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Summary. The electrical properties of the Chara cell 
membrane have been studied using a perfusion meth- 
od based on that of Williamson, R.E. 1975. J. Cell 
Sci. 17:655. The vacuole, tonoplast, and inner cyto- 
plasm are removed by a brief rapid perfusion. Electri- 
cal properties of the plasmalemma indicate that it 
remains intact after this perfusion. 

The membrane potential difference after perfusion 
and with no ATP was close to the potassium equilibri- 
um potential; the current-voltage characteristic had 
a slope that was time- and voltage-dependent, indicat- 
ing that the steady-state potassium conductance in- 
creased with depolarization. At - 125 mV the mem- 
brane conductance of the plasmalemma depended on 
[K+]o. This dependence was inhibited by perfusing 
with 2.0 mM ATP or by clamping at a more negative 
membrane potential. The addition of ATP to the per- 
fusion medium of unclamped cells caused a hyperpo- 
larization of ca. 50 mV, presumably by activating the 
proton pump. In clamped cells, perfusion with ATP 
caused currents of ca. 20 m A m  2, whose magnitude 
depended on pHo. ATP induced membrane conduc- 
tance changes which were variable. 2.0 mM ADP in- 
hibited the proton pump. The intersection points of 
current-voltage characteristics can set limits on the 
stalling potential; the resulting stoichiometry of the 
proton pump appears to be 1.5-2.0 H § per ATP. 

Since Tazawa (1964) developed the technique of vac- 
uolar perfusion of charophyte cells, it has been used 
to study many properties of the cytoplasmic layer. 
However, the study of the plasmalemma alone re- 
quires the removal of the tonoplast. 

Williamson (1975) developed a perfusion tech- 
nique which removed the tonoplast of Chara inter- 

nodal cells so that the cytoplasmic streaming mecha- 
nism could be studied. This method has been modified 
to allow the study of the electrical characteristics of 
the plasmalemma (Smith & Walker, 1978). Indepen- 
dently, a method for the removal of the tonoplast 
of charophyte cells was developed by Tazawa, Ki- 
kuyama and Shimmen (1976). Their method has been 
used to study cytoplasmic streaming, the membrane 
potential difference @.~t), and excitability of the plas- 
malemma (Shimmen, Kikuyama & Tazawa, 1976; Ta- 
zawa et al., 1976; Fujii, Shimmen & Tazawa, 1979; 
Kikuyama, Hayama, Fujii & Tazawa, 1979; Shimmen 
& Tazawa, 1977; Tazawa, Fujii & Kikuyama, 1979). 
Their method differs from that of the writers in that 
they perfuse at a much slower rate, relying on the 
Ca 2 +-chelating properties of EGTA in the perfusion 
medium (PM) to disintegrate the tonoplast. The two 
methods and the results they give will be compared 
later in this paper. Perfusion of the cell has also been 
used by Sanders (1980a, b) and by Reid (1980) in 
studies of chloride transport. 

The mechanisms that determine ~M in Chara cells 
include K + and Na + diffusion (Hope & Walker, 
1961) and an electrogenic mechanism that is probably 
a proton pump (Oda, 1962; Hope, 1965; Kitasato, 
1968; Spanswick, 1972, 1974; Richards & Hope, 
1974; Walker & Smith, 1975; Keifer & Spanswick, 
1978). The contributions made by these mechanisms 
to the membrane conductance (gin) are not yet clear. 

The present paper reports studies of O~t and gM 
of the perfused plasmalemma, its current at constant 
voltage, and its current-voltage characteristic (i/~, 
curve). These studies were undertaken in an effort 
to demonstrate the existence of the proton pump, 
to determine its stoichiometry, and to investigate the 
contribution of the mechanisms mentioned to the con- 
ductance of the membrane. 
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Materials and Methods 

General 

Chara corallina (Klein ex Will), (=Chara australis [R.Br.]) was 
cultured outdoors in a large cement tank in a shaded situation. 

Before experiments, internodal cells were isolated from neigh- 
boring cells and stored for 5 to 15 days at 2 2 2 4  ~ in storage 
medium (SM) containing (raM): Ca(OH)z, 0.2; KOH, 0.2; NaOH, 
0.4; adjusted to pH 6.5 with MES ~ 2.0. Fluorescent tubes illuminat- 
ed the isolated cells for 16 hr per day. SM was sometimes buffered 
to pH 5.5 with MES. 

The outside medium (OM) resembled SM and contained (raM) : 
Ca(OH)> 0.2; KOH, 0.2; NaOH, 0.4; sorbitol, 253; adjusted to 
pH 6.5 with buffer ~2.0. MES was used as the buffer for pH 
4.5 to 6.5, MOPS for pH 7.0 and 7.2, HEPES for pH 7.8 and 
8.0, TAPS for pH 8.5, and CHES for pH 9.5 in experiments in 
which pH was varied. 

PM contained (mM): KOH, 120; Na-EGTA, 5.0; MgSO4, 
1.0; adjusted to pH 7.9 with MES, ~120. These concentrations 
were chosen so that [Ca z+] was less than 10-VM (Williamson, 
1975) and [K +] was comparable to that previously measured for 
the cytoplasm (Vorobiev, 1967; Tazawa, Kishimoto & Kikuyama, 
1974). 

The osmotic pressure of  OM solution was adjusted to give 
incipient plasmolysis for each batch of cells : the osmotic pressure 
of PM was adjusted to give incipient "dimpl ing"  of  the perfused 
membrane bathed in OM. Dimpling resembles plasmolysis visually, 
but results from steady outward water flow passing by osmosis 
across the plasmalemma. The compositions of the media were 
chosen so that as far as possible the only permeant or transported 
ions present were K +, Na + and H +, The media were stored frozen 
and their pH was checked before each use. The K + activities 
of PM and OM were measured with an Orion K + specific ion 
electrode and a reference electrode consisting of  a glass pipette 
with a tip diameter of  200 gin. It was filled with the test solution 
and was connected to a calomel half cell by an agar bridge with 
3-M KC1. The electrode was calibrated with stock KC1 solutions, 
in which the K + activity was taken to be equal to the tabulated 
KC1 activity (Robinson & Stokes, 1955). 

