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Abstract: We have obtained and modeled the electricalprovided more information about the parameters of the

characteristics of the plasma membraneCbfrainter-  “Two-state” pump model, as well as more quantitative

nodal cells: intact, without turgor and perfused with andunderstanding of the interaction of the major transport

without ATP. The cells were voltage and space-clampedystems in the plasmalemma in generation of the resting

to obtain thd/V (current-voltage) an@/V (conductance- potential under a range of circumstances. ATP had little

voltage) profiles of the cell membrane. effect on nonpump currents except the excitation current;
The intact cells yielded similal/V characteristics depolarization profoundly affected the pump character-

with resting p.d.s of —221 + 12 mV (cytoplasmic clamp, istics.

5 cells) and -217 = 12 mV (vacuolar clamp, 5 cells).

The cut unperfused cells were depolarized at —169 + 13(ey words: Pump modeling — Effect of ATP —Chara

mV (7 cells) compared to the vacuole-clamped intact__'crrent-voltage profiles — Excitation — Perfusion

cells. The cells perfused with ATP fell into three groups:

hyperpolarized group with resting p.d. -175 £ 12 mV (4

cells) andl/V profile similar to the intact and cut unper- |ntroduction

fused cells; depolarized group with resting p.d. of -107

+ 12 mV (6 cells) and/V profiles close to linear; and

excited cells with profiles showing a negative conduc-

tance region and resting p.d. at =59 + 12 mV (5 cells).

The cells perfused with medium containing no ATP

showed upwardly concauéV/ characteristics and resting

p.d. at =81 £ 12 mV (6 cells).

Since it has been realized that the resting p.d. in plant
cells consists of an active, ATP-driven potential and a
diffusive passive potential due to asymmetrical distribu-
tion of ions in the various compartments, many experi-
ments have been designed to quantify the contributions
. . of the various transport systemse@Hope & Walker,
'I:,heI/V curves were modeled employing the “Two- 1975, for historical account). The task is made more
state_ model for the H pump _(Hansen e_t al., 1981). difficult by the complex voltage dependencies of some of
The inward and outward rectifiers were fitted to expo- iha transporters. More than ten years ago Beilby and
nential functions and combined with a linear backgroundBe"by (1983) showed that under a range of conditions
current. The excitatioq state in perfused ceI]s was mOdfhe I/V characteristics of th&€hara plasmalemma are
eled by including an inward curre'nt,,,x'cit, with p.d.- .sigmoid with a conductance maximum near the resting
dependence described by a combination of hyperboligyyianiial. In the following years there have been several
tangent functions. An inward currenib, are With @ 5yemnts (Kishimoto et al., 1984; Beilby, 1984: Takeuchi
smaller amplitude, but very similar p.d.-dependence wagy 1. 1985) to fit such/V profiles to HGS$ model
also included in the simulation of théV curves from  yocorining the kinetics of the Hextruding ATPase
cells without ATP. This approach avoiddd/ curve (Hansen et al., 1981). The different values of reaction

subtraction. I ) ;
constants and HATP stoichiometry obtained by differ-
The modeling of the totdlV andG/V characteristics stants stoichi fy obtal y aitter

E— 1 The acronym is derived from the first letters of the surnames of the
Correspondence tavl.J. Beilby authors: Hansen, Gradmann, Sanders and Slayman
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ent workers foreshadowed how fraught with difficulty Table 1. Experimental media
the isolation of the pump electrical characteristics will
be. Blatt (1986) elegantly summarized the range of pit-

Perfusion medium

: e . . Component Concentrationfm
falls from the more obvious nonspecificity of various KOH 60
metabolic inhibitors to the more obscure effects of asym-  Naci 3
metry of the pump inhibition. Blatt, Beilby and Tester Sorbitol 100
(1990) attempted yet another fitting of the HGSS model  MgSQ, 2
with these pitfalls in mind. As did Beilby (1984), they TES 110
concluded that the pump stoichiometry was"IFATP, EGTA . . 10
- . Corresponding outside medium
but they placed the pump equilibrium at more negative NaCl 3
p.d. near —420 mV (compared to Beilby’'s values ranging s 4
from =110 mV at pH 4.5 to —330 mV at p8.5). Fur- Sorbitol 210
ther, rather than assigning the purdy the simple hy- Ca(OH), 0.5
perbolic tangent shape with conductance maximum near KCl 01

