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Summary. The current-voltage curve (1-V curve) of the Chara 
membrane was obtained by applying a slow ramp hyper- and 
depolarization by use of voltage clamp. By inhibiting the electro- 
genic pump with 50 #M DCCD (dicyclohexylcarbodiimide), the 
/-V curve approached a steady I-V curve within two hours, 
which gave the ij-V curve of the passive diffusion channel. The 
ip-V curve of the electrogenic pump channel was obtained by 
subtracting the latter from the former. The sigmoidal i~-V curve 
could be simulated satisfactorily with a simple reaction kinetic 
model which assumes a stoichiometric ratio of 2. The emf of the 
pump (Ep) is given as the voltage at which the pump current 
changes its sign. The conductance of the pump (&,) can be calcu- 
lated as the chord conductance from the ip-V curve, which is 
highly voltage dependent having a peak at a definite voltage. The 
changes of emf and conductance during excitation were deter- 
mined by use of the current clamp (1 = 0). Since the Ep and &,(V) 
are known, the changes, during excitation, of emf (Ej) and con- 
ductance (gj) of the passive diffusion channel can be calculated. 
The marked increase of the membrane conductance and the large 
depolarization during the action potential are caused by the 
marked increase of the conductance of the passive diffusion 
channel and the large depolarization of its emf. The conductance 
of the electrogenic pump decreases to about half at the peak 
of action potential, while the pump current increases almost to a 
saturated level. 
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Introduction 

The living cell keeps the internal ionic concentra- 
tion quite different from the external medium. This 
unbalance of ionic distribution is maintained by ac- 
tive transport systems as well as by electrodiffu- 
sion. During excitation a large influx of Na + and a 
large efflux of K + are observed in the squid giant 
axon membrane (Hodgkin & Huxley, 1952). Simi- 
larly large effluxes of Cl- and K + are observed dur- 
ing excitation of the excitable characean mem- 
branes (Gaffey & Mullins, 1958; Mullins, 1962; 
Hope & Findlay, 1964; Kishimoto, 1964, 1965; 

Hope & Walker, 1975). Furthermore, an increase in 
Ca 2+ has also been suggested in relation to the sud- 
den cessation of the cytoplasmic streaming during 
the action potential (Findlay & Hope, 1964; Beilby 
& Coster, 1979; Hayama et al., 1979; Williamson & 
Ashley, 1982; Kikuyama & Tazawa, 1983). The 
losses of chemical potentials for several ions during 
a single action potential of these giant cells may be 
negligibly small because of their large volume. 
However, the loss or gain of ions will be apprecia- 
ble, if excitation is repeated many times. This is a 
particularly serious problem for the excitable cells 
of small size. Recovery of the original chemical po- 
tentials for lost ions with some means is essential. 
For this purpose activation of the active transport 
system is expected at some time during or after the 
action potential. Electrogenic ion pumps seem to be 
of greater importance in plants than in animals. Es- 
pecially for plants living in fresh water, the electro- 
genic H+-pump appears to be the primary active 
transport system (see review by Spanswick, 1981). 
The losses of chemical potentials for these ions 
need to be recovered as soon as possible. The most 
likely candidate for this recovery mechanism in 
Chara is the activation of the electrogenic H +- 
pump. Therefore, it is important to investigate the 
temporal change of activity of the H+-pump during 
the action potential. 

In Chara, the electrogenic H+-pump hyperpo- 
larizes the membrane potential by about 100 mV 
beyond the level of the electrodiffusion potential 
(Kitasato, 1968). The current-voltage curve (ip-V 
curve) of the electrogenic pump is sigmoidal in a 
normal pH range (6.5 to 7.5) and could be simulated 
satisfactorily with a kinetic reaction model assum- 
ing the cyclic changes of H+-ATPase in the plasma 
membrane (Kishimoto et al., 1984; Takeuchi et al., 
1985). This analysis assigns the electrogenic pump a 
voltage-independent reversal potential (Er,) and a 
voltage-dependent conductance (gp), which has a 
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Fig. I. (a) A simplified The.venin model for the Chara mem- 
brane. (b) Parallel circuit model for the Chara membrane. The 
passive diffusion channel as well as the electrogenic pump chan- 
nel has its own conductance in series with the respective emf 

single peak. On the other hand, changes of emf and 
conductance of the Chara membrane during excita- 
tion can be determined precisely by use of a cur- 
rent-clamp method (Kishimoto et al., 1982). Since 
gp of the pump is known as a function of voltage, 
changes during excitation of conductance and emf 
of the passive channel as well as gp of the pump can 
be evaluated. 

