomials fitted to the
data of a, which are represented as points. (¢): G/V characteris-
tics obtained by differentiation of 5. The values of pH,, are indi-
cated next to each curve. The curves at pH, 8.5 - and 4.5 -----
are represented by broken lines for clarity
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the I/V curve. Some cells recovered when returned
to APW, but in some the potential would suddenly
and irreversibly decline after a long exposure (sev-
eral hours) to DES.

The cells became inexcitable in DES, and the
conductance rose slowly when the clamp level was
depolarized (see Fig. 8).

In the La3*-treated cells, DES decreased the
PD to a similar level (~—100 mV). The I/V curves
continued to change, however, after the resting PD
stabilized (Fig. 7, filled symbols). A more detailed
history of the inhibition and partial recovery is
shown in Fig. 9.

Sodium azide also caused depolarization, but
not to such an extent as DES. In 2 mM azide, the
resting PD declined after some hours, but some-
times would show a spontaneous recovery. The
conductance decreased (Fig. 10 insert).

In darkness (or rather very dim light, as the
light-proofing was not complete), the cells depolar-
ized only by 10-20 mV, but the conductance maxi-
mum flattened considerably (Fig. 11). The conduc-
tance profile was restored to previous value after 30
min of light.

The I/V and G/V characteristics were totally in-
sensitive to presence of CO; in contrast to behavior
of Nitella (Spanswick & Miller, 19775h).

In APW with Cl- replaced by SOj the I/V and
G/V profiles tend to remain unchanged, but in some
cells the conductance maximum flattened.

Discussion

The nonlinear nature of the I/V curves (Figs. 4a, Sa,
and 6a) might seem contrary to the bulk of the liter-
ature on the subject. However, linear I/V character-
istics have been observed in the past probably be-
cause the potential range was too small (—100 to
—300 mV), the current was not evenly distributed
over the cell area (point clamping), and the data-
logging procedures were inadequate. Our tech-
niques avoid these problems, and the bipolar stair-
case method minimizes transport number effects.
Further, the existence of the G-maximum was con-
firmed by impedance measurements, a method in-
dependent of the I/V analysis (Beilby & Beilby,
1983).

Let us consider the processes occurring at the
plasmalemma and their contribution to the I/V and
G/V characteristics of the membrane (see a sche-
matic diagram on Fig. 12). The Double Fixed
Charge Membrane (DFCM) theory constructs a
mathematical model of two regions of opposite
charge in contact with each other (Coster, 1965). It
is now thought that this mechanism only becomes
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important at extreme potentials and is responsibie
for the rectification and punchthrough. There is a
growing body of evidence for the existence of gated
K* channels analogous to those in the nerve (Keifer
& Lucas, 1982; M.A. Bisson, private communica-
tion). The voltage dependence is not known and the
equilibrium potential in APW is estimated at ~—160
mV. A leakage current due to K*, Na* and possibly
H* may also exist. The voltage dependence is again
not known and the diffusion potential is estimated
between —120 and —160 mV. Above pH, 10.5 the

resting PD follows Ey as the membrane becomes
permeable to H* or OH™ (Bisson & Walker, 1981).
This pathway is not included in Fig. 12, as most of
the data discussed in this communication were ob-
tained at pH, below 9.0. The H*-extruding ATPase
is thought to be responsible for the hyperpolarized
state of the Chara PD. The thermodynamic consid-
erations, possible after the measurement of the cy-
toplasmic pH (Walker & Smith, 1975), yield a good
agreement between the observed resting PD’s and
the equilibrium (E,) calculated for a range of pH,
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Fig. 8. Clamp current after the cell was exposed to DES for 1 hr
20 min (upper trace, left-hand vertical axis). The clamp com-
mands were as in Fig. 1. Note the slow G-rise (~5 sec) after the
clamp level depolarized. A clamp current at the beginning of the
experiment (same clamp commands) is included for comparison
(lower trace, right-hand vertical axis)

