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Summary. The current-voltage curve of the Chara membrane 
was obtained by applying a slow ramp de- and hyperpCarization 
by use of voltage clamp. By inhibiting the electrogenic pump 
wilh 50/zm DCCD (dicyclohexylcarbodiimide), lhe I-V curve ap- 
proached a steady state within 100 rain, which gave the i, r V  
curve of the passive diffusion channel. The ie-V curve of the 
electrogenic pump channel was obtained by subtracting the latter 
from the former. With the increase of external pH, the i,FV curve 
showed only a slight change, while the io-V curve of the pump 
channel showed almost a parallel shift, in the hyperpolarizing 
direction, along the voltage axis in the pH range between 6.5 and 
7.5. The sigmoidal ip-V curve in this pH range could be simulated 
satisfactorily with the five-state model reported previously (U. 
Kishimoto, N. Kami-ike, Y. Takeuchi & T. Ohkawa, J. Mem- 
brane Biol. 80:175-183, 1984) as well as with a lumped two-state 
model presented in this report. The analysis based on these 
models suggests that the electrogenic pump of the Chara mem- 
brane is mainly a 2H'/IATP pump. The forward rate constant in 
the voltage-dependent step increased with the increase of exter- 
nal pH, while the backward one decreased. On the other hand, 
the forward rate constant in the voltage-independent step re- 
mained almost unchanged with the increase of external pH, 
while the backward one increased markedly. The pump conduc- 
tance at the resting membrane potential showed either a slight 
increase or a decrease with the increase of external pH, depend- 
ing on the sample. Nevertheless, the pump current showed gen- 
erally a slight increase with the increase of external pH. 
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Introduction 

Kishimoto (1959) found a marked dependence of 
the membrane potential (E) of Chara corallina on 
the external pH, having a peak hyperpolarization at 
around pH 7. Kitasato (1968) found similar results. 
Moreover, he noticed that E of Nitella clavata was 
more negative than that expected from the Goldman 
equation. When he voltage clamped the membrane 
of this cell at the Nernst potential for K +, i.e., EK, 
the clamp current changed largely with the change 
of external pH. He interpreted this to mean that this 

current corresponded to the active H* efflux, and 
this caused a large passive influx of H + through the 
passive diffusion channel and thus a large hyperpo- 
larization of E from EK. This current was inhibited 
by DNP (2,4-dinitrophenol). Similar pH depen- 
dences of E have been tested in many characean 
species [Adrianov et al. in Nitella mucronata 
(1968); Lannoye et al. in Chara australis (1970); 
Rent et al. in Nitella clavata (1972); Spanswick in 
Nitella translucens (1972); Richards & Hope in 
Chara corallina (1974); Saito & Senda in Nitella 
axilliformis (1973, 1974); Keller & Spanswick in 
Chara corallina (1978); Fujii et al. in Chara austra- 
lis (!979); Kawamura et al., in Chara australis 
(1980); Kishimoto et al. in Chara corallina (1981); 
Tazawa & Shimmen in Chara australis (1980) and in 
Nitellopsis obtusa (1982)]. E is most hyperpolarized 
at pH around 7 or 8. The slope of change in E in 
these reports ranged between 30 and 55 mV/pH for 
the change of external pH from 6 to 8. 

However, there is a great variance among the 
data in those reports on conductance (G) of the 
characean membrane and its change with pH. 
Richards and Hope (1974), Fujii et al. (1979), Kawa- 
mura et al. (1980) and Kishimoto et al. (1981) found 
that G was larger at pH,, 6 than at pH,, 8 both in the 
light and in the dark. In contrast, Spanswick (1972), 
Saito and Senda (1973, 1974), and Keller and 
Spanswick (1978) found that G was smaller at pH,, 6 
than at pH,, 8 in the fight. The difference may be 
caused by the difference in culture condition. 

Previously we reported an improved method for 
determining the conductance of the Chara mem- 
brane (Kishimoto et al., 1982). This method was 
applied to the determination of the membrane con- 
ductance at the resting state both before and after 
inhibition of the electrogenic pump. Also in other 
papers we introduced a method of analysis capable 
of separating the electrogenic pump from the pas- 
sive diffusion channel quantitatively (Kishimoto et 
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Fig. 1. Current-voltage (I-V) curves of the Chara membrane at 
three different external pH solutions (buffered with 2 mg TES) 
in the light before (full lines) and after (interrupted lines) inhibi- 
tion of the electrogenic pump in the dark with 50 r DCCD. The 
data is not the average of different internodes, but from a single 
internode. Temperature 20~ The I-V curve before inhibition 
shifts with the increase of external pH in a direction to hyperpo- 
larization along the V-axis. Note that such a shift of the ia-V 
curve after inhibition is very small 

al., 1980, 1981, 1984). We characterized the electro- 
genic pump with an electromotive force E r, having a 
conductance gp in series. 