Using the measured K + activities (on a millimolar scale) of 
0.25_+0.04 (3) and 65_+ 1 (4) for OM and PM, respectively, ~'K 
was calculated as - 1 4 0  inV. The K + concentration of  OM was 
measured with a flame photometer and found to be 0.25 raM. The 
extraneous 0.05 mM K + was assumed to come from contamination. 

ATP was obtained from Boehringer Mannheim. The stock 
solutions of ATP were prepared so that upon addition of an aliquot 
to PM, there was only a small change in the free [Mg 2+] of  0.5 raM. 
The adenylate stock was added to PM to give final concentrations 
of (mM): Naz ATP, 2.0; ADP, 0.2; and KzHPO4, 3.0. The concen- 
trations of ATP and ADP are comparable to those that are thought 
to be in Chara cells in vivo (Walker & Smith, 1975; Spanswick 
& Miller, 1977; Reid, 1980). The concentration of phosphate in 
Chara cytoplasm is uncertain and it has been argued that it may 

1 Abbreviations: MES, 2[N-morpholino] ethanesulfonic acid; 
MOPS, morpholine propanesulfonic acid; HEPES, N-2-hydroxy- 
ethylpiperazine-N'-2-ethanesulfonic acid; TAPS, tris(hydroxy- 
methyl)methylamino-propanesulfonic acid; CHES, 2[N-cyclo- 
hexylamino] ethanesulfonic acid; EGTA, ethyleneglycol-bis-(fi- 
amino-ethylether)-N,N'-tetra-acetic acid; ATP, adenosine tri- 
phosphate; ADP, adenosine diphosphate; AMP, adenosine-3'- 
monophosphate;  cyclic AMP, adenosine-Y,51-cyclic monophos- 
phate; AMP-PNP,  fi,7-imido-adenosine-5'-triphosphate; CTP, cy- 
tidine 5'-triphosphate; UTP, uridine 5'-triphosphate; GTP, guano- 
sine 5'-triphosphate; NADH, c~-nicotinamide adenine dinucleotide ; 
DCMU,  3-(3,4-dichlorophenyl)- 1,1-dimethyl-urea. 

range to 30 mM (Reid, 1980). 3 mM phosphate was chosen with 
a view to inhibiting chloroplast activity through depletion of photo- 
synthetic metabolites (Heber, 1974). ATP, ADP and POI -  were 
added to fix the free energy of ATP hydrolysis (AGATp). 

Perfusion Chamber and Perfusion Method 

The method of perfusion was similar to that described by William- 
son (1975) with the addition that the center part of  the ceil was 
bathed in OM so that the electrical properties of that part of  
the plasmalemma could be measured. 

An internodal cell was blotted dry and mounted on a perspex 
block (Fig. 1), so that the cell passed through three compartments. 
To ensure that solution and electric current could not leak from 
one compartment to the next, the cell was sealed at the junctions 
with silicone grease. A coverslip was placed over the central com- 
partment to permit the observation of the streaming cytoplasm 
with a 100X oil-immersion objective. The portion of  the cell in 
the central compartment was 3.7 mm long and had a surface area 
of  10 mm 2. One end of  the cell was sealed into a plastic ring 
12 mm high and 14 mm in diameter that had an opening in its 
base through which the cell could pass. The ring was filled with 
PM to a depth of 4 mm. Normally, the central compartment had 
OM flowing through, the volume being replaced once per minute 
(0.2 mm s-S). When the composition of OM was changed during 
an experiment, the flow rate was increased temporarily to 7 mm s-  i 

After perfusion, small volumes of stock solution could be add- 
ed to the PM in the plastic ring and mixed thoroughly by a stirrer 
that alternately sucked and expelled solution (Fig. 1). This stirrer 
also maintained a continual movement of  PM within the cell as 
a result of the alternating pressure differences between the media 
in the two end compartments. This reduced to some extent the 
thickness of the unstirred layers within the cell. 

Two sets of experiments were performed to investigate the 
effects of  incipient plasmolysis on the electrical characteristics of 
intact cells. Internodal cells were pretreated for 5 to 15 days in 
SM of  pH ranging from 6.0 to 9.5. First, using the method de- 
scribed by Walker (1960), microetectrodes were inserted into turgid 

cells. After OM and gM were measured, OM of  the same pH and 
cation concentration replaced SM. After allowing sufficient time 
for the cell to reach incipient plasmolysis, ~M and gM were again 
measured. 

Second, measurements of  ~P.~t and gM made with inserted micro- 
electrodes were compared with those obtained from cells that were 
mounted on the perfusion block with the ends intact and in PM. 

Electrical Techniques 

To measure tpM, a glass pipette electrode of tip diameter 200 gm 
filled with OM was placed in the central compartment and another 
filled with PM was placed in the outflow end compartment. These 
electrodes were connected to calomel half cells by agar bridges 
with 3 M KC1. Current (ic) was passed through electrodes consisting 
of vinyl tubing glued to glass tubes that contained Cl-coated Ag 
wire and were filled with 3 M KC1. The vinyl tubing of each current 
electrode was filled daily with OM or PM as appropriate (Fig. 1). 
The electrodes were filled in this way so that KC1 solution did 
not leak into the bathing solutions. 

The external electrode method of measuring ~bM and gM as 
used by other workers (Shimmen et al., 1976; Kikuyama et al., 
1979) uses only two compartments and requires the subtraction 
of  the series resistance for the cell sap and bathing solutions. This 
is not necessary in our perfusion system because there is no current 
flow between the two compartments from which the PD is mea- 
sured (Fig. 1). 
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electrodes 

The electrical set up was similar to that already described 
(Walker, Beilby & Smith, 1979). It was used to measure t)M and 
either to record i/t) curves by applying a current ramp or to clamp 
t)M at a desired value and record i/t) curves by adding a train 
of  voltage pulses to the clamp command voltage. The pulses were 
300 msec wide, rising in amplitude from _+ 6 to + 90 mV in 30 sec. 
Recordings were taken in the second half of  each pulse so that 
the transient current which charged the membrane capacitance 
was not recorded. The value of i~ was recorded as a function 
of t),u on an X-Y recorder and both were separately recorded 
as functions of  time on a two-pen recorder. 