with the stoichiometry 2H*/ATP and the pump
stalled (e.g., Smith & Walker, 1981). By modelling
the membrane as a circuit with parallel arms con-
taining the passive and the pump electromotive
forces and conductances, Kishimoto et al. (1980)
found a similar equilibrium potential (between —240
and —280 mV at pH, 7.0) under normal conditions.
Following an application of inhibitors, the calcu-
lated E, would swing to ~—400 mV before declin-
ing, a PD in excess of that predicted by the thermo-
dynamic calculations. Later, Walker (1981) showed

that this hyperpolarization could be an artifact of
the calculation process. However, large PD’s were
measured by Bisson and Walker (1982) and Lucas
(1982) under various conditions. Thus the value of
E, is uncertain.

The conductance maximum occurs well below
any equilibrium potential of the above processes,
apart from the proton pump. Further, the conduc-
tance maximum moves with a change in pH,. If this
feature is due to the proton pump, then its contribu-
tion to the resting conductance is more than £ of the
total in the pH, range 4.5 to 7.5. (Consider, for in-
stance, the Fig. 10 insert.)

After the application of DES to excitable cells,
a linear I/V relationship is obtained, giving perhaps
the leakage conductance. There are. differences in
the way the La3*-treated cells and the normal cells
respond to pH, change and DES inhibition (see
Figs. 4, 6, 7 and 9). Keifer and Spanswick (1978)
found that LaCl; greatly reduced the membrane
permeability to K*, Px. They also noted that Py
decreased as pH, changed from § to 5. If the I/'V
curve between ~—300 and —50 mV (before punch-
through or rectification set in) is viewed as a jux-
taposition of a linear leak (mainly due to K*) and
nonlinear pump characteristics, then smaller Py
would manifest itself by decreasing the overall
slope of the I/V curve. This is, indeed, observed for
normal cells at pH, 6.5 and 5.5. However, at pH,
4.5 the overall slope increases. Keifer and
Spanswick (1978) give no data for this pH,, but
Richards and Hope (1974) show a slight increase in
Px at pH, 4. In La’**-treated cells Pk is much lower
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and the variation with pH,, plays smaller part in the
1/V characteristics. It is not clear at present why the
La’*-treated cells respond differently to DES.

The slow rising G in DES-treated cells (see Fig.
8) might be due to the K* channels opening in re-
sponse to membrane PD change. This effect is nor-
mally obscured by the pump current and excitation.
The slow G change was seen in both normal and

La3*-pretreated cells. The slow-rising current is not
included in the I/V curve, because of the high speed
of the staircase (see Materials and Methods and
Beilby & Beilby, 1983). It will be interesting to ob-
tain the voltage-dependence of this phenomenon by
using the AC conductance measurements.

Keifer and Spanswick (1978) found that DES
treatment reduced Px. It is not clear at present
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whether this effect is achieved via passive permea-
bility, closing of the K* channels, or both. Smith
and Walker (1981) discovered that the majority of
K* channels open at potentials more depolarized
than —150 mV. Thus as DES lowers the membrane
potential, more K* channels would be expected to
open than in the membrane hyperpolarized by elec-
trogenesis. The DES I/V characteristics therefore
represent some compromise between these effects.

Both the punchthrough and rectification were
suppressed by the DES treatment. The reason for
this is not clear. It is unlikely that these effects can
be associated with the proton pump, as tracers have
shown that the large currents at punchthrough con-
sist of C1~ (Coster & Hope, 1968), and K* outflow is
thought to be responsible for the rectification.

It is interesting that the excitability is lost by the
DES treatment. Shimmen and Tazawa (1977) found
that ATP is essential for excitability in perfused
cells. It is possible that ATP depletion due to DES
in the intact cells (Keifer & Spanswick, 1979) may
also lead to loss of excitation.