the reversal p.d., they postulated that the voltage- ] ] ] ]
dependent transition does not dominate the reaction anywe perfusion medium was made in two lots: as above and with the
o

the I/V curve exhibits a conductance maximum on the uble concentration of sorbitol. The concentration of sorbitol was then
increased (by blending the two solutions) until the cells just plasmo-

depolarized side of the reversal p.d. and a very b_roaqlbzed upon exposure to it. ATP was added as 22 mg/ml of the perfusion
voltage rangedeeHansen et al., 1981, for mathematical medium (This works out approximately as 4Garrdepending on the
analysis). Interestingly, a similar fit of the model could type of the ATP salt used. However, the effective concentration was
be made to the H pump in Vicia guard cells (Blatt, determined by the concentration of MggOThe pH of the media was
1987). A negative reversal p.d. of —450 mV for the pro- adiusted to 7.0 with NaOH and MES.

ton pump was also obtained ®hara acid bands using

voltage clamp to control membrane p.d. and the vibrating o

probe to measure external current (Fisahn & LucasVindow. However, upon obtaining the no-ATR/ char-
1992). The shape of tHéV curve, however, was some- acteristics we realized that, like metabolic inhibitors,
what different from that recorded by Blatt, Beilby and ATP affects several transporters at the plasmalemma.
Tester (1990). It is not clear why the current through the!© ulilize the enormous amount of data available to us,
hyperpolarized Clchannels (Tyerman, Findlay & Pater- Most of thel/V characteristics have been modeled by a
son, 1988) did not swamp the pump current at such combination of the “Two-state” HGSS model for the’H
negative p.d.s. This current should be detectable by theUMP. linear background current, and inward and out-

vibrating probe as it rises exponentially near —200 mV atvard rectifiers with exponential p.d.-dependence. The
pH, similar to that found in the acid zones (Tyerman, excitation inward current present in the depolarized cells
Findlay & Paterson, 1988. Fisahn, Hansen and Lucas perfused with ATP and in cells perfused without ATP
(1992) proposed a two-loop slip model which accommo-Was guantlfle_d by a combination of hyperbolic tangent
dates both the acid and the alkaline band profile. functions. This approach enabled us to reevaluate many
While it is possible that the proton pump turns into a©f the past experimental studies and gave us a more
H*/OH™ channel at high pH, the model is not convincing, quantitative |n5|gh_t into the. complex interaction Qf var-
as more parameters than experimental points seem to BgUS transporters in producing the resting potential. We
needed to fit both sets of data. also obtained information on the effect of ATP on the
In this investigation, we have approached the Iorob_components of the inward excitation current.
lem from another direction. It was hoped that the direct
control of concentrations of ATP (pump energy source),
ADP and Rin the cytoplasmic compartment would avoid
modification of other transporters and prevent the pump o _
contributions from “running in reverse” (Chapman, The results were obtained in 1990-92 in the NA Walker laboratory,
Joh &K 1983). th Ki he * " dif. (Sydney UnlverS|ty).Ch§1ra corallina (Klein ex Wild em. R.D.W.) _
ohnson ootsey, - ), thus .ma Ing the “true” dif- a5 ysed for the experiments. The perfusion method is described in
ferencel/V curve attainable. Smith and Walker (1981) getail elsewhere (Beilby, Mimura & Shimmen, 1996). Briefly, the cell
made the first attempt to investigate th& characteris-  holder was designed to combine open-end perfusion and space clamp.
tics of the proton pump while Controlling the composi- It consisted of three chambers connected by a groove. A cell was laid
tion of the cytoplasm using the perfusion technique, puilong the groove and the chambers insulated by grease barriers. Per-
their I/V curve segments were too short to attempt ﬁttingfusion medium g¢eeTable 1) was introduced into the outer chambers
L . . and the outside mediunsg¢eTable 1) into the middle chamber. The
C?f th,e HGSS mOdel,‘ ,Thus the O“g'nal a'_m of our inves- high p.d.-measuring electrode was dipped into one of the outside cham-
tigation was to revisit some of the Smith and Walker bers, the reference electrode into the middle chamber. The ends of the