The voltage-clamp circuit passed current from the current elec- 
trode in the end compartment,  through the cell membrane from 
interior to outside, and then to the current electrode in the central 
compartment (Fig. 1). If the external circuit passed a positive cur- 
rent in this direction, it would cause ~M to become less negative. 
This is the direction of  flow which we define as positive. Such 
a positive current, produced by the voltage clamp, resulted when 
the command was more positive than the resting membrane poten- 
tial. A membrane current resulting from outward transport of 
positive ions would tend to hyperpolarize the membrane and would 
thus result in a positive clamp current flowing. 

Results 

Effects of  Incipient Plasmolysis on tPM and gM 

Figure 2 shows that incipient plasmolysis, caused by 
exchanging SM (pH 6.5) with OM (pH 6.5), had no 
effect on ~b~ or gM measured in intact cells with micro- 
electrodes. Similar results were obtained using OM 
and SM with pH 6.0, 7.0, 7.8, 8.5 and 9.5. Replacing 
OM (pH 6.5) with PM depolarized the membrane 
and increased its g~t. For three cells, ~bM went to 

- 2 + 1  mV and gM increased to 7-+2 S m -2. This 
value of gM is of the same order of magnitude as 
the minimum estimated tonoplast conductance 
(Walker et al., 1979). This establishes that PM will 
reduce ~bM to near zero, which is the basis of the 
experiments below. 

Figure 3A and B illustrate the comparison of gM 
and tPM, respectively, made on intact cells stabbed 
with microelectrodes and cells mounted on the perfu- 
sion block with external electrodes. There was no 
difference in ~M measured by the two techniques, 
except at pH 8.5. The gM of cells mounted on the 
perfusion block at incipient plasmolysis was higher 
at most pH values than that for turgid intact cells. 

For an intact plasmolyzed cell mounted in the 
perfusion block, the measured PD would be the sum 
of the PD's in the end and center compartments. 
Since the end compartment is bathed in PM, the PD 
in this compartment would contribute little to that 
measured by the electrometer. Similarly, the measured 
resistance would be the sum of the resistances of the 
parts of the celt membrane in the central and end 
compartments. The resistance in the central compart- 
ment is at least 20 times greater than that in the 
end compartment (calculated from Fig. 2 results). 
Consequently, the PD and conductance measured 
would be those of the membranes in the central com- 
partment. After the ends and the tonoplast have been 
removed, gM and ~9M should accurately reflect the 
electrical characteristics of the plasmalemma in the 
central compartment. 
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Sequence of Events during Perfusion 

Table 1. Effects of perfusion and ~'c on i c and g~ 

~gc/mV ic/mA m -  z gM/S m -  z 

Intact cell -180 +12.8+0.8(111) 060+_0.0l 
(112) 

Perfused cell -123+  1 (94) 0 0.74+0.03 
(86) 

Perfused cell - 180 -20+_ 1 ( 4 6 )  0.28+_0.01 
(6o) 

Figure 4 illustrates the change in @M during an early 
experiment (10th December, 1975) in which perfusion 
was rapid throughout. Routinely, the direction of per- 
fusion was opposite to that of cytoplasmic streaming 
at the site of observation. After the ends of the cell 
were removed (Fig. 4, A and B), ~M became more posi- 
tive while vacuolar bodies could be observed being 
swept with the perfusion flow as cytoplasmic stream- 
ing continued. After about 100 sec, the membrane 
commenced to repolarize (Fig. 4, C) and at the same 
time cytoplasmic organelles could first be observed 
being swept backwards by perfusion flow at the same 
level as cytoplasmic streaming. Streaming of organ- 
elles ceased within a further minute and ~,u stabilized. 
The addition of ATP resulted in the commencement 
of organelle movement. At precisely the same time, 
~M became more negative by 50 mV. ADP depolar- 

ized the membrane by 25 inV. Since a stirrer was 
not used, the adenylate concentrations are not well 
known. 

In later experiments it was found that a higher 
success rate could be achieved by using an initial 
slow vacuolar perfusion followed by a short rapid 
perfusion that effectively disintegrated the tonoplast. 
The total time for perfusion was usually less than 
500 sec. 

The conclusion that the tonoplast is lost during 
perfusion is based on the movement of cytoplasmic 
organelles and on the electrical results. The tonoplast 
is thought to rupture or commence to disintegrate 
when organelles can first be observed; at the same 
level as organelle streaming, being swept backwards 
by the perfusion flow. The two-way flow of organelles 
at this level indicates a breakdown of the barrier be- 
tween the cytoplasm and vacuole. At the same time, 
@M starts to go more negative and shortly afterwards 
organelle streaming ceases completely. Only the flow 
of unattached organelles in the opposite direction to 
that of streaming could be observed. This flow of 
organelles could be precisely controlled by altering 
the pressure gradient on the PM. The perfusion of 
ATP causing hyperpolarization and commencement 
of organelle streaming is strong evidence that PM 
is in direct contact with the plasmalemma. 

With successful perfusions the electrical properties 
of the plasmalemma remained in the normal range 
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Fig. 5. (A): The i/tp curves of  a perfused cell clamped at (mY): - 2 4 0  (1), - 1 8 5  (2), - 1 4 5  (3) and - 1 1 5  (4). The i/O curves were 
recorded after i~ had reached a steady value. (B): Values of  gM for two perfused cells clamped at voltages from - 2 4 0  to - 1 1 5  mV 
(e)  and - 1 8 7  to - 1 5  mV (m) 

for up to several hours. An unexplained sudden rise 
in g,u, a depolarization or a large negative ic was 
taken to indicate the rupture of  the plasmalemma. 
Throughout  the life of a successful preparation the 
chloroplasts remained in place and retained the mi- 
croscopical appearance that characterizes those in 
normal whole cells. 

Effect of  Perfusion on the Plasmalemma 

Before perfusion the cells had a resting potential of 
-201_+2 mV (111). The cells were voltage clamped 
at - t 8 0  mV before perfusion, not clamped during 
perfusion but were again clamped when OM had stabi- 
lized at a constant value. Table 1 shows the values 
of g~f and ic at these clamp potentials @c). 

Time and Voltage-Dependent Conductance 

The slope of the i/O curve (gM) depended on ~c. This 
is illustrated in Fig. 5 A, where the i/~ curves for one 
cell show a progressive change of slope as Oc is varied. 
The dependence of slope on ~,~ is given in Fig. 5B. 
The curves in Fig. 5A all intersect at - 1 3 8  mV, 
- 8  mA m - 2 .  