The inhibition of the proton pump in darkness is
well documented in Nitella (Spanswick, 1972, 1974)
and Chara (e.g., Tazawa, Fujii & Kikuyama, 1979),
It is not understood, at present, why darkness has
this inhibitory effect, as the ATP concentration is
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not depleted (Keifer & Spanswick, 1979). It is inter-
esting to note that while the resting conductance is
almost halved in the dark, the resting PD became
only slightly depolarized (see Fig. 11). The dark in-
hibition of the pump is incomplete or perhaps there
are at least two aspects of the proton pump, which
can be manipulated (G, and E,) (Spanswick, 1982).

As SO; APW affects the membrane conduc-
tance only in some cells, it seems that the G maxi-
mum is independent of the CI-/2H* transport sys-
tem (e.g., Beilby & Walker, 1981).

The temporary decrease in the membrane con-
ductance following the action potential (Smith &
Beilby, 1983) no longer seems to be due to the com-
plete inhibition of the proton pump, as the conduc-
tance maximum in the G/V profile persists at the
time of the G minimum (M.J. Beilby & J.R. Smith,
in preparation).

MODELLING THE PROTON PuMP KINETICS.

Hansen et al. (1981) constructed a scheme for the
kinetics of a H*-extruding ATPase. They divided
the process involved into the potential-dependent
(via a symmetrical Eyring potential barrier, e.g.,
Lauger & Stark, 1970) with rate constants k;, and k,;
and potential-independent ones with rate constants
Ky and «;,. The I/V relationship for such a model is
given by:

I=FN- Kokl exp(zul2) — ki k2 exp(—zul2) (1)
ki, exp(zul2) + ko exp(—zul2) + ki, + K,

N = number of carriers, z = pump stoichiometry, u
= FV/RT (with F, R and T having their usual mean-
ings), k;, = k%, exp(zu/2); ko = k9 exp(—zu/2).

" The principal I/V and G/V (obtained by differen-
tiating Eq. (1) with respect to potential) relation-
ships arising from Eq. (1) are shown in Fig. 13.
When &’s are greater than «’s, the I/V relationship
can be described essentially by the hyperbolic tan-
gent function. The conductance yields a single max-
imum centered near the reversal potential. (The
maximum is centered at the reversal potential if the
I'V curve is symmetrical.) With «’s greater than k’s
the curve acquires more inflection points, produc-
ing two G maxima on each side of the reversal po-
tential.

As the simplest possible model for a H*-extrud-
ing ATPase contains five steps (Hansen et al.,
1981), the meaning of the above parameters is ob-
scured as various numbers of the carriers are se-
questered in the different parts of the cycle. If
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Fig. 13. The types of I/V and G/V curves generated by the Han-
sen et al. model. ——, k7,[H*]? and kJ[H*13 > «’s; ----, kG [H*]?
and ko [H']S < «’s. In this case [H*]? = [H*)%, k% = kS and «;, =
K, t0 obtain a symmetrical relationship

changes in substrate level (for instance) are com-
bined with the I/V analysis, it is desirable to develop
the model further in such a form that the reactions
that change during the experiment can be excluded
from the lumped rate constants. Hansen et al.
(1981) made such a meodification, providing for a
change in pH. This formulation requires a more
complex model with four pairs of apparent rate con-
stants, giving a range of possible properties. Some
of this ambiguity can be removed by considering
special mathematical cases and limiting conditions.
One of such instances is where the PD and pH shift
produce an equivalent response in the observed
current. Such a behavior is, indeed, found in many
systems (e.g., Schwab & Komor, 1978; Maloney &
Schattschneider, 1980) including Chara (see Fig.
14). For such a system Eq. (1) becomes (Hansen et
al., 1981):

I= Fﬁ
=z

| Kaikp[H*]} explzu/2) — wip kolH* 15 exp(—zu/2)
KkL[HTF exp(zu/2) + kS[H*1: exp(—zul2) + ki + Ky

03]

To obtain the one maximum conductance pro-
file of Fig. 13, kZ,[H*]; and k3,[H* 1% must be greater
than the «’s.

