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Summary. Above a critical external pH (about 10.5),
the Chara membrane acquires new properties. In this
state the membrane potential is close to the equili-
brium potentials for H* and OH™, hyperpolarizing
as external pH increases with a slope of —59 mV/pH
unit. The membrane conductance increases by an
average factor of 2.4 above the critical pH. These
changes are explained by an increase in permeability
to OH™ (or H*). The establishment of a OH™ (or
H") permeable membrane at high pH suggests that
the large fluxes of OH™ (or H*) which occur in the
alkaline band in photosynthesizing cells are passive.

The membrane potential in Charophytes has been
shown to exhibit two different states (Chara coralling :
Hope & Walker, 1961; C. braunii: Oda, 1962; Nitel-
la: Spanswick, Stolarek & Williams, 1967; Lampro-
thamnium : Bisson & Kirst, 1980). In the depolarized
state, the potential is close to the equilibrium potential
for K* (Ey), is sensitive to the external concentration
of K* (%), and is adequately described by equations
for passive diffusion. This state is maintained in the
absence of external calcium or in the presence of
high Cy (Hope & Walker, 1975) or of inhibitors such
as dicylohexylcarbodiimide (DCCD), diethylstilbes-
trol (DES), and 2,4-dinitrophenol (DNP) (Kei-
fer & Spanswick, 1978). In a medium containing
Ca’* and with a low Cg, the membrane potential
usually has a value more negative than the equili-
brium potential for any ion. This hyperpolarization
is believed to be effected by an active, electrogenic
H7-efflux (Spanswick, 1974; Richards & Hope,
1974). In this state the membrane potential is sensitive
to external pH (pH’), showing a maximum negative
value near pH 7, and more positive values at lower
and at higher pH up to pH 9.0 (Richards & Hope,
1974 ; Smith & Walker, 1976).

We show here that above an external pH of 10
or 10.5, the Chara membrane is in a third state, in
which the membrane potential may be described as
a passive diffusion potential with H* or OH™ as
the most permeant ion.

This high permeability at high pH has physiolog-
ical significance. In an unbuffered solution in the light
portions of the membrane are bathed in an alkaline
solution which may have a pH above 10 (see, e.g.,
Lucas & Dainty, 19774 and b). These alkaline bands
are formed when the cell is photosynthesizing with
CO, provided as HCOj; (Lucas & Smith, 1973). The
fixation of CO, from HCOj3 releases OH~, which
must be either transported out of the cell or neu-
tralized by H™ brought into the cell, and this trans-
port probably occurs in the alkaline band (Lucas,
1975). The study of the permeability properties of
the membrane at high pH may indicate the mecha-
nism of this neutralization transport.

Materials and Methods

Chara corallina Klein ex Willd.,, em. R.D.W. (=C. australis R.
Br.) was grown in culture (Hope & Walker, 1975). Isolated inter-
nodes were incubated for at least 24 hr in a medium containing
0.1, (in mm) K,S0,; 1, NaCl; and 0.5, CaSO, buffered to pH 7.5
with 5 mm TES (N-trisfhydroxymethylmethyl-2-aminoethane sul-
fonic acid) (pK =7.5) or HEPES (N-2-hydroxyethylpiperazine-N’-
2-ethane sulfonic acid) (pK =7.6). During experiments, the concen-
tration of K ,SO, was increased to give 1 mm K™, This concentra-
tion was used to make Eyx more positive and to enable us to
obtain cells in both depolarized and hyperpolarized states at
pH 7.5. The cells were impaled with two glass microelectrodes,
and connected with a voltage clamp apparatus (Walker,
Beilby & Smith, 1979). Solution at high pH, buffered with the sulfo-
nic acid buffers CHES (2 [N-cyclohexylamino] ethane sulfonic acid)
(pK =9.5) or CAPS (cyclohexylaminopropane sulfonic acid) (pK =
10.4), was flowed past an unclamped cell, and the change in poten-
tial was recorded. Conductance (G,,) was measured by clamping
the cell at a potential near the open-circuit potential and imposing
an alternating staircase of command voltages (Walker et al., 1979).
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When the open circuit potentials were very different at neutral
and alkaline pH, the membrane was clamped at the same initial
potential for the different staircases, to avoid any slow, voltage-
dependent changes in G,. If necessary, the values for G, were
corrected for the cable properties of the cell. Unless otherwise
specified, the cell remained at the high pH for the minimum length
of time needed to complete the measurements (2-15 min), and
was returned to pH 7.5 between all alkaline measurements.