In the present experiment the current-voltage 
curve of the electrogenic pump @-V curve) was ob- 
tained by comparing the current-voltage curve (I-V 
curve) of the Chara membrane in the light before 
and after blocking the pump in the dark with DCCD 
(dicyclohexylcarbodiimide). With the aid of com- 
puter simulation of the ip-V curve adopting a con- 
secutive reaction kinetic model, the kinetic parame- 
ters in this model could be found. This method is 
applied in this report for analysis of change in activ- 
ity of the electrogenic pump with external pH. 

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. 
Then, the internodes were kept in artificial pond water (APW) for 
at least two days were a photo period of 12-hr light (ca. 2000 Ix) 
and 12-hr dark. The APW contained (in raM): 0.05 KCI, 0.2 

NaCI, 0.1 Ca(NO3): and 0.1 Mg(NO3)2, and the pH was buffered 
at 6.5, 7.0 and 7.5 with 2 mg TES (N-Tris(hydroxymelhyl) 
methyl-2-amino-ethane sulfonic acid). The 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. 

First, we examined the steady-state current-voltage curve 
(I-V curve) by giving step hyperpolarizations or step depolariza- 
tions of several different sizes under voltage-clamp condition 
(data not shown). Next, we recorded 1-V curve by applying ramp 
hyperpolarization or ramp depolarization under voltage-clamp 
condition. We found these two I-V curves were almost the same, 
if we chose the ramp rate as slow as 100 mV/30 sec (Kishimoto el 
al., 1984). In the present experiments the current-voltage curve 
(1-V curve) was obtained by applying a ramp hyperpolarization 
first and a ramp depolarization next under voltage-clamp condi- 
tion. One set of 1-V curve could be obtained with this method 
within about one minute. Firstly, a set of I-V curves at different 
external pH's was obtained on a single internodal cell in the light 
(about 3000 Ix) before inhibition of the pump. It was necessary to 
wait for 5 to 10 min before going into new steady states after pH 
changes. By inhibiting the electrogenic pump with 50/A,M DCCD 
in the dark the I-V curve approached a steady I-V curve within 
about 100 min. The latter l-V curve corresponds to the ij-V curve 
of the passive diffusion channel (Kishimoto et al., 19841. Then, 
another set of i~-V curves at different pH was obtained on the 
same internodal cells. The peak level of action potential at the 
late stage of pump inhibition was almost the same as that before 
inhibition, though the recovery phase of the action potential after 
inhibition was slower than that before inhibition. The io-V curve 
of the electrogenic pump channel can be obtained by subtracting 
the i~-V curve from the I-V curve so long as no qualitative 
changes occur during each I-V span. Excitation of the diffusion 
channel is induced by a large depolarization, while a breakdown 
phenomenon is induced by a large hyperpolarization. In both 
cases marked changes ofga and Ej occur (Ohkawa & Kishimoto, 
1974, 1977). These changes are voltage dependent. Therefore, 
simple subtraction of the i~-V curve from the I-V curve including 
a large voltage span would result in misinterpretation of the 
pump mechanism. We limited the voltage span in a compara- 
tively narrow range. The data were recorded with a floppy disk 
system (YE-DATA) after A/D conversion of the data of current, 
together with the ramp voltage and trigger pulse with a Data 
Acquisition System (MDAS 8D, Datel). The current and voltage 
data thus digitized served for later computations. Further details 
are described in a previous report (Kishimoto et al., 19841. 

The experimentally obtained ip-V curves of the electrogenic 
pump were sigmoidal generally and could be simulated satisfac- 
torily with Eq. (1) in the text and in the Appendix. In this equa- 
tion we have four parameters, i.e., A~, A2, At and A~ and the 
number of charge (m) carried in one cycle in the electrogenic step 
which is assumed equal to the stoichiometric ratio (Appendix). 
These are five unknowns to be determined from the experimental 
i~-V curve. For this purpose a modified Powell's program (Pow- 
ell, 1965; Kotani, 1979) of successive approximation to find the 
best fit of the data was adopted. Actual computation was carried 
out through a terminal microcomputer (PC9801E, NEC) by 
MELCOM in the Computer Center of Osaka University. We 
found that the stoichiometric ratio (m) was generally very close 
to 2, when the Chara was in a normal physiological condition and 
if any qualitative change did not happen during the voltage span. 
Therefore, in the present report we assumed m =2 for the sake of 
simplicity in simulation. However, we do not deny that rn may 
reduce to close to 1 on some occasions. 
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CHANGES OF I - V  CURVES WITH EXTERNAL pH 