Chara membrane was determined following an improved method 
under the current clamp (1 = 0) condition (Kishimoto et al., 
1982). After A/D conversion of the current data, together with 
the voltage and trigger pulse with a Data Acquisition System 
(MDAS 8D, Datel), they were recorded with a floppy disk sys- 
tem (YE DATA). The current and voltage data thus digitized 
served for later computations. 

The experimental sigmoidal i~,-V curves could be generally 
simulated successfully with Eq. (7) below, which assumes cyclic 
changes of the H*-ATPase. Four unknown parameters, i,e., A i, 
Az, A3 and A4 were determined with a program of successive 
approximation to find the least sum of squared errors (Powell. 
1965; Kotani, 1979). Actual computation was carried out through 
a terminal microcomputer (PC9801E, NEC) by MELCOM (Mit- 
subishi, a main frame computer) in the Computer Center of 
Osaka University. Rate constants in Fig. 2 were calculated from 
A~, A2, A3 and A4. By using these four parameters, the recon- 
structed ip-V curve (full lines in Figs. 3 and 4), with correspond- 
ing actual data (shown with symbols in Figs. 3 and 4), were 
displayed with an X- Y plotter (Watanabe, WX4671). The com- 
puted chord conductance of the electrogenic pump is shown in 
these figures with dotted lines. 

The data in this report are not the average on different 
internodes, but on a single internode. We noticed that there was 
some variation in the activity of the electrogenic pump among 
internodes. However, the type of change in activity during the 
action potential was very similar among ten internodes tested. 

Materials and Methods 

Giant internodes of Chara corallina were used throughout the 
present experiments. The internodes, which averaged 0.7 mm in 
diameter and 6 cm in length, were isolated from adjacent cells. 
Next, the internodes were kept in artificial pond water (APW) for 
at least two days with a photoperiod of 12 hr light (ca. 2000 Ix) 
and 12 hr dark. The APW contained (in mM): 0.5 KCI, 0.2 NaC1, 
0.1 Ca(NO3)2 and 0.1 Mg(NO3)2, and the pH was buffered at 7 
with 2 mM TES (N-Tris(hydroxymethyl)methyl-2-aminoethane 
sulfonic acid). The external APW was perfused at a constant rate 
of about 1 liter/hr. Temperature of the solution was set at about 
20~ with a thermoelectric regulator (Sharp, TE-12K) and was 
monitored with a thermistor. The external pH was monitored 
with a glass pH electrode. 

The details of the voltage clamp and the current clamp were 
the same as described previously (Kishimoto et al., 1980, 1981, 
1982). The space constant of the internode we used was about 3 
cm at rest and 6 mm at the peak of excitation. As a compromise 
for accuracy in the surface area estimation and in the spatial 
uniformity of the voltage clamping, we chose the length of the 
measuring region as 6 mm. 

We assume that the Chara membrane has two independent 
ionic pathways, i.e., one being the passive diffusion channel and 
another the electrogenic pump (Fig. Ib). The 1-V curve was ob- 
tained by applying a ramp hyperpolarization first and a ramp 
depolarization next under the voltage clamp. The ramp rate 100 
mV/30 sec was found to be slow enough to give a steady I-V 
relation (Kishimoto et al., 1984). Later, a similar I -V curve was 
obtained after inhibiting the electrogenic pump with 50 /~M 
DCCD (dicyclohexylcarbodiimide). The latter corresponds to 
the i~-V curve of the passive diffusion channel (Kishimoto et al., 
1984). The ip-V curve of the electrogenic pump was obtained by 
subtracting the latter from the former. The conductance of the 

Results 

DCCD is known as a specific blocker of the F,,, F~- 
ATPase of mitochondrial inner membrane and also 
of the thylakoid in chloroplasts. It binds to one of 
the subunits, resulting in blockage of the H + flux 
through the H*-channel portion of the ATPase. Ac- 
tually the internal ATP level decreased to almost 
one-third of the original level by treating the Chara 
internode with 50/~M DCCD (Keifer & Spanswick, 
1979; Takeuchi & Kishimoto, 1983). DCCD was 
dissolved in the APW and pH was adjusted to 7 with 
TES. The DCCD solution was also perfused exter- 
nally at a constant speed of about 1 liter/hr. 