DCCD (dicyclohexylcarbodiimide) was kept frozen as a 50 mm
solution in ethanol. It was added to the experimental solution
to give a concentration of 50 um. Addition of ethanol alone had
no effect. DCCD was added either at high pH (11.0) or at both
high and neutral pH (7.5).

Sulfonic acid buffers were obtained from Calbiochem or
Sigma.

Results
Membrane Potential Changes

Cells in the depolarized state (circles, Fig. 1) show
no change in membrane potential with increases in
external pH (pH®) up to pH 10. Above a critical pH
(pH?,) near 10.5, the membrane hyperpolarizes with
increasing pH’. If we assume the cytoplasmic pH
(pH®) to be 8.0, a reasonable value for cells incubated
at pH’="7.5 (Smith & Walker, 1976), the values at-
tained are close to Ey=FEqy Hyperpolarized cells
(triangles, Fig. 1) show the expected depolarization
at moderately high pH°, but above pH?,, again near
10.5, the cells show hyperpolarization with increasing
pH?’, as did the cells from the depolarized state. The
regression slope of the curve above pHYZ,, for cells
with pH% <10.5, is —59mV (pH unit)” ! (n=16;
5 cells). Occasionally, cells do not show a linear hy-
perpolarization, but cease to hyperpolarize, or depo-
larize, at very high pH (Fig. 2). Altogether 29 cells
were tested, 12 in a hyperpolarized state, 15 in a
depolarized state, and 2 which showed both states.
All cells showed a highly negative value of ,, at
high pH’. Nine cells were tested at 2 or 3 values
above pHY,; 2 showed the flat response at very high
pH.

From the depolarized state, the time course of
hyperpolarization at pH>pH? is relatively rapid,
smooth, and monotonic (Fig. 3), suggesting a simple
change in membrane function. From the hyperpolar-
ized state, the change is initiated as rapidly (Fig. 4),
but shows more complex kinetics and may take longer
(up to 10 min) to come to steady state. This suggests
a more complex change, including turning the H™-
pump off as well as altering membrane permeability.
The recovery from the alkaline state is slow, involving
a strong depolarization, often triggering an action
potential; a fairly rapid repolarization phase; and
a slower hyperpolarization, probably representing a
slow activation of the H™ -pump.
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Fig. 1. Effect of pH° on membrane potential. Each symbol repre-
sents a different cell. Solid lines are computed equilibrium poten-
tials for K" and H* (=OH™). The dashed lines is the computed
linear regression through the indicated points
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Fig. 2. Effect of pH’ on membrane potential, showing depolariza-
tion at very high pH°. Solid line represents potential expected
with high permeability to H™, and dotted line represents potential
expected with high permeability to OH™ (see Discussion)

Conductance Changes

The average value for G, above pHY s
1.1540.21 S min~ 2 (n=20), and there is no difference
in cells from the hyperpolarized or depolarized state.
This represents an increase of a factor of 2.38+0.33
(sE; n=20). Again, there is no difference in this factor
for cells from the hyperpolarized or depolarized state,
providing care is taken to avoid voltage-dependent
changes in G,, (see Methods).

The absolute value of G,, in the alkaline state
has been measured to be as high as 40Sm~ 2
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Fig. 3. Change in potential in a depolarized cell when pH° is
changed from 7.5 to 10.5 (arrow at left) and back to 7.5 (arrow
at right). Note action potential during depolarization. The lag
between the arrow and the onset of the change is partly due to
“dead time” in the solution-changing apparatus
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Fig. 4. Change in potential in a hyperpolarized cell following a
change in pH from 7.5 to 10.5 (left arrow) and back to 7.5 (right
arrow). The strong depolarization after a change from high pH
to 7.5 is often accompanied by an action potential, although none
is seen in this example. The full repolarization took about 30 min

The values are underestimates of the plasmalemma
conductance, since they are not corrected for the
series tonoplast conductance, which may be as low
as 10Sm~2, but may be higher (Walker et al., 1979).
In the worst case error, a measurement of 4.0Sm 2
could represent an actual conductance of 6.7Sm 2.