To fit the model to my data the I/V curves of
Fig. 7 were subtracted from the data at various pH,
(Figs. 4 and 6). For the normal cells the average
DES data were used (Fig. 7, open symbols). In the
La**-treated cells, the single I/V run (Fig. 7, filled
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Fig. 14. Similar trends in the membrane current produced by the
variation of the transmembrane PD or the pH difference. The
electrochemical potential due to the pH difference, V,4, was cal-
+

gApH, ApH = logy —[[—EF]—; The cytoplasmic pH
was taken as 7.8, thus giving the most negative V,y at pH, 4.5
and most positive at pH, 8.5. A family of I/V,y curves could be
plotted at various membrane potentials. The closest correspon-
dence in overall shape between I/V and I/V,y was obtained at V
= ~—90 mV for the normal cells (O) and ~—120 mV for the
La3*-treated celis (@). These values are close to the reversal
potentials of the leakage currents as seen in the DES data (Fig.
7). The continuous line is the I/V curve at pH, 6.5 obtained from
the model (see Fig. 15b) '

culated as 2.3

triangles) was employed. It was only realized in the
final experiments, that in these cells the I/'V curve
continues to change after the potential has stabi-
lized. As the scatter in most of the data is small, I
felt justified in taking such a shortcut. The resultant
curves are shown as points in Fig. 15.

While the technique of obtaining the pump con-
ductance by using metabolic inhibitors became
widely accepted (e.g., Richards & Hope, 1974;
Keifer & Spanswick, 1978; Keifer & Lucas, 1982),
it must be viewed with caution. The inhibitors are
usually not specific and are likely to interfere with
several transport systems (e.g., DES seems to af-
fect Px, as mentioned earlier in the discussion).
Further, in modelling the Na*, K*-ATPase Chap-
man, Johnson and Kootsey (1983) found that if ADP
accumulates, while ATP supply is depleted, the
pump becomes highly reversible, resulting in the
difference I/V curves having no reversal potential.
No data are available on concentration of ADP in
plant cells while under influence of DES. Thus it is
possible that difference I/V curves at pH, 6.5 and
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5.5 (Fig. 15b and c¢) suffer from such a problem. On
the other hand, the I/V characteristics in DES-
treated cells are almost linear (suggesting a leak
conductance) and the difference I/V curves at pH,
6.5 and 5.5 are similar in overall shape to the other
difference curves. Neither of these aspects are ob-
served in Chapman et al. (1983) calculations. It is
more likely that the lack of reversal potential is
caused by variation in the Px with pH, and due to
DES treatment. The La’* treatment diminishes the
importance of Px in the total I/V characteristics,
giving ‘“‘better”” difference curves.

In view of these uncertainties, the work de-
scribed in this communication can be seen only as a
starting point. It will be necessary to compare the
effects of a whole range of metabolic inhibitors, ex-
plore changes in [K*], and attempt other ap-
proaches to difference curves such as Gradmann,
Hansen and Slayman (1982).

The model was fitted to the pH, 7.5 data (Fig.
15a). The values of the parameters are given in the
Table. The pH, was then changed in the model (Fig.
16). Note how the simulated G profile changes with
decreasing pH,: the maximum moves in the de-
polarizing direction and becomes narrower and
more pronounced in amplitude. Above pH, 7.5 the
two maxima conductance profile is obtained (the
reversal PD is then close to —400 mV and the sec-
ond maximum occurs at potentials below —400
mV). Effectively, this means that the right-hand G
maximum does not change position with increasing
pH, above 7.5, only becomes slightly wider. The
similarities between data in Figs. 4, 5 and 6 and the
simulation (Fig. 16) are encouraging. Also note that
at pH, 11.0 the G maximum remains at ~—200 mV
(Fig. 5b). A direct comparison between the model
and the data reveals some differences in the pH,
response, which means that some other rate con-
stants change in response to the pH, shift. The fit
was adjusted and the changes are given in the Ta-
ble. In the absence of further information, the sig-
nificance of these variations is hard to interpret.