During inhibition of the electrogenic pump with 
DCCD, the/-V curve moved by about 100 mV (de- 
polarization) along the voltage axis, reducing its 
slope (Kishimoto et al., 1984). About 150 rain after 
application of DCCD in the dark, the I-V curve 
reached a steady state. This steady state lasted for 
about an hour. At this stage the V for I = 0 was 
about - 125 mV, which is thought to be the Ed of the 
passive diffusion channel. The Chara is excitable at 
this stage, having almost the same peak level of 
action potential. We adopted this I-V curve as the 
id-V curve of the passive diffusion channel. The ip-V 
curve of the electrogenic pump could be obtained 
by subtracting the id-V curve from the I-V curve. 
The details were reported previously (Kishimoto et 
al., 1984). 
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C O N S E C U T I V E  R E A C T I O N  S C H E M E  

FOR THE H ~ - P U M P  

We need a kinetic model to analyze the voltage- 
dependent pump characteristics. Several kinetic 
models assuming the cyclic changes of enzyme in- 
termediates have been proposed by several authors 
(L~iuger, 1979, 1980; Hansen et al., 1981; Steinmetz 
& Anderson, 1982; Chapman et al., 1983; Oosawa 
& Hayashi, 1983; Beilby, 1984; Kishimoto et al., 
1984). In a previous report (Kishimoto et al., 1984), 
we adopted a kinetic model which assumed a cyclic 
change of five states of H*-ATPase in the plasma- 
lemma of the Chara (Fig. 2b). In this model we had 
four rate constants and three equilibrium constants. 
We could decide four parameters which determine 
the shape of the experimental i,,-V curve of the 
pump with the aid of computer simulation. There- 
fore, we needed several assumptions in order to 
discuss the changes of rate constants and equilib- 
rium constants with the change in physiological 
condition. An alternative is to adopt a lumped 2- 
state model (Fig. 2a) which was introduced by Han- 
sen and co-workers (1981). In this model the volt- 
age-dependent step is expressed with two rate 
constants, i.e., k12 (forward) and k21 (backward). 
These are voltage dependent. On the other hand, 
the voltage-independent step is expressed with two 
rate constants, i.e., K2J (forward) and K~: (back- 
ward). These are not voltage dependent. In this 
model we have only four rate constants. Therefore, 
it is possible to evaluate all of these rate constants 
from four parameters which are determined from 
simulation of the experimental ip-V curve. 

We assume that efflux or influx of H + occurs by 
the steady cyclic change of enzyme intermediates 
either clockwise or counter-clockwise. The rate of 
transition from Ej into E2 in the voltage-dependent 
step is given by, 

f l 2  = kl2E1 - -  k21E2 (1) 

2 - s t a t e  model  - s ta te  model  

mH~ /C2, mH: K2 
ATP ~ A D P ,  Pi E5 " - - - -=  E I 

E2 El mH:  "~],8 E2 ADP, Pi 

k,2 E4 ~-7~-34 E3 

k 12 = k~ exp(mFV/2RT) 
a k2~ = k"2~ exp(-mFV/2RT) 

k34 = k34 exp(mFV/2RT) 
b k43= k43 exp(_ mFV/2RT) 

Fig. 2. Kinetic schemes  fi)r the veclorial H+-ATPase of the 
eleclrogenic pump of the Chara  membrane ,  (a) A lumped 2-stale 
model having four rate constants ,  k~2 and k2~ are the rale con- 
s lants  for the w)ltage-dependenl (electrogenic) slep, while K2, 
and K[2 are those for the voltage-independent  slep. (h) A previous 
model which a s sumes  a cyclic change of five states of  H +- 
ATPase  in the p lasmalemma (Kishimoto et al.. 1984). In this 
model coupling with ATP-hydrolysis ,  incorporation and release 
of m H + are expressed  with equilibrium constants .  The forward 
and backward rate cons lan ts  in a step Es ---- Ef are a s sumed  to be 
the same.  All these reactions are a s sumed  to be voltage indepen- 
dent. These  are lumped together and are expressed wilh two rate 
constants ,  t<2E and K~2 in the 2-state model in a. Only the step k.'x 
"-7/:'4 is a s sumed  to be charge carrying and electrogenic in b 

The rate of transition of the enzyme from E2 
into E~ in the voltage-independent step is given by, 

J2t K21[ATPIIHiI"E2 K12IADP]IPIIIH,,I"'EI. (4) 

At the steady state, ftz is equal tof=~. Total amount 
of enzyme (Eo) is assumed to remain unchanged. 
By use of these two conditions the amount of en- 
zyme intermediate can be calculated as follows; 

E1 = (k~l/D + K21[ATP][Hi]m)Eo/W 

E2 = (k]'2D + Kz2[ADP][Pi][H,,]")E,/W 

(5) 