The time-dependence of the effect of ~ on g~t 
has not been investigated; it is indicated by the data 

on ic following the clamping of the perfused pre- 
parations at - 1 8 0  mV (from a mean of - 1 2 3  mV). 
There was a fall in ic from - 2 8  mA m -2 (46) to 
- 2 0  m A m  2 (46), with a half-time of 85+ 12 sec 
(46); this was accompanied by a fall in gv. 

This effect complicates studies of the effects of  
adenylates, inhibitors, etc; to avoid it we routinely 
measured the electric properties of  the perfused prepa- 
rations at the fixed value of  - 1 8 0  mV as well as 
at the resting potential without ATP (resting PD). 

Effects of  Adenylates on ic and g~ 

(a) ATP. In cells not voltage-clamped, the perfusion 
of ATP caused a hyperpolarization of the order of 
50 mV and the commencement of organelle stream- 
ing, while the addition of ADP inhibited the ATP- 
induced hyperpolarization (Fig. 4). 

In the following experiments, ~9M was clamped 
at - 180 mV. Addition of various concentrations of  
ATP to the PM produced changes in ic of up to 
+ 20 mA m-2  (Fig. 6). Concentrations of  ATP as low 
as 50 g~a produced a change in ic of  + 7 _+ 2 mA m-2  
(3) at - 1 8 0  mV and started slow organelle move- 
ment. At low concentrations of  added ATP it is diffi- 
cult to be sure of the ATP concentration in the layers 
adjacent to the plasmalemma, since chloroplasts, mi- 
tochondria, phosphatases and ATPases may alter the 
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ATP concentration. So 50 ~tM DCMU,  a photosyn- 
thetic inhibitor, and 100 laM oligomycin, a mitochon- 
drial ATPase inhibitor, were each perfused through 
five illuminated cells clamped at - 1 8 0  mV before 
the addition of ATP. There was no measurable change 
in gM or ic in either case. The addition of  50 ~tM ATP 
caused a change in ic of +6_+2 m A m  -2 in the pres- 
ence of D C M U  and + 5_+ 3 mA m -  2 in the presence 
of oligomycin. These results are not significantly dif- 
ferent from those where no inhibitor was used, indi- 
cating that the added adenylate concentrations are 
not significantly altered by organelle activity. 

(b) ADP. After 2 mM ATP had been added, the addi- 
tion of ADP at a concentration of 0.2 mM or less 
had no effect on ic or g~. 2.0 mN ADP inhibited 
the ATP effect on ic by 50% and decreased gM from 
0.33_+0.02 S m -2 (34) to 0.24_+0.01 S m 2 (24). Fur- 
ther additions of  ADP caused little change in ic or 

gM. 
The addition of 2.0 mM ADP to cells clamped 

at - 180 mV (without ATP) caused organelle move- 
ment to commence at a slower rate than seen with 
ATP. The value of  ic also changed by + 5 _+ 1 mA m -  2 
(3). Further addition of ATP did not cause a change 
in ic. 

(c) Other Adenylates. N A D H ,  CTP, UTP and GTP 
are present in plant cells and may supply energy for 
certain reactions. To test the effect of  these nucleo- 
tides, the cells were clamped at - 180 mV and 2 mM 
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Fig. 7. The i/~ curves of  a Chara cell clamped at - 180 mV before 
perfusion (1), after perfusion (2), + A S  (3) and + A S + 2  mM A D P  
(4). Symbols on the lines mark  the clamp potential 

of each were perfused through the cells before ATP. 
None of these compounds caused a measurable 
change in gM. N A D H  caused no change in ic, while 
CTP, UTP and GTP caused changes of  (mA m-2) :  
0.3 _+ 0.1 (4), 0.3 _+ 0.1 (4) and 2.8 _+ 0.8 (4), respective- 
ly. The addition of ATP after GTP  caused a change 
in ic of  12.0_+0.8 mA m -2 (4). 

Neither cyclic A M P  (30 gM) nor A M P  (0.5 mN) 
had any effect on ic or g~t of  perfused preparations 
clamped at - 180 mV, with or without ATP. 

Effects of  Adenylates on i/~ Curves 

Figures 7, 8 and 9 show comparisons of  i/~ curves 
of  three cells in OM (pH 6.5) that were voltage 
clamped at - 1 8 0  mV. Removal  of  the tonoplast 
caused a decrease in the slope of the i/O curve of 
each cell - f rom Curves 1 and 2. Perfusion with PM 
containing adenylates (ATP, 2mM; ADP, 0.2raM; 
phosphate, 3 mM) referred to subsequently as perfu- 
sion with AS had a varied effect on the i/~ curves 

from Curves 2 and 3. Figure 7 shows that AS caused 
a decrease in the slope of the i/~ curve while Fig. 8 
shows no change in the slope and Fig. 9 shows an 
increase in the slope. In each cell the addition of 
ADP caused a decrease in the slope of the i/O curve 
- f rom Curves 3 and 4. 

Intersection points for pump activated (Curve 3) 
and pump inhibited (Curve 4) i/~ curves in Figs. 7, 
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Fig. 8. The i/~) curves of a Chara cell clamped at - 180 mV before 
perfusion (1), after perfusion (2), +AS (3), and +AS+2 mM ADP 
(4). Symbols on the lines mark the clamp potential 

Fig. 9. The i /r  curves of a Chara cell clamped at -180 mV before 
perfusion (1), after perfusion (2), +AS (3), and +AS+2 mM ADP 
(4). Symbols on the lines mark the clamp potential 

Table 2. Effects of change in pH o from 6.5 to 5.5 on i c and gM, at - I23  mV 

ic/mA m -  2 A i,./mA m - z gM/S m - 2 A g~t/S m ~ 

Perfused 0 (24) 1.7_+0.3 (8) 0.55_+0.02 (24) 0 (8) 
Perfused+AS 20+ 1 (24) - 3  • 1 (10)  0.48_+0.05 (24) 0.12+0.05 (I0) 
Perfused+AS+2 mM ADP 8_+2 (4) -0.5+0.4 (4) 0.46_+0.05 (4) 0 (4) 

Table 3. Effects of change in pH o from 6.5 to 5.5 on ic and gM, at -180 mV 

ic /mA m -  2 A ic/mA m 2 g~t/S m -  2 A g~ /S  m 

Perfused -14.5_+0.4 (23) -0.7_+0.2 (17) 0.22_+0.05 (23) 0.01 +0.02 (17) 
Perfused+AS -0.5_+0.4 (20) -2.5_+0.3 (17) 0.30_+0.06 (23) -0.03 _+0.03 (I3) 
Perfused+AS +2 mM ADP -9.8_+0.5 (13)  0.3• (13) 0.24_+0.07 (13) -0.02+0.04 (I3) 

8 a n d  9 are (mV) : - 225, ca. - 310 and  - 240, respec- 
tively. The mean  in tersec t ion  po in t  with O M  (pH 
6.5) was - 2 6 9 _ + 5  mV (20) and  with  O M  (pH 5.5) 
was - 228_+ 7 mV (3). 