DCCD is known as a specific blocker of F,,, Fl- 
ATPase of mitochondrial inner membrane and of 
thylakoid in chloroplasts. It binds to one of the sub- 
units resulting in blockage of the H + flux through 
the H+-channel portion of the ATPase.  The I-V 
curves before inhibition of the pump are compared 
with those at different pH's  in Fig. 1. These are the 
data on a single internodal cell. The order of change 
of pH was 7 ~ 7.5 ~ 7 ~ 6.5 ~ 7. Generally we 
waited for 5 to 10 rain in order to record the new 
steady-state I-V curve after changing external pH. 
We have three I-V curves at pH 7. These three I-V 
curves were very similar except  for a slight differ- 
ence in the slope, indicating reversibility in this pH- 
change experiment  The I-V curve shifts in a direc- 
tion to hyperpolarization along the voltage axis with 
the increase of external pH. This shift is almost in 
parallel with each other for the pH range between 
6.5 and 7.5. After the inhibition of the pump with 50 
/XM DCCD the current-voltage curve reduces to the 
id-V curve of  the passive diffusion channel (Kishi- 
moto et al., 1984). The ij-V curves were obtained 
again at pH 6.5, 7.0 and 7.5. The electromotive 
force (Ej) of the id-V curve does not vary much with 
pH between 6.5 and 7.5. Moreover ,  the slopes of 
the id-V curves for this pH range are almost the 
same (Fig. 1). Results of pH experiments on other 
single internodal cells were quite similar except for 
some minor differences, which will be discussed 
later. 

CHANGES OF ip-V CURVE WITH EXTERNAL pH 

Since the id-V curve of  the passive channel at three 
different pH ' s  is known, the ip-V curve of the elec- 
trogenic pump channel could be obtained by sub- 

Fig. 2. ip-V curves of the electrogenic pump channel of the 
Chara membrane at different external pH were obtained from 
three sets of current-voltage curves, i.e., 1-V curves and i,rV 
curves, in Fig. 1. All io-V curves are sigmoidal. The experimental 
data at each external pH are plotted for 5-mV intervals with 
symbols. The full lines are the simulated ip-V curve [Eq. (1)] 
which is based on the kinetic reaction models shown in Fig. 3. 
The dotted lines are the calculated chord conductance of the 
electrogenic pump channel [Eq. (11) in the text]. Note that the 
chord conductance of the pump is voltage dependent, having a 
peak at a definite voltage. The ip-V curves have respective rever- 
sal potential or electromotive force (Ep) at which the ip changes 
its sign 

tracting the former from the respective I-V curve. 
The ip-V curve is sigmoidal in the pH range between 
6.5 and 7.5. The ip-V curve shifts along the voltage 
axis in the hyperpolarizing direction with the in- 
crease of external pH. The experimental data of the 
ip-V curve are plotted at 5-mV intervals with sym- 
bols in Fig. 2. The voltage at which ip = 0 in the ip-V 
curve corresponds to the electromotive force Ep of 
the pump. The Ep hyperpolarizes with the increase 
of external pH. The full line in Fig. 2 is the simu- 
lated curve assuming the consecutive change of H +- 
ATPase at the plasmalemma of the Chara. The dot- 
ted line is the chord conductance of the pump, 
which was calculated from the ip-V curve. These are 
described in the following paragraphs. The maxi- 
mum &, in the ip-V curve shows a slight decrease for 
the increase of external pH in this experiment.  

CONSECUTIVE REACTION MODEL 

FOR THE H +-PU MP 

In a previous report  (1984) we assumed that m H + 
ions were pumped out for each ATP hydrolyzed 
during the steady forward cyclic changes of five 
states of  H+-ATPase in the plasmalemma (Fig. 3b). 
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Fig. 3. Kinetic scheme for the vectorial H--ATPase  of the elec- 
trogenic pump of the Chara membrane. (a) A lumped two-state 
model having four rate constants, kh, and k2t are the rate con- 
stants for the voltage-dependent (electrogenic) step and ~r and 
KI2 are those for the voltage-independent step. (b) Successive 
changes of five states of the enzyme are assumed (Kishimoto et 
al., 1984). Coupling with ATP-hydrolysis, incorporation and re- 
lease of H + are expressed with equilibrium constants. The for- 
ward and backward rate constants in the transition between E~ 
and E~ are assumed to be the same. These reaction steps are 
voltage independent. Only the step between E3 and E4, is as- 
sumed to be charge carrying and electrogenic. This is shown with 
two rate constants which are voltage dependent 
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Fig. 4. Changes of four parameters ( A b  A2,  A3 and A4) character- 
izing the shape of the experimental ip-V curve [Eq. (I)] against 
external pH. A i, A~_ and A3 decreased, while A4 remained almost 
unchanged, with the increase of external pH 

Ej(j = 1 , . . .  5) meant the amount of each enzyme 
intermediate. Moreover, only a step E3 "--- E4 was 
assumed to be voltage dependent and thus electro- 
genic. According to this model the current carried 
by H +, i.e.,  il,, is given by 

ip = (D - A1 /D)A4/ (D + A J D  + A3) (1) 

where D = exp(mFV/2RT), m is the stoichiometric 
ratio, and F, R and T have their usual meanings. 
Four parameters, i.e., AI, A2, A3 and A4, in Eq. (1) 
were functions of kinetic parameters (c~, k34, k43, fi 
and ks~ (= k~5)) in Fig. 3b. We had four rate con- 
stants and two equilibrium constants, which were to 
be evaluated. However,  we have only four parame- 
ters which can be evaluated by simulating the ex- 
perimental data. Thus, we needed additional as- 
sumptions such that ksj = kj5 and that both 
remained constant. General changes of the kinetic 
parameters during inhibition or pH change seem 
reasonable. Nevertheless,  it involves some arbitrar- 
iness. 