Current-Voltage Curves

The current-voltage (i—y) curve (Fig. 5) above pH?,
is linear between the limits of action potential (about
—100 mV) and punch through (about —300 mV). It
intersects with the control i—y curve (pH 7.5) at a
value near the calculated Eqy=FEy. The control cur-
rents at each potential value may be subtracted from

i
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Fig. 5. Current-voltage curves for a cell at pH 7.5 and at 10.5.
Cell is in the depolarized state at pH°=7.5. Clamp for measuring
G, was initially —150 mV

{2

{2

1,
Ey(11-0) /EHUOS) 1 A
_ 1 L n\_P e " 1 1 L 0 C
-250 -200 /JA50 -100  -50 ] E

4-1
le/nv 4 %
4-2 %
. >

T3

b %_4

a 4-5

]

Fig. 6. Differencei —curves for the transition from the depolarized
to the alkaline state. (a): pH 11.0. (5): pH 10.5

those obtained at high pH to obtain a difference i—y
curve. If the change in pH involves a change in only
one transport system, this kind of curve can give
information about this transport system. This is most
likely to be true of the transition from the depolarized
to the alkaline state. Difference i — curves for this
change for pH 10.5 and 1.0 are seen in Fig. 6. Each
difference curve is linear and intersects the voltage
axis near Eoy=Fy, suggesting that the change be-
tween the two states involves an increase in passive
transport of OH™ or H'. The slope of the curve
for pH 10.5 is slightly less than that at pH 11.0 (0.786
and 1278 m~? respectively) suggesting that the
permeability is slightly less at pH 10.5." Although the
change from the hyperpolarized state is probably
more complex (cf. Figs. 3 and 4), the difference i —y
curves are quite similar (Fig. 7). Again the slope at
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Fig. 7. Difference i-y curve for the transition from the hyperpolar-
ized to the alkaline state. (@): pH 10.5 (Ex=—206 mV). (b):
pH 11.0 (Eg=—177 mV). (¢): pH 11.5 (Ey= —148 mV)

pH 10.5 (0.572S m~?) is less than that at pH 11.0
(3.03S m~?), but remains the same at pH 115
(2978 m~?). This suggests that the change in mem-
brane permeability to H® or OH™ is not discrete,
but that near pH?, the permeability may take on
values intermediate between those of the alkaline and
neutral states. This was seen in 3 cells of the 9 tested.
The average of all slopes for such difference curves
is 1.494+029S m~2 (15). There is no significant
difference between transition from the hyperpolarized
or depolarized state.

DCCD Effects

The ATPase inhibitor DCCD shifts a cell at neutral
pH from the hyperpolarized to the depolarized state
(Keifer & Spanswick, 1978). DCCD affects both
membrane potential and membrane conductance at
high pH (Fig. 8). The response to DCCD is usually
much slower than that which occurred in the experi-
ment shown in Fig. 8. In order to avoid alterations
in the cell caused by prolonged exposure to high pH,
further experiments were done by adding 50 um
DCCD at pH°=17.35, allowing the DCCD to act, then
changing to pH 11.0+50 pm DCCD. In hyperpolar-
ized cells, the effectiveness of the action of DCCD
could be measured by the depolarization at pH®=7.5.
When care was taken to ensure that DCCD did have
full effect, an inhibition of the changes at high pH
was seen consistently. As shown by the examples in
Table 1, with DCCD there is no difference in i,
or G, above and below the critical pH. Like the
effect on ATPase activity, the effect is usually slow
(requiring up to 60 min for full effect) and irreversible.
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Fig. 8. The effect of 50 um DCCD on membrane potential ()
(solid line) and conductance (G,,) (dashed line) at high pH’. Cell
is initially in the depolarized state at pH’°=7.5. The initial fall
in conductance at f=10 min occurs because G,, was measured at
the open circuit . and voltage-dependent changes in G, are
occurring as well as pH-dependent changes

Table 1. The effect of DCCD (50 um) on the alkaline response
in Chara®

pH 7.5 pH 11.0
!10”1 Gm l//m Gm

Cell 1

Control —174 0.32 -1353 0.57

+DCCD — 88 0.95 -~ 98 0.77
Cell 2

Control —170 0.32 ~ 164 2.02

+DCCD — 68 0.20 — 67 0.24

a

V,,: membrane potential (mV). G,: conductance (Sm™2).

Discussion
The Passive Permeability of the Membrane

Our data show that above a critical pH, near 10.5,
the cell membrane in Chara behaves as though highly
permeable to H* or OH™. This is indicated by the
fact that the membrane potential (Fig. 1) depends on
pH in a manner described by an equation for passive
diffusion potential (see below) and by the shape of
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the i-if curves (Figs. 5, 6, 7), which show zero current
near Eqy.