E f f e c t s  o f  p H o  

F o r  perfused cells c l amped  at  the rest ing P D  ( -  123 _+ 
2 m V  (35)), a change  f rom pHo 6.5 to  5.5 caused 
changes  (Table  2) in ic (A ic )  and  changes  in gM (Ag~u) ; 
the values o f  ic and  g~t before  the change in p H  are 
inc luded  in Table  2. 

F igure  10 shows the dependence  o f  < and  gM on 
pHo o f  cells perfused with  AS and  c l a m p e d  at  the 
rest ing PD. 

F o r  perfused cells c l a mpe d  at  - 1 8 0  mV in pHo 
6.5, init ial  values o f  ic and  gM, and  the changes  caused  
by changing  pHo to 5.5 are shown in Table  3. 

F igure  11 is an  example  o f  the effect o f  changes  
in pHo on ic for a perfused cell vol tage  c l amped  at  
- 180 mV. A change  in pHo had  a cons iderab le  effect 
on ic only  when the cell was perfused with AS. The 
add i t i on  o f  A D P  inhibi ted  this p H  dependence.  

E f f e c t s  o f  E x t e r n a l  C a t i o n s  

Figure  12 shows the dependence  o f  gM and  ic on 
[K+]o for cells c l a mpe d  at the rest ing PD ( - 1 2 8 _ +  
1 mV (14)). Changes  in [K+]o affected bo th  ic and  
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Fig. 10. Effect of pHo on i~ (m) and gM (e) after perfusion with 
AS. Cells were clamped at the resting PD (-123+_2 mV (24)) 
and the steady ic and gM recorded after a change from pH 6.5. 
The g~v before perfusion with AS is shown (o). The number of 
cells used is in parentheses 
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Fig. 11. Effect of adenylates and pHo on ic of a perfused cell 
clamped at -180 mV 

gM more  before  per fus ion  with  A S  than  after  it. The 
initial values and changes caused by changes in [K +]o 
from 0.05 to 1.5 mN are shown in Table 4. 

A change in [Na+]o from 0.4 to 1.4 mM, at the 
same resting PD with [K+]o constant at 0.2 mM, 
caused the changes in gM and ic shown in Table 5. 

A change in [K+]o from 0.05 to 1.5 mM for cells 
voltage clamped at - 180 mV caused a change in ic 
from - 16.1 +0.6 mA m -2 [9] of  -0.7+_0.2 mA m -2 
(9) and no measurable change in gu. After the perfu- 
sion with AS, a change in [K+]o from 0.05 to 1.5 mM 
caused no measurable change in gM or ic. A change 
in [Na*]o from 0.4 to 1.4 m~,  with [K+]o constant 
at 0.2 raM, caused no measurable change in ic or g.~t. 

Discussion 

Methods of Measuring Electrical Properties 

Exper iments  l ike those  o f  Fig. 2 show tha t  incipient  
p lasmolys is ,  b rough t  a b o u t  by ba th ing  the cells in 
OM,  does  no t  al ter  ~b M or  g u .  Fur the r ,  the measure-  
ment  o f  these quant i t ies  using externa l  e lec t rodes  gave 
results only  a lit t le different  f rom those ob t a ined  with 
microe lec t rodes  inser ted  into in tac t  cells (Fig.  3). The  
slight difference, tha t  gM is higher  wi th  external  elec- 
t rodes,  is in the oppos i t e  d i rec t ion  f rom the difference 
found  between the two me thods  by Tazawa~ K ik uya -  
ma  and  N a k a g a w a  (1975). Using  N i t e l l a ,  they showed 

Table 4. Effects of change in [K+]o from 0.05 to 1.5 raN, at --128 mV 

ic/mA m -  2 A ic/mA m -  z gM/S m -  e A g~t/S m 2 

Perfused 0.9+_0.3 (10) - 1 2 + 2  (10)  0,50+_0.03 (10) 0.22+__0.06 (10) 
Perfused+AS 17.4_+0.6 (6) -3.0_+0.5 (6) 0.38_+0.01 (6) 0,08_+0.04 (6) 

Table 5. Effects of change in [Na+]o from 0.4 to 1.4 raM, at --128 mV 

ic/mAm 2 A i c / m A m  -2 g ~ / S m  2 A g M / S m - 2  

Perfused 0 (4) -1.5+0.5 (4) 0,5_+0.1 (4) 0 (4) 
Perfused+AS 17_+2 (4) 0 (4) 0.4-+0.08 (4) 0 (4) 
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Fig. 12. Effect of  [K +] on gM (gMl is without AS (e) ;  g rvi,2 is 
with AS (�9 and i~ (ALa is without AS (m); Ai~, 2 is with AS 
(D)). The value of  A i~ is the difference in i~ caused by the change 
in [K +] from 0.2 raM. The cells were clamped at the resting PD 
( -  128_+ 1 mV (14)) and the number of cells used is in parentheses 

that gM was higher with microelectrodes and con- 
cluded that this was the result of damage to the mem- 
brane. Our results do not confirm this, and we do 
not reach the conclusion of Tazawa et al. (1975) that 
the external electrode method is the better. It seems 
equally good, but has the disadvantage that the os- 
motic pressures of  the external electrode solutions 
need to be accurately balanced to prevent water flow. 