Hansen et al. (1981) adopted a pseudo-two-state 
model for the analysis of electrogenic H+-pump and 
sugar-H + cotransport systems. In this report we 
adopt a similar lumped two-state model (Fig. 3a). 
We separated the electrogenic step from the non- 
electrogenic step. In this simplified model we have 
four rate constants, i .e.,  k~2, k21 for the electrogenic 

step and /<21, /<12 for the nonelectrogenic step. The 
kinetic parameters in our previous five-state model, 
i.e., e, c~,/3, ksl and kl5 are lumped together into two 
rate constants in the nonelectrogenic step. This 
lumped two-state model also gives the same ip-V 
curve [Eq. (1)]. These four rate constants can be 
evaluated from A~, A2, A3 and A4, which are deter- 
mined by simulating the experimental ip-V curve. In 
this lumped two-state model the four parameters 
are as follows: 

A i  (k~I/k '(:)(Kt2/~:xO(IADP]IPi]/IATPI)(IH,,]/[Hi])" '  

A2 = k~llk]'2 

At-= 0<~_IIATP}[Hi]'" + ~:L~[ADPIiPilIH,,I")/k'I'2 

A 4 = m F E , , K 2 d A T P ] I H i ]  m 

(2) 

(3) 

(4) 

(5) 

where k'l'2 and k~ are the forward and backward rate 
constants, at zero membrane potential (V = 0), in 
the electrogenic step, respectively. The four rate 
constants can be calculated from these equations. 

x~,l = A J ( m F E , , I A T P ] I H i ] ' " )  (6) 

El2 = K2L(AI /A2) ( IATPI / IADP]IP i I ) ( [Hi I / IH , , ] )  '' (7) 

k72 - (KIz[ADPI[P,][H,,] m + K:I IATPIIH, I ' " ) /A~;  kl2 - k'?2l) (8) 

k~l = k'fzA2; kzl = k '~ jD.  (9) 

Ep is the voltage at which i t, = 0 in the i~,-V curve. El, 
can be calculated from Eq. (1). 
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Table. Fc, ur rate constants of the electrogenic pump at difl'erenl 27 

p H .  

26 pH, 
O 
__1 

6.5 7.0 7.5 
25 

2.689 x 10 m 6.974 x 10 m "-'_ 

43.8 17.9 ~ ~'4 

2.582 x 10 -'~ 2.554 x 1023 t:~ o 
1.005 x 10 > I .117 x 1027 J 

ATP -- 720 tiM; ADP = 350/ZM; Pi = 3 mM (Takeuchi & Kishi- 
moto, 1983): pHi = 7.3. 

k'(,(mol ~scc t) 1.313 x 10 m 
k~t(mol ~sec ~) t37.1 
K_,ffmoI ~sec ~) 2.665 x I() -'~ 
Kl_qmoI 4 sec i) 6 .574 x 1024 

Ep = (RT/mF) In(A0 

= (RT/mF)[ln(k','_jk~':) + ln(Klx/K21) 

+ tn([ADP][Pi]/[ATP]) + m ln([H,]/[Hi])]. (10) 

This equation gives an explicit functional relation of 
Ep with H + concentration and also gives its absolute 
values, if the nucleotide concentrations and stoi- 
chiometric ratio (m) are given. 

Since 4, and Ep are known, the chord conduc- 
tance &, can be calculated with, 

gr, = % / ( V  - E,,). ( l 1) 

The full lines in Fig. 2 are the simulated curve of the 
data with Eq. (1). The experimental data are plotted 
with symbols for 5-mV intervals. The simulation is 
generally satisfactory in the pH range between 6.5 
and 7.5. The dotted line is the chord conductance of 
the pump which was calculated with Eq. (11). The 
chord conductance of the pump is voltage depen- 
dent having a peak at a definite voltage. 