Exposure of the whole cell surface to external pH
up to 11.5 does not seem to harm the membrane.
In all data shown, there was little change in ¥, and
i—y curves at pH 7.5 before and after exposure to
high pH. In one case, exposure to pH 11.5 damaged
a cell, as judged by an irreversible change in ¥, and
i—y curve at pH°=7.5.

We have assumed in calculating Eoy; that pH =8.0,
the value found for cells in pH 7.5 (Smith & Walker,
1976). During the short periods for which the cells
are exposed to high external pH, it seems possible
that the cytoplasmic pH does not shift by much. Dur-
ing long exposures to high pH, cells do tend to depo-
larize slightly (e.g., from —142 to — 125 over 50 min
(Fig. 8)). This depolarization can be explained by an
increase in pH® of 0.29 units. Extrapolation of the
correlation between pH® and pH® (Smith & Walker,
1976) past the limits within which it was measured
suggests that cytoplasmic pH would ultimately in-
crease to 8.7, so an increase to 8.3 in 50 min is not
unlikely.

The Transported lon

We have not shown whether the changes above pHY,
are caused by a permeability increase to H™ or to
OH ™. If we assume that K¥ is the only other ion
to have a significant permeability, the membrane
potential might be described by Eq. (1) or (2):

=R—T1 agy+ B /Py ag

n 1
Vi F ai+ B /Pyag (1)

:Eln%HJrPK/POHa%

Y . c
F o apy+ K/Fouax

2)

where a} and 4 represent the external and cytoplasmic
activities of the indicated ion, and P; represents the
permeability to that ion. The data in Fig. 1 can be
described adequately by Eq (1) if Py/Py=>~10"8, and
by Eq. (2) if P¢/Pou>~1073, assuming af =75 mm
(Hope & Walker, 1975). It might be argued that 10~3
is an unreasonably small number, and that therefore
it is more likely that the permeant ion is OH~. How-
ever, it must be remembered that the permeation of
ions like H*, K™ and OH™ through lipid membranes
18 not likely to be by a simple diffusive process de-
scribed only by a diffusion coefficient. It is more
likely to be by specific mechanisms whose apparent
permeability is dominated by a partitioning effect.
If this can be expressed by a K, for binding and
a V, for subsequent transport, the limiting apparent

permeability will be

P=V,/Ky. 3)

We can see that a permeability ratio of 10~% might
be the result of a ¥,-ratio of 1 and Kj-ratio of 108.
There are indications that K* transport in Nitella ex-
hibits a K, of 11 mm (Walker, 1980), so that the
required ratio could be achieved with a K,; for H*
binding of 107*° M — corresponding to a pK, of 10.
An amine site could readily have such a pK,. We
cannot therefore dismiss H" passive transport on the
grounds that it requires Px/Py to be 1078,

At very high pH, Egs. (1) and (2) predict different
behavior of y,, as a function of pH (solid and dotted
lines in Fig. 2). Since in this region some cells seem
to obey one equation, and others the other, we are
so far not able to distinguish H* from OH~ permea-
tion on this basis.

Inhibition of this effect of high pH by DCCD
is interesting but inconclusive. DCCD inhibits ATP
synthesis (Beechey, 1974) and reduces the ATP
concentration in Chara (Keifer & Spanswick, 1979),
although the change shown in Fig. 8 is faster than
the decline in ATP is usually (R. Reid, personal
communication). However we do not need to postulate
active transport of an ion to explain the present re-
sults, and suggest instead that DCCD is acting di-
rectly to inhibit H* (or OH™) transport, as it does
in chloroplasts (Sigrist-Nelson, Sigrist & Azzi, 1978;
Pick & Racker, 19794), in mitochondria (Sebald,
Graf & Lukins, 1979; Pansini, Guerrier & Papa,
1978), in Escherichia coli (Fillingame, 1976), and
cytochrome oxidase (Casey, Thelen & Azzi, 1979).
Another activity known for DCCD other than blocking
proton or hydroxyl channels is inhibition of the Ca?*-
ATPase in sarcoplasmic reticulum (Pick & Racker,
1979b); here DCCD is believed to act on the carrier
site for Ca**. The inhibition of the increase in per-
meability by DCCD is quite consistent with its inter-
action with a proton or hydroxyl translocator.