The stoichiometry of z = 1 was used. For z > 1
the s-curve was too steep to fit the data. The Han-
sen et al. model predicts very negative E, values
above pH, 6.5 (see Fig. 16a). Such potentials have
been observed by Lucas (1982). It does appear,
therefore, that the pump is under kinetic rather than
thermodynamic control. This is also suggested by
the threshold concentration of ATP necessary for
the activation of the pump (Spanswick, 1980).

For pH, greater than 5.5 the pump current is
close to saturation in the excitable region (Fig. 15)
and is independent of PD changes above —100
mV. The approximation of the pump to an ideal
current source, sometimes used in the transport lit-
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Fig. 15. (a): The I/V curves from Fig. 4 (®) and 6 (A) at pH, 7.5 with the DES I/V curve subtracted (see text). The continuous line gives
the calculated profile from the model. The parameters used are listed in the table. (b): As in a at pH, 6.5. The normal cells data do not
cross the potential axis (see discussion) and were not fitted. The continuous line was obtained from the model by changing pH, only.
The broken line represents a correction to the parameters to improve the fit (see the Table). (c): As in b at pH, 5.5. (d): As in b at pH,
4.5

Table.
pH, 7.5 6.5 5.5 45

La’** and normal cells La’** cells La’* cells La3* cells Normal cells
kS; 0.7 x 107 0.5 x 107 0.15 x 107 0.7 X 10¢ 0.4 x 107
kg, 0.12 x 1012 0.12 x 1012 0.12 x 1012 0.12 x 19 0.12 x 10
Koi 0.36 x 102 0.36 x 102 0.36 x 102 0.36 x 10? 0.4 x 102
Kio 4.5 4.5 4.3 4.5 0.12 x 10°
NIC 0.5 x 107 0.5 x 1077 0.5 x 107 0.5 x 1077 0.5 X 1077

NJ/C is the number of carriers divided by a constant; for details see Hansen et al. (1981). The size of N/C is arbitrary. If the actual
density differs, all rate constants will change in inverse proportion to N/C. The parameter values selected at pH, 7.5 represent the
optimal fit to the data, when only pH, is changed in the model (shown by continuous lines in Fig. 15). Fits can be further improved by
changing k7; only in La**-treated cells and k%, ,; and «;, in normal cells at pH, 4.5.

erature, is justified in this instance. The pump con- = 1) of the Chara proton pump. In illuminated con-
ductance remains constant throughout the action  dition the pump constitutes the major contribution
potential, as predicted by Kishimoto et al. (1980). to the membrane conductance in pH, range 7.5-4.5.

The resting PD decline of the cell with pH, decrease
is thus not due to the inhibition of the pump, but due
to the changes in the pump kinetics. It also appears
that the pump remains operative in the high pH,
region (above pH, 9.0), contrary to the scheme pro-
The fitting of the Hansen et al. model reveals the I/'V  posed by Bisson and Walker (1982).

and the G/V characteristics and the stoichiometry (z The conductance maximum provides a new

Conclusions
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Fig. 16. The I/V (a) and G/V (b) curves in the pH, range 4.5 to 11.0 obtained from the model with parameters fitted at pH, 7.5 (see the
Table). The profiles at pH, 11.0 are shown as broken lines for clarity

way of testing whether the pump is operating in a
given set of conditions. (That is, the presence of the
maximum shows that the pump is on, while the re-
verse is not necessarily true. For instance, in dark-
ness the hump flattens, but the large hyperpolariza-
tion indicates that the pump is still operating.) In the
future this technique can be exploited to investigate
the pump status in a range of K* concentrations and
as a function of external Ca*.
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