Condition of  the Cell after Perfusion 

(a) Without A TP. The electrical properties of  per- 
fused cells indicate that the plasmalemma remains 
intact after perfusion, retaining electrical characteris- 
tics comparable to those of  the plasmalemma in vivo. 
Without ATP, 0~t stabilizes at a value ( - 1 2 3  mV) 
not far from the estimated OK. It is quite normal 
to find intact cells with values of 0M near this value 

- the depolarized state. The conductance of the per- 
fused cell is also in the normal range for cells in 
this state (see Walker, 1960). 
(b) With A TP. Perfusion with ATP caused hyperpo- 
larization (Fig. 4). Values of  it of  cells perfused with 
AS and clamped at - 1 8 0  mV were generally lower 
but in some cases similar to those required to clamp 
the cell at - 1 8 0  mV before perfusion (Figs. 8, 9). 
The latter results indicate that 0N is maintained by 
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similar mechanisms in the plasmalemma perfused 
with ATP and in the intact cell. 

The slope of the i/O curve (gM) of the intact cell 
was usually greater than that of the cell perfused 
with ATP;  Curve 1 and Curve 3, respectively, in 
Figs. 7 and 8. However, in a few cases the i/O curves 
were not very different (Fig. 9). The cause of  this 
variability is not understood. 

Other workers have also reported that gM of the 
perfused plasmalemma with ATP is significantly 
lower than that of intact hyperpolarized cells (Shim- 
men et al., 1976; Tazawa etal. ,  1976; Shimmen & 
Tazawa, 1977; Kikuyama et al., 1979; Tazawa et al., 
1979). They interpreted this as a change of the plasma- 
lemma caused by perfusion with media containing 
EGTA;  but there seems no particular reason to single 
out EGTA as the cause. 

Passive Permeabilities and Resting Potential 

Walker and Hope (1969) reported changes of ic after 
a change of  0~, with half-times also of the order of  
one minute. These changes in whole Chara cells seem 
to be essentially similar to those reported here for 
perfused preparations. They argued that because of 
the change in transport number, a positive current 
flowing to the inside of  a cell would cause a decrease 
in [K +]ojust outside the plasmalemma while a positive 
current flowing to the outside would cause an increase 
in [K § just outside the plasmalemma; and that such 
changes in ion concentration produced the observed 
drifts in ic. Our results do not agree with this interpre- 
tation. 

First, if the drift in ic and change in g~t were 
caused primarily by alteration of [K § outside the 
membrane, this would imply that ic and g~t were sensi- 
tive to [K+]o . This was not observed; without ATP, 
g~ and ic are much less sensitive to [K+]o at - 180 mV 
than at - 125 inV. This observation suggests that hy- 
perpolarization reduces gK- 

Second, if the passage of current does significantly 
alter [K § in the cell wall and/or the inner cytoplasm, 
the i/O curves should not intersect at a constant ~'K, 
since 0K would depend on 0c. However, if the PD 
had a major effect only on gK and did not alter 
OK, the i/O curves would all intersect at the same PD. 
Figure 5A shows intersection at - 1 3 8  mV, while the 
the average intersection for 83 cells Was -137 .5  inV. 
Both are so close to OK (-- 140 mV) as to make it clear 
that the effect of 0c on the i/O curve is produced by 
a change in g~ while [K+]o remains essentially 
constant. 

It is notable that the i/O curves for high and low 
gK do not intersect on the current axis, but on average 
at - 6 . 4  mA m-2 ;  this current requires explanation. 
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An equivalent statement is that the resting PD of 
the perfused preparation (without ATP) is, at 
- 123  mV, some 17 mV below OK, at - 1 4 0  inV. In 
the external medium are Na + and H § which might 
enter by uniport, providing some or all of this depo- 
larization. Current changes caused by a change of 
external concentration can be used to calculate perme- 
ability ratios, if we assume that: 

d ~ocPjA cj (1) 

where the change in i~ (Ai~) is produced by the change 
in concentration (Acj) of ionj .  On this basis we find 
PNdPK(a) at --128 mV to be 0.18 and PH/PK(B) at 

- -  123 mV to be 72. These values can be used to pre- 
dict a resting PD of - 1 3 2  mV with the following 
equation (Hodgkin & Katz, 1949): 

FO=RTln{([K~]o+~[Na+lo+fi[H+]o)/ 
([K + 1~ + ~[Na +1~ + fi [H +1~)}. (2) 

Thus a further depolarization of 9 mV requires expla- 
nation; this is equivalent to an unidentified current 
of ca. 3 - 4 m A  m 2 at 0K. It is possible that this 
represents an outward current of MES-  anion, which 
would mean a value of PM)s/PK(?) of 1.2X 10 -3, if 
we calculate ? from the Goldman equation: 

FO=RTln{([K +]o+a[Na +]o+fi[H+]o+ 7[MES-],)/ 
([K +]i + ~[Na +]i + fi [H +]i)}. (3) 

We cannot at present attribute this current to MES-  
with any certainty; efflux of EOTA 2- or SO ] - ,  or 
influx of  Ca z+, may also play some part in the depo- 
larization. The fact that Eq. (2) generally fits the rest- 
ing potential of intact (depolarized) cells suggests that 
the unidentified current may be peculiar to perfused 
preparations: clearly both MES-  and EGTA 2- are 
still possible candidates. 

The values found here for ~ and fl can be com- 
pared with earlier values: r (Hope & Walker, 
1961); f i=25 (Richards & Hope, 1974). If  these lower 
values are inserted into Eq. (2), the predicted resting 
PD is - 136.6 mV and the unidentified current is rath- 
er larger. 

The dependence of  gK on 0r~ is consistent with, 
and helps to explain, the results of Hope (1965) on 
Chara and of Findlay (see Walker, 1980) on Hy&odic- 
tyon. The implication is that the permeability to K + 
is reduced as the cell hyperpolarizes to the PD charac- 
teristic of  the proton pump, and increases as the cell 
depolarizes towards 0~ when the pump is inhibited. 
It is not, however, consistent with the results of  vol- 
tage-clamp studies of K + fluxes by Walker and Hope 
(1969) on Chara but is consistent with those of Ri- 

chards and Hope (1974) on Chara and Kitasato (1968) 
on Nitella. 