(6) 

where El and E2 are densities of E~ and E2, respec- 
tively. These abbreviations are used hereafter. For 
further simplicity, a symmetry in the energy barri- 
ers for the forward and backward transition is also 
assumed (L~iuger, 1979). Then, 

kr2 = k~2 e x p ( m F V / 2 R T ) ;  k21 = k~i e x p ( - m F V / 2 R T )  (2) 
f]2 = k]'2 e x p ( m F V / 2 R T ) E I  - k~[ e x p ( - m F V / 2 R T ) E 2  (3) 

where m is the number of charge moved during this 
transition. In our model (Fig. 2a) m is assumed to be 
equal to the stoichiometric ratio. R, F and T have 
their usual meanings. 

where D = exp(mFV/2RT) and 

W = ~'2 D + k~]/D + ~:21[ATP][Hi] m + Kt2[ADP][Pi][H.]'L 

The current carried by H *, i.e., ip (pump current) is 
proportional toil2 (=fzl). Then, ip can be calculated 
with Eqs. (3) through (6). 

[ e x p ( m F V / 2 R T )  - A l e x p ( - m F V / 2 R T ) ] A 4  
ip = e x p ( m F V / 2 R T )  + A 2 e x p ( - m F V / 2 R T )  + As (7) 

where 

At = (k~J~2)(KI2/K2])([ADP][Pi]/[ATP])([Ho]/[Hi])" (8)  
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Fig. 3. (a) The current-voltage curve (6,-V curve) of the electro- 
genic pump before DCCD poisoning. The symbols are the exper- 
imental i~,-V data which are plotted at 5-mV intervals. The full 
line is the simulated curve using Eq. (7) in the text. The dotted 
curve is the chord conductance of the electrogenic pump which 
was calculated with Eq. (17) in the text. (b) Changes of fraction 
of each enzyme intermediate state with voltage. These were cal- 
culated with Eqs. (5) and (6) 

A2 = k~l/k~2 

A3 = (K2t[ATP][Hi] 'n + Kp.[ADP][Pi][H,,]~)/k~'2 

A4 = mFEoK2I[ATP][Hi]". 

(9) 
(10) 
(I1) 

The functional shape of the pump current in this 
lumped 2-state model is the same as that in the pre- 
vious 5-state model (Kishimoto et al., 1984). From 
these four equations, the four rate constants in Fig. 
2a can be calculated. 

K21 = A4/(mFEo [ATP][Hi]'n) (I 2) 

KI2 = 

~2~(A~/A2)([ATP]/[ADP][Pd)([H~]/[H,,]) m (13) 

k~2 = (Kil[ATP][H/] m 

+ Kt2[ADP][Pi][Ho]m)/A3; k12 = kl)2 D (14) 

k~l = k~'2A2; k21 = k~l/D. (15) 

Ep can be calculated as the voltage where io = 0. 

Ep = RT/(mF) ln(Al) 

= RT/(mF)[ln(k~/k]'z) + ln(k:12/K21) 

+ ln([ADP][Pd/[ATP]) + m ln([Ho]/[Hi])]. (16) 

The conductance gp of the electrogenic pump is 
given as a chord conductance.  That is, 

gp = i p / ( V -  Er,). (17) 

The slope of the il,-V curve has been adopted, on not 
a few occasions, as the conductance of the electro- 
genic pump. If this were the case, such a conduc- 
tance would be zero for a large depolarization or for 
a large hyperpolarization. The pump is acting as a 
constant current source in these voltage ranges. 
However ,  it is a paradox for the conductance in a 
finite voltage range to be zero irrespective of a non- 
zero value of JR. In our present model (Fig. lb), &, 
should be the chord conductance and the size of &, 
is to be calculated with Eq. (17). 

The real %-V curve can be simulated satisfacto- 
rily by Eq. (7) with the aid of a computer  program of 
successive approximation to find the least sum of 
squared errors (Powell, 1965; Kotani,  1979) and val- 
ues of AI, A2, A3 and A 4 a r e  determined. Thus, ip and 
gp at any voltage can be calculated with Eqs. (7) and 
(17). 

[t is important to estimate the speed of cyclic 
changes of  enzyme intermediate in our kinetic 
model (e.g., Hansen et al., 1983). The rate of 
change in density of E2 is expressed as follows 

dE2/dt = kl2El + K12[ADP][Pi][Ho]'"EI 

- k21E2 - K21 [ATP][Hi]mE2. 

Since El + E2 = Eo, 

dE2/dt = (k12 + Kj2[ADP][Pi][Ho]m)Eo 

- (kj2 + k21 + K12[ADP][Pi][Ho] '~' 

Jr- K21 [ATP][Hi]~)E2. 