C H A N G E S  OF Aj, A2,  A3 AND A4 

WITH E X T E R N A L  pH 

The four parameters, i.e., Aj, A2, A 3 and A4 in Eq. 
(1), determine the shape of the sigmoidal ir,-V curve 
of the pump. These could be decided by simulating 
the experimental ip-V curve in Fig. 2. Changes of 
A I ,  A2, A3 and A4 of the ip-V curve with external pH 
are shown in Fig. 4. Ai decreased with the increase 
of external pH. A2 decreased almost in parallel with 
AM. On the other hand, A3 decreased, while A4 r e -  

m a i n e d  almost unchanged with the change in exter- 
nal pH. These results reflect changes with external 
pH of the kinetic parameters in Fig. 3. 

C H A N G E S  OF R A T E  CONSTANTS OF THE P U M P  

WITH E X T E R N A L  P H  

The four rate constants in Fig. 3a characterize the 
electrogenic pump. These can be evaluated [Eqs. 
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Fig. 5. Changes of four rate constants of the electrogenic pump 
of the Chara membrane with external pH. The kinetic parame- 
ters were evaluated from A~, A2, A3 and A4 in Fig. 4 with Eqs. 
(6)-(9) in the text. With the increase of external pH, k'(2 in- 
creased, while k'_,'l decreased. On the other  hand, K~_, increased 
markedly with the increase of external pH, while K:~ remained 
almost unchanged 

(6)-(9)] by use of four parameters in the preceding 
paragraph and are listed in the Table. The changes 
of the four rate constants with the change in exter- 
nal pH are shown in Fig. 5. 

The forward rate constant (k~'2) in the electro- 
genic step is accelerated, while the backward one 
(k~l) is suppressed with the increase of external pH. 
On the other hand, the forward rate constant (K21) in 
the voltage-independent step remained almost un- 
changed, while the backward one (Kj2) increased 
markedly with the increase of external pH. 

C H A N G E S  OF FRACTIONS 

OF E N Z Y M E  INTERMEDIATES 

Our kinetic model assumes that the total number of 
the ATPase intermediates, i.e., Eo, remains con- 
stant and that the consecutive changes occur stead- 
ily (Appendix). In the present experiment the satu- 
rated pump current for a large depolarization is 
about 9/xA/cm 2. This amount is equal to mFEoK21 
ATP Hi m [Eqs. (1) and (5)]. The peak of the pump 
conductance is about 80/xS/cm z. These figures are 
about one-thousandth of those of the sodium chan- 
nel of the squid axon membrane. Therefore, we can 
estimate the Eo at the plasmalemma is about 30 in 
each 10/xm2; this is about one-thousandth of that 
reported as the density of the sodium channel in the 
squid giant axon membrane (Conti et al., 1975). 
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Fig. 6. Changes of fraction of each enzyme intermediate states 
against external pH. The fraction of E~ decreased, while the 
fractions of E2 increased, to some extent with the increase of 
external pH 

Since the four rate constants in Fig. 3a are decided, 
the fractions of the enzyme intermediates, i.e., 
EJEo and E2/E,,, at the resting state for three differ- 
ent pH's can be calculated [Eqs. (16) and (17) in the 
Appendix] and are shown in Fig. 6. It is worth not- 
ing that the fraction of E~ decreased, while E2 in- 
creased to some extent with the increase of external 
pH. 

CHANGES OF CONDUCTANCES AND 

ELECTROMOTIVE FORCES WITH EXTERNAL pH 

The voltage dependences of i n and the chord con- 
ductance gp of the pump channel are shown in Fig. 
2. The i n and gp at the resting potential are readable 
from these curves. On the other hand, the voltage 
dependence of id of the passive diffusion channel is 
shown in Fig. 1 and the conductances G(= gr, + gJ) 
and ga of the passive channel at the resting state 
were decided under the current-clamp condition 
(Kishimoto et al., 1982). These conductances, 
emf's and also the pump current i t, are plotted 
against the external pH in Fig. 7. Changes of ga and 
Ea of the passive diffusion channel were negligibly 
small in the pH range between 6.5 and 7.5. On the 
other hand, the gp of the pump channel increased to 
some extent, while the Ep hyperpolarized with a 
slope of about 40 mV/pH with the increase of exter- 
nal pH. According to the presented kinetic model 
the absolute values of Ep and its pH dependence 
[Eq. (10)] suggest that the stoichiometric ratio (m) 
of the pump is highly likely to be 2 and that the 
slope of Ep change is expected to be about 59 mV/ 
pH. In some other samples we noticed that g~, de- 
creased with the increase of external pH (Kishi- 

moto et al., 1981). The reason for these differences 
will be discussed later. The pump current increased 
generally to some extent with external pH. 