The perfusion of ATP at - 1 2 3  mV increased the 
dependence of ic and gv on pHo and at the same 
time reduced the dependence on [K+]o . Under these 
conditions gM also consistently decreased by ca. 
0.15 S m -2 upon perfusion with ATP (Fig. 12) al- 
though a current of 17 m A m  2 was required to main- 
tain 0M at the resting PD. (Figure 7 is an example 
of a cell at - 180 mV that showed a similar decrease 
in gM upon perfusion with ATP.) The situation with 
ATP present is less easy to understand, but the result 
that the dependence of the resting PD on [K*]o is 
decreased by the perfusion of ATP suggests that either 
the activity of the electrogenic mechanism, or ATP 
itselE influenced gK- 

Effects of Adenylates on the Putative Proton Pump 

The effects of pH on 0M in whole cells have been 
taken as evidence that the electrogenic mechanism 
is a proton pump (Kitasato, 1968; Spanswick, 1972; 
Saito & Senda, 1974). This is supported by the fact 
that measured fluxes of other ions are not of a suffi- 
cient order of  magnitude to account for the current 
attributed to the electrogenic mechanism (Richards 
& Hope, 1974; Spanswick, 1972, 1974). Our result 
that the ATP-induced current is strongly pH depen- 
dent supports this hypothesis. 

The specificity of the proton pump for ATP is 
shown by the small effect of  the other nucleotides 
UTP, GTP and CTP on ic and gM. Shimmen and 
Tazawa (1977) have also reported that an ATP ana- 
log, AMP-PNP did not cause hyperpolarization. 

We have shown that tow concentrations of ATP 
are sufficient to drive the proton pump at a reduced 
rate. Shimmen and Tazawa (1977) found that an esti- 
mated ATP concentration of 40 to 50 gM was suffi- 
cient to hyperpolarize the membrane. 

The inhibition by ADP of the effects of ATP on 
the proton pump (Figs. 7, 8, 9, 11) has not been pre- 
viously shown. The way ADP does this is not yet 
clear. It may be by competition for the ATP binding 
site, by decreasing the free energy available from ATP 
hydrolysis or by an allosteric effect of ADP on the 
proton pump. It does suggest that the relative concen- 
trations of ATP and ADP in Chara cells in vivo may 
control the activity of the proton pump and conse- 
quently 0M. This is discussed further in Stoichiometry 
of the Proton Pump. 

The Conductance of the Proton Pump 

Changes in gM caused by ATP are not simply related 
to the corresponding changes in ic. Figure 13 shows 
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Fig. 13. The change in gM (A gM) and in i~ (A i~) caused by perfusion 
with AS. The cells were claraped at --180 mV 

Fig. 14. The change in gv (AgM) and in i~ (di~) caused by adding 
2 mM ADP to cells perfused with AS 

that the perfusion of AS through cells clamped at 
- 1 8 0  mV could cause an increase in ga~ of  up to 
0.40 S m -2 or a decrease of  up to 0.22 S m -2 for 
the same change in i~, (+20  m A m  2), ATP may cause 
changes in gv by two mechanisms: an addition of  
a pump conductance and a fall in a passive conduc- 
tance. The overall effect on gv  may then be either 
an increase or decrease, depending on the relative 
magnitudes of  each change. 

For the same cells as those that contribute to 
Fig. 13, there is a strong connection between changes 
in gM and in i,, caused by the addition of 2.0 mM 
ADP to the ATP-containing PM (Fig. 14) ; the regres- 
sion coefficient is 0.82. Thus a relationship exists be- 
tween the change in gM and the change in i~ when 
the proton pump is inhibited by ADP. The decrease 
in pump conductance caused by AI)P is interpreted 
as larger than any corresponding increase in passive 
conductance. 

Richards and Hope (1974) reported that experi- 
ments with inhibitors, pHo and low temperature do 
not suggest that the proton pump makes a major 
contribution to total gM in Chara, although they agree 
with Kitasato (1968) that in Nitella proton conduc- 
tance may account for most ofgM. Keller and Spans- 
wick (1978), in another study of inhibitors, interpreted 
the large decreases in gM caused by CCCP, DCCD, 
DES and DNP as reductions of  the proton pump 
conductance. 

Shimmen and Tazawa (1977) found that replace- 
ment of their perfusion medium containing Mg-ATP 

with ATP-depleted medium caused no concurrent 
change in gM with OM. It has also been reported (Fujii 
et al., 1979) that decreasing the ATP concentration 
to t gM, by perfusion with hexokinase, instantaneous- 
ly depolarizes the membrane but does not initially 
alter gM. With time gM was found to decrease to 
ca. 50% of the initial value. They interpreted this 
as the turning o f f o f a  pump with a small conductance. 
But since the cells were not clamped, the conclusions 
drawn from these results, and the results for the ef- 
fects of inhibitors described above, are affected by 
voltage-dependent gv changes and changes in gv 
which may depend on pump activity. 

Stoichiometry of  the Proton Pump 

The O~t at which the proton pump would stall @p) 
is given by" 

CA p/n+ RTln ([H+]o/[H+]i (4 )  

where n is the number of  protons pumped outwards 
per ATP hydrolyzed (Spanswick, 1974). 

Equation (4) allows us to calculate the. values of 
~O v, using the values of Alberty (1972) for ZlGATe 
(--53.4 kJ tool -1 with AS and -47 .8  kJ mo1-1 with 
AS +2.0 mM ADP) (Table 6). 

If the pump current can be shown to go to zero, 
and reverse, as ~ goes to a particular value 0~ and 
beyond, then we could identify ~'o with @ in Eq. 
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Table 6. Calculated values of ~p for different values of pH o 
and [ADP] 

pHo 5.5 pHo 6.5 

0.2 mM 2.0 mM 0.2 mM 2.0 mM 
ADP ADP ADP ADP 

n=l  -414 mV -356 mV -471 mV -412 mV 
n=2 -137 mV -105 mV -196 mV -164 mV 

(4), and use our  knowledge o f  the other variables 
to find n. A real reversal o f  p u m p  current  will always 
indicate a the rmodynamic  stalling, independently o f  
possible allosteric regulating effects o f  AT P  (Spans- 
wick, 1980) or  A D P ;  but an observat ion o f  low p u m p  
current  may result f rom such a kinetic effect and 
should be viewed with caution. As we shall see, the 
interpretat ion of  actual intersections of  current-volt-  
age curves in terms of  pump reversal is made more  
difficult by the possibility o f  allosteric effects. 