(1981) experiments and measure detailed difference praell were cut and the wire was introduced through the cut end of the cell
files (I/V with ATP — I/V without ATP) over a wide p.d. to extend throughout the middle compartment. To perfuse the cell, the

Materials and Methods
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perfusing medium was added to one of the outer chambers with a Current/ A.m-2
pipette, while the level of perfusion medium in the other outer chamber (a)

was kept constant by aspiration. The effective ATP concentration was
determined by the concentration of RfgseeTable 1). In our exper-
iments, we aimed to contrast the pump in fully operative and totally
inactivated states. We therefore set the Mg.ATP concentration well
into the saturation region of the ATP-dependent p.d. (Mimura, Shim-
men & Tazawa, 1983).

The intact cells were voltage and space-clamped by inserting a
wire along the cell axis, as described before (Beilby, 1990). The mem-
brane p.d. was measured by insertion of microelectrodes into the cy-
toplasmic or vacuolar compartment.

Pd./V

—_

ELECTRICAL APPARATUS 04 -03 -02 -0.1 0 0.1 0.2

The electrical apparatus has been described in detail previously Conductance/ S.m-2
(Beilby, 1990). The cells were clamped to a bipolar staircase protocol (b)
generated by LSI 11/73 with pulses of 70 msec separated by 200 msec

at the resting p.d. level. The data-logging of edfthscan took 8 sec.

Polynomials were fitted to thidV curves (three points at a time) and the 0.8
G/V profiles were calculated by differentiation.

THE MODEL

The whole currents flowing across plasmalemma or plasmalemma and

tonoplast in series were modeled to avoid artefacts stemming from the

current subtractions. To interpret our results we consider a range of SSiaass
) : . - —===_ p.dJ/V

Charatransport systems which are most likely to dominatelfteand 0.4 0.3 0.2 04 0 0.1 0.2

GIV characteristics. We used the “Two-state” HGSS proton pump - e - : ' i

model: Fig. 1. The HGSS “Two-state” modelgeeMaterials and Methods,

Egs. 1, handb): the response of théV profile (a) and theG/V profile
KioKoi — KoiKio (b) to variation of the parametéf, from 9000 to 5 sec. (9000 to 500

kiokoi + Kio + Ko @ with stepsize 500, continuous lines; 200 to 5, stepsize 20, broken lines).
The other parameter valudg; = 0.5 sec?, k,, = 0.1 sec?, k,; = 40
sect. The heavy line is drawn & = 5000 sec'. The reversal po-
tential at the extreme values ki: E, (9000) = -397 mV andE, (5) =
-209 mV. Note the evolution of the shape of the conductance maxi-

ko =K &TVRT (13) and koi = K g ZFV2RT (1b) mum ask, value decreases.

ip=2zFN

where

F,R,Thave their usual meaningjs the pump stoichiometry, which has The backgroun®current was approximated by a linear profile
been set to 1N is a scaling factor € 2 x 10°%) andV is the p.d. across with zero current at =100 mV:

the plasmalemma or, in some cases, across both plasmalemma and

tonoplast. While the number of carrier states is likely to be greater, th _

model for thel/V analysis can be reduced to a pair of p.d.—dependen(tqbac'(gmund Goaciground' + 100) @)

rate constantsi;,, k,; (which employ symmetric Eyring barrier) and The experimental evidence for such a background current comes from
p.d.-independent constanis,, ko (Hansen et al., 1981). As we are several varied sources. TH¥ profiles under metabolic blockade tend
fitting the total membrandV relationship, there is insufficient infor- g pe linear (e.g., Beilby, 1984; Blatt, Beilby & Tester, 1990). Tsutsui
mation to describe higher state models. Using the parameter valuegnd Ohkawa (1993) obtained a near linéAf characteristic using
from Blatt, Beilby, and Tester (1990), the response of the Two-stategyithydryl modifying reagent NEM. Beilby and MacRobbie (1984)
pump model to change in each parameter is shown in Figs. 1 to 4found a linear background current upon exposure to a calmodulin an-
Itis apparent from Figs. 1 and 2 that with the pump parameters near thgagonist TFP. When the cells are in thé $tate, a decrease of K, or