Thus, 

E2 = (k12 + K I 2 [ A D P ] [ P i ] [ H o l m ) E o [ 1  

- exp(-t /r)]  + E2,initial exp(- t / r )  

7" = 1/(k12 + k21 + K 2 1 [ A T P ] [ H i ]  m 

+ KIi[ADP][Pi][Ho] m) 

where r is the time constant for the change. Substi- 
tution of the four rate constants which are deter- 
mined from the experimental %-V curve (Fig. 8b) 
gives us very small value (<10 -6 sec) for the time 
constant before as well as 110 min after application 
of DCCD. In other words,  the cyclic change of the 
enzyme intermediate in the Chara membrane is 
generally very fast. Therefore,  our assumption of 
steady cyclic changes of enzyme intermediates dur- 
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ing the voltage span as well as during an action 
potential has experimental grounds in the case of 
the Chara membrane. 

CHANGE OF ip-g RELATION 

DURING D C C D  POISONING 

Two sets o f ip -V  curves and gp-V curves, before and 
110 min after application of 50 /d,M DCCD, are 
shown in Figs. 3a and 4a. The ip-V curve is gener- 
ally sigmoidal and gp has a single peak. The experi- 
mental ip are shown with symbols at 5-mV intervals. 
The full line for i~-V and dotted line for gp are the 
simulated and calculated curves, respectively. The 
general tendencies are decreases of ip and gp with 
the progress of DCCD poisoning. The emf of the 
electrogenic pump depolarized only by about 10 mV 
in the light. These results are almost the same as 
reported previously (Kishimoto et al., 1984). The 
changes in fractions of enzyme intermediates are 
also shown in Figs. 3b and 4b. The general pattern 
of the change of enzyme intermediate with depolar- 
ization are the decrease of E~, and the increase of 
E2. 

CHANGES OF emf's, CONDUCTANCES, 

PUMP CURRENT AND ENZYME INTERMEDIATES 

DURING ACTION POTENTIAL 

In our parallel circuit model (Fig. lb) the measured 
conductance G (Fig. la) is the sum of gj and gp. 

G =  gd + gp (18) 

and the measured emf (E) is the weighted average 
of two emf's,  i.e., Ea and E n . Here the weights are 
the conductances of each channel, i.e., gd and gp. 

E = (gaEa + gpEp)/G. (19) 

Under the condition where I = 0, ip should flow 
back into the cell through the passive diffusion 
channel. Therefore, 

ip = gp(E - Ep) = gd(E - Ea). (20) 

Both conductances are generally voltage depen- 
dent. 

The time course of action potential of Chara 
membrane is generally slow. However, the capacity 
current rises to the order of 1/xA/cm 2 in its rising 
phase. In the later period the capacity current is 
negligible. In other words, the sum of total ionic 
currents during action potential is zero except for 
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Fig. 4. (a) The i~,-V curve o f  the electrogenic pump about 110 mm 

after application of 50 /XM DCCD in the light. The symbols are 
the recorded i~-V data which are plotted at 5-mV intervals. At 
this stage the inhibition of the pump progressed greatly but it was 
not complete yet. The full line is the simulated curve. The dotted 
curve is the chord conductance of the electrogenic pump. (h) 
Changes of fraction of each enzyme intermediate state with volt- 
age 

the initial rising phase. Therefore, we can suppose 
that the action potential of the Chara membrane is 
approximately the locus of zero total ionic current. 
The conductance G and its change during the action 
potential can be determined precisely from the anal- 
ysis of the voltage responses caused by small 
square current pulses which are superimposed in- 
termittently under the current clamp (I = 0) condi- 
tion (Kishimoto et al., 1982). On the other hand, the 
conductance (gp) of the electrogenic pump can be 
evaluated as a function of voltage from the ip-V 
curve at each stage of DCCD poisoning (Figs. 3a 
and 4a). Knowing gp as a function of voltage, it is 
possible to calculate changes of gj and Ed of the 
passive diffusion channel and the pump current dur- 
ing a single action potential with Eqs. (18)-(20). It is 
also possible to calculate the changes of each en- 
zyme intermediate during the action potential with 
Eqs. (5), (6), and (12)-(15). Those results are shown 
in Figs. 5 and 6. 

The marked increase of membrane conductance 
G is mainly caused by the marked increase of gj of 
the passive diffusion channel (Figs. 5b and 6b). The 
extent of increase of gd decreases with the progress 
of DCCD poisoning. On the other hand, conduc- 
tance of the electrogenic pump (gp) decreases to 
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electrogenic pump is voltage independent. {h) G is the measured membrane conductance, g',t the conduclance of the passive diffusion 
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decreases to almost haft during the action potential. (c) The pump current i t, increases to a saturaled level at around the peak of the 
action potential. (d) Changes of fraction of each enzyme intermediate state during the action potential. These changes are simply 
caused by the change in membrane potential 

half temporarily during the action potential. This is 
also expected from the sigmoidal ip-V curve in Figs. 
3a and 4a. That is, the gp at large depolarization is 
about half of that at the resting potential. 