Originally it was hoped  to obtain clear evidence 
o f  Op f rom i/~ curves obtained with and without  
A T P ;  Curves 2 and 3 o f  Figs. 7, 8 and 9 would inter- 
sect at @ if the only effect o f  A T P  were to allow 
the p ro ton  pump to operate, whether or not  it also 
effects allosteric regulation. However  we have both  
direct and indirect evidence that  A T P  reduces the 
passive conductance  o f  the membrane  (including gK), 
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so that  the intersection o f  Curves 2 and 3 is hard  
to interpret. It is in any case very variable. 

We can, however, get some informat ion f rom the 
i/O Curves 3 and 4 in Figs. 7, 8 and 9 ; they represent 
the condit ions o f  A D P = 0 . 2  mM and 2.0 mM, respec- 
tively, and have a lower slope at the higher A D P  
concentrat ion.  Intersection points between Curves 3 
and 4 occur at - 2 6 9  mV with pHo 6.5 and - 2 2 8  
with pHo 5.5. I f  the only impor tan t  change caused 
by the increase in A D P  concentra t ion is on the opera- 
t ion o f  the pump whether this effect is the rmodynamic  
or  allosteric, we can discuss this result in terms o f  
what  it means for the i/t) curves o f  the p ro ton  pump.  
Such hypothetical  curves are shown in Fig. 15 A. They 
were constructed using values o f  the current caused 
by A T P  at - 123 mV, the value o f  ~p for n =  1, and 
the experimentally determined intersection point  for 
O M  (pH 6.5). It can be seen that, as the i/t) curves 
are cont inued to their respective values o f  @, they 
must  intersect again at another  ~ .  Such a result 
would imply an allosteric rather than a the rmodynam-  
ic effect o f  ADP.  However,  it seems unlikely since 
the i/O curves with adenylates are usually linear, and 
since it implies that  in some range of  OM the pro ton  
current would  be greater for  the cell with the higher 
concentra t ion o f  ADP.  The double intersection o f  
the curves for [ADP] 0.2 and 2.0 mM need not  be 
postulated if n =  2, because in this case the calculated 
values o f @  are more  positive than the observed inter- 
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Fig. 15. The estimated proton current of perfused cells in OM (pH 65) derived from the change in i~ caused by ATP, plotted against 
tPM. The imposed condition is that curve 1 (+AS) and curve 2 (+AS+2.0 mM ADP) intersect at --269 inV. For a proton pump 
with n=l  (15A) curve 1 crosses the ~ axis at -471 mV (~p,) and curve 2 crosses at -412mV (~P2)- For a proton pump with 
n=2 (15B) curve 1 crosses the ~ t  axis at -196 mV (@~) and curve 2 crosses at -164 mV (~p~) 
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Table 7. Experimentally determined limits on ~p and n 

pHo Limits on ~p flmV Limits on n 

Upper Lower Upper Lower 

5.5 - 170 -228  1.8 1.5 
6.5 178 269 2.1 1.6 

section point (Fig. 15/?). This argument means that 
it is much easier to accept values of  @ that are more 
positive than - 2 6 9  mV at pHo 6.5; at pHo 5.5 the 
corresponding limit on Op is - 2 2 8  inV. 

We have also the observations of clamp current 
at qkc=-180  mV, from which approximate resting 
PD's can be calculated (Table 3). The approximate 
values are - 1 7 8 m V  at pHo 6.5 and - 1 7 0 m V  at 
pHo 5.5. In each case the resting PD is expected to 

l ie  between ~K ( -  140 mV) and ~p, so that the value 
of @ should be more negative than the resting PD. 

Our observations can thus set plausible limits on 
Op and hence on n, as shown in Table 7. 

Although substantial unstirred layers must exist 
in the experiments described here, both the flux of  
H + and the rates of  consumption and production 
of  ATP and ADP should be small near ~p: we do 
not believe that these effects substantially affect our 
values of Op or consequently our estimation of n. 
Nor, as has been pointed out above, do we think 
the estimates of  @ or of  n are affected by allosteric 
regulation. We thus regard our experiment as indicat- 
ing that the value o f n  lies between 1.5 and 2.0, where 
clearly these limits are not very precisely known. 

For  intact Chara cells, Walker and Smith (1975) 
found that (JM is close to @ for a two-proton pump, 
between pHo 4.5 and 7.5. From this they suggested 
that there is a proton pump with a stoichiometry 
of two, running close to equilibrium. Given that we 
found that the i/(J curve for the intact cell usually 
had a higher slope than that of  the perfused prepara- 
tion, it is not impossible if a fractional value of  
n is admitted - that in the whole cell it is closer 
to 2.0 than in perfused one. Such a difference in 
slope could be explained on this basis. 

Slayman and Gradmann (1975) postulated that 
the proton pump of  the fungus Neurospora behaves 
as an ideal current source, providing a constant H + 
efflux at all values of 4'M in the range - 3 0 0  to 
- 5 0  mV. Later studies of i/~ curves (Gradmann 
et al., 1978; Warncke & Slayman, 1980) indicate that 
the Neurospora proton pump usually has a stoichio- 
metric ratio close to one, but under certain conditions, 
such as severe energy restriction, the pump stoichiom- 
etry changes to the more efficient value of 2 H + trans- 
ported per ATP hydrolyzed. 
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Conclusions 

The perfused plasmalemma of  Chara, in the absence 
of ATP, supports a membrane PD and conductance 
similar to those of  depolarized intact cells; this PD 
results from the passive diffusion of  K +, Na § and 
H + with permeabilities in the ratios 1:0.18 : 72, to- 
gether with at least one other ion. The conductance 
due to K § depends on membrane PD and time, the 
steady value increasing as ~,~ becomes more positive, 
in the range - 1 6 0  to - 1 2 0  mV (for [K+]o equal to 
0.25 mM). 

The perfusion of  the plasmalemma with a solution 
containing ATP causes a hyperpolarizing current, pre- 
sumed to be produced by a proton pump. The mem- 
brane PD is then similar to that of  an intact cell, 
but the conductance is usually much lower. This effect 
of  ATP is inhibited by 50% by 2 mM ADP. 

The stoichiometry of the proton pump is difficult 
to determine at present from i/O curves because of 
the apparent effects of ATP or pump activity on pas- 
sive permeabilities; the present results lead to values 
of n between about 2.0 and 1.5. 

We thank F.A. Smith for reading the manuscript, and M.A. Bisson 
and R.J. Reid for helpful discussions. This work was supported 
by the Australian Research Grants Committee. 
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