Blatt, Beilby and Tester (1990) values, the decreaséjrand the  plock with TEA (Beilby, 1985, 1986) also yields linebl/ character-

increase irk); both move the conductance maximum in the depolariz- jstics with similar conductance and reversal p.d. The slow-growing
ing direction. However, in the case &, the conductance maximum

becomes wider, whereas in the cas&®fit becomes sharper. Conse-

quently, it is possible to distinguish which of the parameters is chang

ing. Figure 4 shows that the effect of changexjp is also unambig- 2 This current is often referred to as “leakage” or “leak” current.
uous. From Fig. 3 it is obvious that, is small compared ta,,; (see However, such a term implies nonspecificity and consequently reversal
also Blatt, Beilby and Tester, 1990). The sphere of influence for this p.d. at 0. The reversal p.d. of =100 mV suggests some selectivity, hence
parameter lies at p.d. values too negative to be accessible. the term “background.”
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Current/ A.m-2 Current/ A.m-2
(a) (a)
0.1 0.1
0.08; 0.08 |
0.06
0.04
0.02
Pd.V P.d./V
0 0.1 0.1
Conductance/ S.m-2 Conductance/ S.m-2
(b) (b)
1 1
0.8 0.8
0.6 0.6
0.4 0.4
/:’/’// 0.2 0.2
Yy
—~ P.d/V P.d/V
04 03 02 01 0 0.1 04 03 -02 -0. 0 0.1

Fig. 2. The HGSS “Two-state” modelgeeMaterials and Methods, Fig. 3. The HGSS “Two-state” modelgeeMaterials and Methods,
Egs. 1, B andb): the response of théV profile (a) and theG/V profile Egs. 1, handb): the response of thiéV profile (a) and theG/V profile
(b) to variation of the parametd€; from .05 to 5 sec (stepsize 0.1). (b) to variation of the parametex, from .01 to 5 sec* (stepsize 0.5).
The other parameter valudg; = 5000 sec, k;, = 0.1 sec?, k,; = 40 The other parameter valuek? = 5000 sec!, k% = 0.5 sec?,
sec™. The heavy line is drawn &; = 0.5 sec”. The reversal potential | — 40sec?. The heavy line is drawn at, = 0.1 sect. The reversal

at the extreme values &f;: E,, (5.0) = ~325 mV ancE, (0.05)= ~441  potential at the extreme valuesigf: E, (0.01) = 440 mV ancE, (5)
mV. Note the evolution of the shape of the conductance maximum as— _2g4 mv.

K value decreases.

The inward rectifier current is carried by Tand has been described

Characells often exhibit low plasmalemma p.d.s (Shepherd & Good- previously by an expression very similar to Eq. (3) (Tyerman, Findlay
win, 1992) and lineat/V profiles (M.J. Beilby,unpublished resul}s & Paterson, 1986,b). The outward rectifier is less well characterized,
The ions constituting the background current are thought to be K but it is thought to be carried mainly by*K The p.d.-dependence is
(uninhibitable K transport as described by Smith, Walker & Smith, clearly exponential (e.g., Beilby, 1989; Terry, Tyerman and Findlay,
1987), H (or OH") contributed by the high pH channels active in 1991) and consequently similar expression to Eq. (3) has been adopted.
alkaline bands of the cell and possibly somée& NK* alone would have The excitation inward current in the perfused cells has been
a more negative reversal p.d. Blatt, Beilby and Tester (1990) lumpednodeled by a combination of hyperbolic tangent functions:
the background current and the outward rectifier into a single equation.
We treat the outward rectifier and the linear background current adexct = &[~1 + tanhg,V + t)] [-1 — tanh(4V + uy)] ®)
soparls Tanspot Sy, T 9GR8 S 16 D3 1, 1, s e constams 0 b . T spressions

’ similar to Hodgkin-Huxley (HH) model for the Nacurrent, as it de-

have been identified (e.g., Schroeder, 1989; Terry, Tyerman & Findlay, . . - . : :
1991). scribes a function rising exponentially, coming to a maximum and