D i s c u s s i o n  

The current-voltage curve (in-V curve) in the pH, 
range between 6.5 and 7.5 of the electrogenic pump 
of the Chara membrane could be satisfactorily sim- 
ulated (Fig. 2) with the kinetic model either with the 
lumped two-state model or previous five-state 
model which assumes two H + ions are released by 
each ATP hydrolysis (Fig. 3). In the present experi- 
ment E~, in the light hyperpolarized with a slope of 
about 40 mV/pH for the increase of the external pH 
from 6.5 to 7.5 (Fig. 7). The .% increased to some 
extent with the increase of pH. In a previous reporl 
(Kishimoto et al., 1981) we showed that el, de- 
creased with increasing external pH. There are cer- 
tainly two types of data. We noticed that the shapes 
of the i~,-V curve and also of the &,-V curve were 
different to some extent among the internodes used. 
Moreover, gr, is very sensitive to the voltage change 
at the resting membrane potential (Fig. 2). The ratio 
of &) to gj is also different among the internodes 
used. These variations of conductance cause the 
variation of the level of the resting membrane po- 
tential among internodes and also pH dependence 
of gj,. Nevertheless, the overall result was the slight 
increase of the pump current i/, with the increase of 
external pH. 

Beilby (1984) claims, from the experiment on a 
similar pH dependence of I-V curve of the Chara 
membrane, that m may be 1. We tried to find out the 
most probable value of m by use of the program of 
simulation. It gave values which are close to 2. The 
Ep is about -275 mV at the external pH 7. These 
results suggest that the electrogenic pump in the 
Chara membrane is highly likely to be a 2H+/1ATP 
pump in a pH range between 6.5 and 7.5. However, 
it is probable that m may change under some physi- 
ological conditions. 

If the four rate constants in our kinetic model 
were to remain unchanged against changes of exter- 
nal pH, the slope of E n change against the external 
pH would be about 59 mV/pH, as expected from the 
kinetic model [Eq. (10)]. However, it was generally 
smaller than 59 mV/pH. In another pH experiment 
on another sample the slope of Ep was about 50 mV, 
while other general tendencies were very similar to 
the present result. In the lumped two-state model 
k~z (forward rate constant) in the electrogenic step 
increased with the increase of external pH, while k~l 
(backward rate constant) decreased. On the other 
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hand, K~ (backward rate constant) in the voltage- 
independent step increased greatly with the in- 
crease of external pH, while K21 (forward rate con- 
stant) remained almost unchanged (Fig. 5). All four 
rate constants in our kinetic model were not con- 
stant, but changed with the external pH,.  This sug- 
gests that some conformational change of the H +- 
ATPase has occurred with the change of external 
pH and also that the pumping is a nonlinear mecha- 
nism. In this sense we might call these rate coeffi- 
cients instead of rate constants. The H+-ATPase in 
the mitochondria,  chloroplasts and some bacterial 
membranes are regarded to be composed of several 
protein subunits. The H+-ATPase of the Chara 
membrane may not be an exception. Our kinetic 
model is a sort of linearized one. Thus, the nonlin- 
earity of the function of  H +-ATPase is reflected as 
the nonlinearity in the rate constants. According to 
the previous five-state model (Fig. 3b) the forward 

(k o , rate constant 34f in the electrogenic step increased 
(k" '  with the external pH, while the backward one 43i 

decreased. The rate constants in the return step (k5r 
and k~5) were assumed to be unchanged. The equi- 
librium constant (o0 for incorporating H + increased 
slightly with the increase of external pH, while that 
(/3) for releasing H + decreased markedly (data not 
shown). The marked increase of K12 in the lumped 
two-state model by increasing external pH seems to 
suggest that the rate of  H + absorption at the exter- 
nal surface of H+-ATPase increased markedly 
(compare marked decrease of  ,8 in the five-state 
model). In contrast,  almost no change of K2~ by in- 
creasing external pH may suggest that the internal 
ph i  does not change appreciably with the increase 
of external pH. The increase of (Kj2/K21) causes a 
depolarization of  E r, [the second term in Eq. (10)]. 
On the other hand, in the electrogenic step k~j de- 
creased, while k~'2 increased to some extent with the 
increase of external pH,,. The decrease of  (k'f_]k'[2) 
caused a hyperpolarization of Ep [the first term in 
Eq. (10)]. The extent  of depolarization due to the 
second term in Eq. (10) is larger than the hyperpo- 
larization due to the first term. This reduces the 
expected extent  of  hyperpolarization due to the 
fourth term in Eq. (10). This seems the main rea- 
son why the slope of El, is smaller than about 59 
mV/pHo. 