Changes of E~ of the passive diffusion channel 
are almost in parallel with those of E (Figs. 5a and 
6a). This is caused by the marked increase of ga. It 
is worth noting that the peak of E~ during the action 
potential does not change appreciably by DCCD 
poisoning. DCCD seems to have no appreciable in- 
fluence on the passive channel. The emf of the elec- 
trogenic pump (Ep) is assumed to be unchanged dur- 
ing the action potential. This is expected in our 
kinetic model (Eq. 16). 

The pump current ip increases to a saturated 
level at around the peak of the action potential and 
later it decreases slowly. The i n and the extent of its 
increase during action potential decrease with the 
progress of DCCD poisoning (Figs. 5c and 6c). It is 
worth noting that the tail of the action potential, the 
time courses of recoveries of the pump current and 
of the fractions of the enzyme intermediates pro- 
long considerably with the progress of DCCD poi- 
soning (Fig. 6). In other words, this current which 
flows inwardly through the passive channel is quite 

large before inhibition of the electrogenic pump oc- 
curs, and seems to help inactivate the excitatory 
mechanism. 

During the action potential, E2 increases while 
E~ decreases (Figs. 5d and 6d). These changes in 
the fractions of enzyme intermediates are caused by 
the change in membrane potential (Figs. 3b and 4b). 

Discussion 

The current-voltage curve of the electrogenic pump 
channel in a normal pH range between 6.5 and 7.5 is 
sigmoidal and could be simulated with a kinetic re- 
action model which assumes the cyclic changes of 
the H+-ATPase (Takeuchi et al., 1985). The rever- 
sal potential or the emf (Ep) of the electrogenic 
pump is about -220 mV at pH 7. The level Ep hy- 
perpolarizes with a slope of 40 to 50 mV/pH for the 
increase of external pH. Therefore, it is highly 
likely that the electrogenic pump of the Chara mem- 
brane is a 2 H+/1 ATP type proton pump. On the 
other hand, Beilby (1984) and Smith (1984) suppose 
that the stoichiometric ratio of the proton pump in 
Chara plasmalemma may be 1. We tried to find out 
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Fig. 6. Changes of  electric parameters during the action potential about 110 rain after application of 50 p,M DCCD. (a) Changes of emf ' s  
under the current-clamp condition (1 = 0). E is the recorded aclion polential, E,; the calculated emf change of  the passive diffusion 
channel. E;, of  the electrogenic pump is voltage independent.  (/3) G is the measured membrane conductance,  ,~,,~ the conductance of  the 
passive diffusion channel and A';, the conductance of the electrogenic pump during the action potential. Note that g,; increases markedly, 
while g;, decreases to almost half during the action polential. (c) The pump current i;, increases to a saturated level at around the peak of  
action potential. (d) Changes of fraction of each enzyme inlermediate state during the action potential. These changes are simply 
caused by the change in membrane potential 

the most suitable value for the stoichiometry (m) 
with the aid of computer simulation. Every time, we 
found m was close to 2 under a normal experimental 
condition (pHo = 7 and in the light). Therefore, we 
adopt a value of 2 for m in the present analysis. We 
also found that the shape of the current-voltage 
curve deformed to some extent, if we include a 
larger voltage range. Moreover, we noticed that Ep 
also changed to some extent for the large voltage 
change (Ohkawa et ai., unpublished), which sug- 
gested a possibility of some change in internal pH 
near the plasmalemma, or changes in either one or 
all of four rate constants (Eq. 16) under this condi- 
tion. Such a change in Ep during a voltage span 
would change the shape of the i~-V curve. This is 
the main reason why we chose a comparatively lim- 
ited voltage range in our voltage span. 

On the other hand, the conductance of the elec- 
trogenic pump, which is calculated as the chord 
conductance from the ip-V curve, is highly voltage 
dependent, having a peak at around the resting po- 
tential level. Therefore, the same amount of current 
as i n flows inward through the passive diffusion 
channel, causing hyperpolarization of the Chara 
membrane at the resting state. The amount of this 

current, which has been supposed to express the 
activity of the pump, depends on the emf's and 
conductances of active as well as those of passive 
channels (Eqs. 19 and 20). 

Changes in conductance and emf of the Chara 
membrane during the action potential are caused 
mainly by the marked increase of conductance (gj) 
and the large depolarization of the passive diffusion 
channel (Figs. 5 and 6). This indicates that excita- 
tion of the Chara membrane is an event which oc- 
curs in the passive diffusion channel. 