The p.d. window of —450 to +50 mV is delimited by inward and falling exponentially. However, we felt that using HH model would be

outward rectifier currents, which have been modeled as eXponemiarlmsleadlng here, as the inward current in perfused cells is not activated

functions of the membrane p.d.: and inactivated with time.
pd- For the inward current in the profile for cells perfused with no

i = —0.00% ~(C1V+ed 3) ATP, same expression was used

linrec =

outrec = 0.0184V* @) ipoare = a1+ tanh{V + )] [-1 - tanh,V + uy)] 6)

wherec,, ¢, andk,, k,, are constants to be fitted to the data (the aim As in case of the rectifiers, Eqgs. (5) and (6) aim to mathematically
here is to quantify the currents, rather than to fit to a specific model).describe the currents, rather than to fit them to a specific model.
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Current/ A.m-2 (a)
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0.14 )

o
-

\

urrent /A.m-2
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P.d. 0.4
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Fig. 4. The HGSS “Two-state” modelgeeMaterials and Methods,
Egs. 1, handb): the response of théV profile (a) and theG/V profile P.d./V
(b) to variation of the parameter,; from 10 to 60 sec* (stepsize 5).

The other parameter valud§;, = 5000 set’, K, = 0.5 sec?, k,, = 0.1

sec™. The heavy line is drawn at,; = 40 sec™. The reversal potential ()
at the extreme values af;: E, (10.0) = -348 mV andE, (60.0) = -446 1.4 |
mV.

1
)
21.2 v‘\

The modeling of the data has been performed on a 486 DX2 50% 1 |\ /
PC, using Mathematica 2.2.3. A comparison with the conductances go.8 } N 7
obtained from polynomial fits to the data provided additional con- 8 “\ / \ / /
straints on the model. For instance, tfi¢ profile could be satisfac- %0'6 v T \ / s
torily fitted with either large background current and smgjJl pump S0.4 \ ; /
model parameter ovice versa.However, when the model was com- © -— AL - A
pared to the&5/V profile obtained by the polynomial fitting, only one of 0.2 ¥ = = .
these combinations was satisfactory. The goodness of fit has been | ... o S s 2 T
judged by eye, as in this work we aim to establish the main trends. 0.4 03
More accurate fitting procedures will be employed as the details of the
model will be worked out. P.d./V

Fig. 5. @A set of 5 intact cells with voltage clamp applied to plasma-
Results lemma only. The data has been gathered into 25 mV slots (horizontal error
bars) and the standard errors are shown as the vertical bars. The line
To establish a “normal” range for the model parameters,represents thiV profile generated by the model. The resting p.d. is —221
the model was fitted to 5 intact cells with plasmalemmaz 12 mV. (b) The various transport systems constitutingltiveprofile:
voltage clamped and to 5 intact cells with plasmalemma™ the pump current; —- —- — thebackground current; — — —— the
and tonoplast voltage clamped. The data and the ﬁttednward rectifiefijeo ~----- the outward rectifier, .. For the mathe-

del b in i 5 and 6. th t | matical formseeMaterials and Methods. The parameter values can be
model can be seen in FIgs. > an » tNe parameter Valugg, . in taple 2. The data p.d. window was limited 80 mV to avoid