The role of  the H+-pump in the regulation of 
internal prig has been well recognized (Spanswick & 
Miller, 1977; Smith & Raven, 1979; Sanders et al., 
1981; Sanders & Slayman, 1982). On the other 
hand, Smith and Walker (1976) and Walker (1980) 
demonstrated a slight increase of  internal pHi with 
the increase of  external pH,, by measuring pH~ with 
DMO (5,5-dimethyl-2,4-oxazolidinedione) distribu- 
tion. We tested the effect of  such a possible in- 
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Fig. 7. Changes of conductances and electromotive forces of the 
passive diffusion channel and also of the electrogenic pump 
channel against the external pH. The conductances are generally 
voltage dependent. In this figure the conductances at the resting 
membrane potential are plotted. The conductance g,t of the pas- 
sive diffusion channel was almost pH independent, while gp of 
the electrogenic pump at the resting membrane potential in- 
creased slightly with the increase of the external pH for a pH 
range between 6.5 and 7.5, The emf (E,~) of the passive diffusion 
channel shifted only slightly toward a more negative level, while 
that (Ep) of the electrogenic pump shifted to a more negative 
level with a slope of about 40 mV/pH. The pump current 4 in- 
creased with the external pH in this pH range 

crease of pHi in the evaluation of four rate con- 
stants. The result was a slight increase of K2~ with 
the increase of pH,,. Three other rate constants are 
the same as those shown in Fig. 5 and in the Table. 

The conductance of the passive diffusion chan- 
nel was almost insensitive to the external pH 
change (Fig. 1). This suggests that the H § conduc- 
tance (gH) should be much smaller than gK or gc> 
This confirms our previous result (Kishimoto et al., 
1980). Under  this condition the pump current such 
as 0.5 to 1.0/xA/cm 2 at the resting state voltage is so 
large that it would exhaust almost all H + in the cyto- 
sol within a fraction of a second, if the electrogenic 
pump were a simple 2H+/1ATP pump and if the 
supply of  H + from the metabolism in the cytosol 
were not abundant enough. Some or all H + may 
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return the cell by another mechanism for the main- 
tenance of the internal pH. A possible candidate is 
the H+/anion cotransport. If the cotransport is an 
electroneutral one such as H§ o r  H + / H C O  3 

(Lucas et al. 1983), then some or all of the H ~ ex- 
truded actively can return to the cell. if such a co- 
transport were an electrogenic one, being coupled 
with the H+-pump, the ip-V curve would be qualita- 
tively different from those presented in this report. 
So long as the cotransport is an electroneutral one, 
it may not affect the ip-V curve and also may not 
contribute to the conductance gd of the passive 
channel. 

The simulation of the ip-V curve in the moderate 
voltage range was almost satisfactory. However, 
we noticed a tendency that the experimental i n devi- 
ated more or less in a systematic manner from the 
theoretical curve (Eq. 1) for a larger voltage change. 
This suggests some change in Ep might occur for a 
large depolarization or for a large hyperpolariza- 
tion. In separate experiments we superimposed 
small step hyperpolarization pulses on the ramp 
voltage change (data not shown). The steady-state 
current response to this small voltage change gave 
the instantaneous Aip-Av curve along the ip-V curve. 
The change of Aip/Av along the ip-V curve gave the 
experimental gp, which showed a peak at the volt- 
age close to Ep (data not shown), if  we adopt this 
for gp, Ep is expected to depolarize for a large depo- 
larization and hyperpolarize for a large hyperpolar- 
ization. This suggests that the pH of the cytosol 
might have changed in proportion to the extent of 
large voltage change. A quantitative test for this 
possibility remains to be performed. 

In a previous report (Kishimoto et al., 1984) we 
showed changes of kinetic parameters during inhibi- 
tion of the pump with 50/XM DCCD. We re-exam- 
ined the previous data with the lumped two-state 
model. The results were marked decreases of k'(2, 
/<21 and K~2 with the progress of DCCD inhibition 
and almost no change in k~L (data not shown). These 
changes also describe the process of inhibition of 
the electrogenic pump as well as that shown with 
the 5-state model previously. We also tested the 
effect of other modification of our kinetic model 
(Fig. 3b) concerning the step for releasing ADP and/ 
or Pj. We found that the absolute values of kinetic 
parameters changed depending on the model we 
adopted, while the general pattern of their changes 
was very similar. Extraction of H+-ATPase from 
the plasmalemma and biochemical studies on its in- 
termediates are certainly needed for concrete dis- 
cussion of its detailed mechanism. 

We are indebted to Prof. K. Kotani for introducing us to Powell's 
simulation program and 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. 
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Appendix 

In order to discuss the voltage-dependent pump characteristics 
we need a kinetic analysis. Several kinetic models assuming the 
cyclic changes of enzyme intermediates have been proposed by 
several authors (Lfiuger, 1979; Hansen et al., 1981; Steinmetz & 
Anderson, 1982; Chapman et al., 1983; Oosawa & Hayashi, 
1983; Kishimoto et al., 1984). In a previous report 11984) we 
assumed a cyclic change of five states of H+-ATPase in the plas- 
malemma of Chara. In this model we had six kinetic parameters, 
i.e., four rate constants and two equilibrium constants. These 
were to be evaluated from four parameters (A~, A_,, A3 and AO, 
which were determined by simulating the experimental ip-V 
curve. For this purpose we had additional assumptions such 
as ks~ = k~ and that these remain constant. Changes of these 
kinetic parameters during DCCD poisoning showed some inter- 
esting features about the H+-pump. However, without validating 
these assumptions our analysis remains qualitative. 