The chord conductance (gp) of the electrogenic 
pump decreased by about half at the peak of action 
potential (Figs. 5b and 6b). This is demonstrated 
clearly with the voltage-dependent characteristic of 
the chord conductance (dotted curves in Figs. 3a 
and 4a). In other words, gp is close to its peak at the 
resting state voltage, while it decreases markedly 
for a large depolarization. This can also be expected 
from the sigmoidal shape of the ip-V curve (full lines 
in Figs. 3a and 4a). Nevertheless, the pump current 
(ip) increases markedly, almost to a saturation level, 
at around the peak of action potential (Figs. 5c and 
6c). The same amount of current needs to flow in- 
ward through the passive diffusion channel in 
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Fig, 7. The current-voltage curve (ia-V curve) of the passive dif- 
fusion channel, which was obtained under the ramp voltage- 
clamp condition on another Chara internode at the latest stage of 
inhibition of the pump by 50 txM DCCD. During this ramp voltage 
clamp small square voltage pulses were superimposed to see the 
change of the instantaneous A%-Zxv relation. Only the region of 
hyperpolarization is shown here. The slope of this Aia-Av line 
gives the conductance and the extrapolation of this line (shown 
with dotted lines) to the voltage axis gives the emf of the passive 
channel at the respective voltage. At voltage close to Ea where ia 
= 0 the slope of the line is equal to the slope of the i~-V curve and 
the emf is equal to Ed. However, it it worth noting that the slope 
becomes larger than the slope of the ij-V curve with hyperpolar- 
ization of the membrane and that the emf of the passive diffusion 
channel hyperpolarizes. However, the extent of this hyperpolar- 
ization of emf of the passive channel saturates (about 40 mV, 
data not shown) 

Chara for the electroneutrality. Therefore, the 
marked increase of ip may appear to limit the volt- 
age excursion during the action potential. However, 
this extent is actually very small because of marked 
increase of gd at the peak of the action potential 
(Figs. 5b and 6b). With the progress of DCCD poi- 
soning, both gp and i n and also the extent of their 
increases during action potential decrease (Figs. 3a, 
4a, 5c and 6c). However, it is worth noting that the 
peak level of Ee of the passive diffusion channel at 
around the peak of action potential remains almost 
unchanged during DCCD poisoning. This seems to 
suggest that the excitatory mechanism of the pas- 
sive diffusion channel was not affected directly by 
DCCD. In practice, the extent of increase of gj dur- 
ing action potential becomes less with the progress 
of DCCD poisoning. This is probably caused by the 
voltage-dependent activation and inactivation of the 
passive excitatory channels. The details remain to 
be checked. 

At the later stage of DCCD poisoning Ej is 
about -125 mV (Fig. 6a). On the other hand, the 
level of Ee before excitation is not necessarily close 
to about -125 mV in Fig. 5a, but is at a somewhat 
more hyperpolarized level. This is caused by the 
voltage dependence of ga as well as of Ej. If we 
superimpose short square voltage pulses intermit- 
tently on the slow ramp hyperpolarization, we obtain 
the instantaneous Aid-Av relation at corresponding 
voltages (Fig. 7). The extrapolation of these Aid-Av 

curves to the voltage axis gives the emf's of the 
passive diffusion channel at respective voltage. 
These emf's  are not necessarily equal to the Ea at ia 
= 0, but shift toward hyperpolarized level in pro- 
portion to the extent of externally applied hyperpo- 
larization. This is the reason why the Ej at rest 
before DCCD poisoning is at a somewhat hyperpo- 
larized level. Also, the slope of each instantaneous 
Aid-kv relation gives the instantaneous chord con- 
ductance at respective voltages and is not necessar- 
ily equal to the slope of the ij-V curve. This instan- 
taneous chord conductance is equal to the slope of 
the ia-V curve only at the voltage where ia = O. 

Changes of four parameters (A~, A2, A3 and A4), 

during inhibition of the electrogenic pump of a sin- 
gle internode, by 50 ~M DCCD are shown in Fig. 
8a. These parameters characterize the shape of the 
in-V curve. Typical features of the DCCD poisoning 
are marked increases of A I and A2, a marked de- 
crease of A4 and a slight change of A 3. This is the 
result of simulation of the experimental ip-V curve 
and does not change with the kinetic model we 
adopt. 