in Table 2. Thel/V profiles are similar and the res.ting excitation transients. The outward rectifier fitted to another set of data has
p.d.sare —221 + 12 mV and —217 + 12 mV, respectively.been used(c) The corresponding/V profiles.
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(a) To estimate the effect of zero turgor on th¥ charac-
0.1 / teristics data from 7 cells with their ends cut, but retain-
0.05 ing their cytoplasm, were analysesk€Fig. 7). The rest-
0 ing p.d. was depolarized at -169 = 12 mV, but ¢
) profile was similar to those observed in the intact cells
5-0.05 : i’i‘“w (in this case plasmalemma and tonoplast were voltage
E clamped, so comparison to the data in Fig. 6 is more
g 01 appropriate).
3015 The cells perfused with ATP fell into three groups:
/ hyperpolarized group with resting p.d. =175+ 12 mV (4
0.2 cells) andl/V profile similar to the intact and cut unper-
-0.25 fused cells (Fig. 8); depolarized group with resting p.d.
-0.4 -0.3 -0.2 0.1 0 of =107 = 12 mV (6 cells) andlV profiles close to linear
P.d. IV (Fig. 9); and excited cells with profiles showing a neg-
hn ative conductance region and resting p.d. at =59 £ 12 mV
(5 cells, seeFig. 10). The cells perfused with medium
0.1 containing no ATP showed upwardly concaly char-
’ acteristics and resting p.d.s at =81 + 12 mV (6 cedes
0.05 Fig. 11).
Some sets of data did not extend far enough to fit
‘E 0 ——= either iy rec (in these cells excitation transients would
< A have made th&/V curve difficult to interpret) ofij ec
5'0-05 7 These sets of data are marked by “*T_(;d or “**”
E o ,’/ (ired in Table 2 and a fit from another data set is used
o™ Il/ for completeness.
-0.15
-0.2 / Discussion
0.4 0.3 0.2 0.1 ]
Pd.N THE EFFECT OF PERFUSION ON THEI/V CHARACTERISTICS
(© The shapes of th&€V profiles are similar for the cyto-
1 T plasmic and vacuolar voltage clamps (Figs. 5 and 6).
‘| /,-' They are also similar to earlier results (Beilby, 1984; Fig.
0.8 " 2). A comparison of the parameters in Table 2 shows
5 \‘ /; that the vacuolar voltage clamp data yield a higher value
0.6 ' / for the pump parameted, lower value for the pump
e \\ /‘\ /," parameterk,; and lower background conductance.
§0_4 l 2 These findings indicate, that it is important to voltage-
é ‘\\ _/ \__ / ,," clamp the plasmalemma alone for accurate results, but an
So.2 \ v '/ approximate indication of parameter values can be ob-
NS I v tained by clamping both plasmalemma and tonoplast in
0 Loz N I series. _ o
0.4 03 0.2 0.1 0 The unperfused, cut cells (Fig. 7) indicate the effect
b IV of zero turgor on thé/V profile (as both the membranes

are still in place, these data must be compared to the

Fig. 6. @) A set of 5 intact cells with voltage clamp applied to plasma- vacuolar clamp profile). From Table 2, we can see that
lemma and tonoplast. The data has been gathered into 25 mV slots (hoROth the voltage-dependent pump parameters have been
izontal error bars) and the standard errors are shown as the vertical bar@ﬁeCtedik,% decreasing anhﬁi increasing. The voltage-

The line represent theV profile generated by the model. The resting p.d. independent pump parametef; also decreased and

is ~217 £ 12 mV. b) The various transport systems constitutingltve  packground conductance increased. If the simulated
profile: . the pump current ) — - —- - the background  packground conductance is decreased to the intact cell

current,————— theinward rectifieri;, o ---------- the outward rectifier . . _
iourec FOr the mathematical foriseeMaterials and Methods. The param- level (Table 2), the resting p.d. hyperpolarizes to 186

eter values can be found in Table 2. The data p.d. window was limited tdn\_/' still mor_e d_EpOIanzed than that '_n the intact cells.
K100 mV to avoid excitation transients. The outward rectifier fitted to 1 hiS depolarization suggests some direct effect of zero
another set of data has been useliThe corresponding/V profiles. turgor on the pump parameters.
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Table 2. Parameter values

Data set Em Pump ioutrec iinret: g Ep
background
ki kS Kio Koi ky ka G G
mv st S.m? mv

Blatt, Beilby

and Tester (1990)

(pH 7.5) -230 5920 0.11 0.085 102 0.3 -457
Cytoplasm

intact cells

Fig. 5 -221 5000 0.5 0.1 42 26 1.5% 60 18.8 0.29 -383
Vacuole

intact cells

Fig. 6 -217 5000 1.05 0.1 23 26 1.5* 46 15 0.15 -349
Vacuole

cell ends cut

Fig. 7 -169 2500 1.6 0.1 15 26 1.5% 41 145 0.25 -310

Perfused cells
+ ATP, hyperpol.