Thus the present data do not allow us to dis-
tinguish between H™ and OH™ as the permeant
species. Ferrier, Greenleaf and Lucas (1980) argue
that from a solution at pH 9 or higher, outside the
cell, H* could not be supplied by (diffusion or) water-
splitting at a rate sufficient to explain the observed
currents (~0.1 A m~?). However, catalyzed water-
splitting is a known phenomenon in desalination
membranes, and Simons (1979) has proposed a
mechanism by which it might occur. He has, further,
noted that this phenomenon might well occur in the
electric fields present in biological membranes. We
cannot therefore rule out fluxes of H™ until a great
deal more is known of the molecular mechanism in



the membrane. Although we refer below to OH™
transport, equivalent statements can be made about
H* transport.

The Function of the Alkaline Band

The alkaline band in Charophytes is the site of effec-
tive net outward movement of OH™ during photosyn-
thetic assimulation of HCO3 (Arens, 1939; Spear,
Barr & Barr, 1969; Lucas & Smith, 1973). Its high pH
has been seen as the effect of hydroxyl transport out-
ward (e.g., Lucas, 1975). We suggest that the alkali-
nity is not only an effect of transport but also a
causal factor. When the pH of the alkaline band 1s
above pHY,, that portion of membrane will become
permeable to OH™, allowing a large passive flux of
OH™ out of the cell, reducing the pH of the cyto-
plasm, and increasing the pH of the outside medium.
This provides a positive feedback mechanism main-
taining large, sharp and stable bands. The fluxes re-
quired to maintain an alkaline band are quite large,
>1 umol m~2 sec™ ! (Lucas, Ferrier & Dainty, 1977).
These values are comparable with the current den-
sities which flow into the cell at the alkaline zone
(Walker & Smith, 1977), consistent with the hypo-
thesis of an electrogenic uniport. Since, as we show,
these large fluxes can occur passively, they do not
require the energy input postulated by Lucas et al.
(1977). Since they can occur near equilibrium, they
do not involve much dissipation of energy.

Two objections may be raised against this hypo-
thesis. The first is that alkaline bands in some cells
have a pH® less than 10.0, i.e., below pH?,. However,
in the alkaline zone the cytoplasmic pH is probably
higher than normal, and this may depress pH?,. Also
the cell wall offers a diffusion resistance to the move-
ment of ions, so that the measurement of pH outside
the cell wall may underestimate the pH at the plasma-
lemma during net OH™ efflux.

The second possible objection is that hydroxyl
ions are postulated to diffuse passively outwards at
the alkaline band, whereas our data indicate that in
a whole cell buffered at high pH the direction of
passive movement is inward. The difference i—y
curves suggest that the hydroxyl conductance in the
alkaline state is 1.5S m~? (see Results). Figure 1
indicates that the cells are about 20 mV more positive
than Foy. The result should be an initial passive influx
of OH- of about 20mA m~? or about
2x107 " mol m~%sec” !, when the external pH is
changed from 7.5 to 11.0. In a cell in unbuffered
medium with acid and alkaline bands, however, at
least half of the cell membrane is outside the alkaline
band, and presumably is in the hyperpolarized state.
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In these portions of the membrane active electrogenic
H™ efflux would maintain the membrane potential
more negative than Eyy, despite the depolarizing ten-
dency in the alkaline bands, and thus passive move-
ment of OH™ would be outward. To generate a pas-
sive flux of 75 mA m~2, as measured in the alkaline
band (Walker & Smith, 1977), given a conductance
of 1.5S m~ 2 the membrane potential would have
to be about 50 mV more negative than Epy. At pH®=
10, Eop is — 110, or more positive if pH*>8 in the
alkaline band, as suggested above. Since a cell in
buffered medium at pH 7 often has i, = —200 mV,
the membrane potential in the alkaline band could
casily be brought to — 160 mV despite the depolariz-
ing tendency of the OH™ efflux. This is possible be-
cause the resistivities of the medium and of the cyto-
plasm are low. Walker and Smith (1977) measured
a potential difference of 5-10 mV in the external me-
dium near the cell between the acid and alkaline
bands. They calculated that current flow in the cyto-
plasm implied a potential difference between the
bands of 15mV. This suggests that the difference
in membrane potential between the acid and alkaline
bands would be about 20-25 mV, i.e., that the mem-
brane potential in the alkaline band could be as nega-
tive as —175 mV.

Chemiosmotic Considerations

Our view of the alkaline band, as a region of high
H* permeability and in consequence of low Apuy,
means that transport processes dependent on Auy
cannot take place there. It will be of interest to check
the postulate (Walker, 1980) that such processes as
proton-chloride symport are inactivated rather than
allowed to run in the direction opposite to their nor-
mal one.
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