An alternative is to adopt a lumped two-state model, which 
was described by Hansen et al. (1982). In this model the voltage- 
dependent step is expressed with two rate constants, i.e., kp_ 
(forward) and k2~ (backward) which are voltage dependent (Fig. 
3a). The voltage-independent step is also expressed with two 
rate constants, i.e., •2f (forward) and Kt2 (backward) which are 
not voltage dependent. On the other hand, the voltage-dependent 

step in the previous five-state model is E~ ~ E4 (Fig.3b) and the 
voltage-independent step includes E4 "---- E5 ------ Et --,- E_, ---- E3- 
Therefore, two equilibrium constants, c~ and /3, and two rate 
constants, ks~ and k~5, in the five-state model, are lumped into 
two rate constants, ~q2 and ~r in the lumped two-state model. 
We assume that efflux or influx ofH + occurs by the steady cyclic 
change of enzyme intermediates, that is, E~ --- E: ~- E~, and so 
on. The transition rate of the enzyme from E~ into E_, in the 
voltage-dependent step is given by 

fl2 = kl2E1 - k2tE2 112) 

where Ej and E2 are numbers of E~ and E2, respectively. These 
abbreviations are used hereafter. For further simplicity a sym- 
metry in the energy barriers for the forward and backward transi- 
tion in this step is also assumed (L/iuger, 1979). Then, 

kt2 = k'{2 exp(mFV/2RT);  k2~ = k~l e x p ( - m F V / 2 R T )  (13) 

f12 = k'{2 exp(mFV/2RT) El - k~l exp( -mFV/2RT)E> 114) 

The transition rate of the enzyme from E2 into E~ in the voltage- 
independent step is given by 
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.fee - ~c:dATPI[Hil'"E_, - Kp_[ADPIIPillH,,ImEI. 115) 

At s teady statef~2 should be equal t o f~ .  Total amount  of enzyme 
Eo is a s sumed  to remain constant .  By use of these two conditions 
the number  of  enzyme intermediate can be calculated. 

El = (k~l/D + K21[ATP][HI]m)E,,/W (16) 

E~ = (k~'zD + K~,_[ADP][Pi][H,,]'~)EJW (17) 

where D = e x p ( m F V / 2 R T )  and 

W = k]',_D + k'g_l/D + K21[ATP][Hi]'" + KI,IADP][Pi]IH,]'". 

The current  carried by H +, i.e., i n (pump current) is proportional 
toftz (= f2~). Then,  i n can be calculated with Eqs. (12)-(17): 

i n = (D - A1/D)A4/(D -e Az /D + A3) (1) 

where 

AI = (k~I/k'(~)(KIJc.,_O([ADPIIP, I/IATPI)([H,,I/[Hi])'" (2) 

A ,  - k'4_~/k~',_ (3; 

A3 (K,_I[ATP][Hi]"' + KI,_IADPI[Pi[[H,,I'")/k'(,_ (4) 

A4 = mFE,,K,I[ATP][Hi]'". (5) 

Functional  shape of  the pump current  is expressed with Eq. (1). 
This equat ion in the lumped two-state model is jus t  the same as 
that in the five-state model which was described in a previous 
report  (Kishimoto et al., 1984). However ,  calculated values of  
kinetic rate cons tan ts  depend on the model we adopt. 

Previously we reported on the changes  of internal adenine 
nucleotide levels in the Chara  internodes during metabolic inhi- 
bition (Takeuchi & Kishimoto,  1983). According to this report. 
the internal concentra t ions  of ATP,  ADP and Pi of the Clmra in 
the light are 0.7, 0.35 and 3.0 mM, respectively. Since [ATP], 
[ADP] and [Pi] are known,  the four rate cons tants  in the pre- 
sented two-state model (Fig. 3a) can be calculated with Eqs. 
(2)-15): 

~21 = A4/(rnFE,,[ATP][Hy'q (6) 

Klz = K2ffAI/A2)([ATP]/[ADP][Pd)([Hi]/[H.)'" (7) 

k~'z = (K2I[ATP][H,]" + KI2[ADP][Pi][H,,]"gA~: k u  = k'l%D (8) 

k~l = k]'2A2; k21 = k~ (9) 

E n is calculated as the voltage where % = 0. 

E~ = ( R T / m F )  In(A0 

= ( R T / m F )  [ln(k~jk'l'~) + ln(Kl2/r 

+ tn([ADP][Pil/IATP]) ~- m ln([H,,]/[Hil)]. (10) 

The conductance  of the pump channel ,  i.e., ~,p, is calculated as 
the chord conductance  in our kinetic model. 

gp = %(v  - E p .  ( i t )  

The merit  of  using chord conductance  instead of slope conduc- 
tance for the electrogenic pump is described in a previous report 
(Kishimoto et al., 1984). 