Changes of four rate constants (k~'2, k~l, K21 and 
K12) in the present lumped 2-state model are shown 
in Fig. 8b. With the progress of inhibition of the 
pump by 50 /XM DCCD, k~%, K21 and Kj2 decrease 
markedly, while k~ shows only a slight change. In a 
previous report (Kishimoto et al., 1984) we de- 
scribed the changes of kinetic parameters in the 5- 
state model (Fig. 2b) during inhibition of the elec- 
trogenic pump. The equilibrium constants (e, ~ and 
/3) and two rate constants (k~i and k~%) in the former 
5-state model are lumped together into the two rate 
constants (R'2t and K~2) in the 2-state model. The 
values of these kinetic parameters depend on the 
model we choose. Our present results are the 
marked decreased of forward rate constant in the 
electrogenic step and marked decreases of two rate 
constants in the nonelectrogenic step. These are 
substantially in common with those reported previ- 
ously. 

The conductance of the tonoplast of Chara in- 
ternode is generally about 10 times as large as that 
of the plasmalemma and the membrane potential at 
the tonoplast is about 10 mV, the cytoplasm being 
negative to the vacuole (Findlay & Hope, 1964; 
Hope & Walker, 1975). We have reconfirmed these 
results. They also demonstrated that the tonoplast 
potential showed a slow transient hyperpolarization 
and increase in its conductance at the peak of action 
potential. At present we have no quantitative data 
on the pump activity at the tonoplast of the Chara. 
However, the large conductance and small mem- 
brane potential at the tonoplast suggest that the 
electrogenicity of the pump, if any, at the tonoplast 
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shou ld  be v e r y  smal l .  Thus ,  we can  regard  safe ly  
the  ip-V c u r v e  s h o w n  in this  r epo r t  as ma in ly  that  of  
the  p l a s m a l e m m a .  

W e  m a y  u n d e r e s t i m a t e  g j  by  abou t  10% at rest ,  
s ince  we  n e g l e c t e d  the  c o n t r i b u t i o n  f rom the tono-  
p las t  in the  p r e s e n t  r epo r t .  M o r e o v e r ,  the  inc rease  
o f  gd at  the  p e a k  o f  a c t i on  po ten t i a l  m a y  be a few 
t imes  as  la rge  as tha t  r e p o r t e d  here .  The re fo re ,  g,~ 
and  G m a y  be  l a rge r  than  those  shown  in Figs .  5b 
and  6b. N e v e r t h e l e s s ,  the  f ea tu re s  o f  the  e lec t ro -  
genic  p u m p  such  as d e c r e a s e  o f g p  and inc rea se  o f  ip 
dur ing  an ac t ion  po ten t i a l  r e m a i n  unaf fec ted .  

Smi th  and  Be i lby  (1983) s h o w e d  a long- las t ing  
ye t  t r ans i en t  d e c r e a s e  o f  the  m e m b r a n e  c onduc -  
t a n c e  a f te r  an ac t i on  po ten t i a l  in Chara .  T h e y  spec-  
u l a t ed  this  first  due  to  inh ib i t ion  o f  the  e l ec t rogen ic  
p u m p  dur ing  and  a f te r  an ac t ion  po ten t ia l .  This  no- 
t ion s e e m s  to be  d i s c a r d e d  l a t e r  by  Be i lby  (1984) b y  
the  m e a s u r e m e n t s  o f  gn as  a func t ion  o f  vol tage .  
Our  d a t a  a re  on the  changes  in the  gp o f  the  e l ec t ro -  
gen ic  p u m p  and  the  p u m p  cu r r en t  dur ing  a single 
ac t ion  po ten t i a l .  A c t u a l l y  the  ip-V c u r v e  i t se l f  of  the  
p u m p  is no t  a f f ec t ed  at  all dur ing  the ac t ion  po ten -  
tial.  W h a t  o c c u r s  in the  p u m p  is a d e c r e a s e  in gp and 
an i n c r e a s e  in ip which  a re  s imp ly  resu l t s  o f  the  shift 
o f  the  vo l t age  in the  ip-V curve .  W e  s u p p o s e  the  
change  in c o n d u c t a n c e  a f te r  the  ac t ion  po ten t i a l  
(Smi th  & Be i l by ,  1983) is s o m e t h i n g  e lse ,  which  we  
have  not  e x a m i n e d  yet .  

T h e  m a r k e d  i n c r e a s e  o f  the  p u m p  cu r r e n t  sug- 
ges t s ,  in ou r  k ine t i c  m o d e l ,  tha t  a t e m p o r a r y  large  
c o n s u m p t i o n  o f  A T P  m a y  o c c u r  dur ing  the  ac t ion  

po ten t i a l .  This  r e m a i n s  to be c h e c k e d  e x p e r i m e n -  
tal ly.  

We are indebted to Ms. Y. Saegusa for her excellent secretarial 
assistance. This work was supported by a Research Grant from 
the Ministry of Education, Science and Culture of Japan. A pre- 
liminary communication on the same topics is in press in 
Biomed. Res. (Tokyo). 
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