Fig. 8 =175 1000 1.4 0.1 18 26 1.5% 46 145 0.22 -322
Perfused cells
+ ATP, depol.
Fig. 9 -107 50 10.0 1.0 20 26 15 38 10.8 0.52 -116
no pump 21 1.9 38 10.8 0.55
Excitation current
a t t, u, u,
Excited cells
+ATP
Fig. 10 -59 0.133 17.3 2.0 115 2.0 26 2.8 38 10.8** 0.65
No ATP
Fig. 11 -81 0.015 17.0 2.0 115 2.0 26 1.8 41 10.4 0.3

E, is the average resting p.d. for each data seetext for standard error, is the pump reversal p.d. calculated from the two-state HGSS model
for the shown set of parameters. The data sets marked with * did not extend far enougdh trfitHere we used, andk; fitted to depolarized
cells perfused with +ATP (Fig. 9). The data set marked with ** did not extend far enoughijg.fitHere we used, andc, fitted to depolarized
cells perfused with +ATP (Fig. 9).

The hyperpolarized cells perfused with ATP (Fig. 8) current would occur via the decrease in parametgr
can be compared with the cytoplasmic clamp data, as théseeFig. 4). The “no pump” alternative is more likely
tonoplast has been washed away in the perfusion procesr this set of data, as the pump reversal p.d. of =116 mV
The changes show similar trend to the effect of zerois too depolarized compared to the =500 mV ceiling
turgor: k2 andk,; diminish andk®, increases. The back- estimated for the 1H1 ATP stoichiometry.
ground conductances are similar. The excited cells (Fig. 10) display a large inward

The depolarized cells perfused with ATP (Fig. 9) current, which is described by Eq. (5). The background
show a lineat/V profile in the p.d. window: —280 to —80 conductance in these cells is higher than in the previous
mV. Consequently, either there is a drastic decrease idata feeTable 2) and it is assumed that this was the

2, which moves the conductance maximum into theprimary cause for the membrane p.d. to depolarize above
iourec®gion (such as shown in Fig. 9) or, alternatively, the excitation threshold. In intact cells the threshold is
the pump contribution becomes too small to be observed}-120 mV (Beilby & Coster, 1979), but in perfused cells
The data can be fitted satisfactorily by the sdme, no  ittends to be more depolarized (Beilby, Mimura & Shim-
pump current and slightly different background currentmen, 1993). The data has been modeled without the
andig, e (seeTable 2). Such diminishing of the pump pump. The p.d.-dependence and the amplitude of the
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Fig. 7. @) A set of 7 cells with the ends amputated, but with their Fig. 8. (@) A set of 4 cells perfused with +ATP mediurageTable 1
original cytoplasm still in place. (voltage clamp applied to plasmalem-for composition). The data have been gathered into 25 mV slots (hori-
ma and tonoplast). The data has been gathered into 25 mV slots (horzontal error bars) and the standard errors are shown as the vertical bars.
zontal error bars) and the standard errors are shown as the vertical barkhe line represents tHé/ profile generated by the model. The resting
The line represents tHeV profile generated by the model. The resting P-d-is =175 12 mV.l) The various transport systems constituting the

p.d. is =169 + 12 mV.k) The various transport systems constituting the I/V profile: - the pump currentj —-—-— thebackground current,
I/V profile: = the pump currentyj —- —- — thebackground current, ————-— theinward rectifieri;, ¢ ---------- the outward rectifief,yec
_____ theénward rectifiefi;, o --------- the outward rectifiet,yec For the mathematical forrreeMaterials and Methods. The parameter

For the mathematical forrseeMaterials and Methods. The parameter values can be found in Table 2. The data p.d. window was limited to
values can be found in Table 2. The data p.d. window was limited tol}-50 mV to avoid excitation transients. The outward rectifier fitted to

[-80 mV to avoid excitation transients. The outward rectifier fitted to another set of data has been usejlThe corresponding/V profiles.
another set of data has been usedThe corresponding/V profiles.
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Fig. 9. (a) A set of 6 cells perfused with +ATP mediursgeTable 1 Fig. 10. @) A set of 5 cells perfused with +ATP medium showing the
for medium composition), showing a depolarized resting p.d. of —107excited state with a resting p.d. of =59 + 12 mV. The data has been
+12 mV. The data has been gathered into 25 mV slots (horizontal errogathered into 25 mV slots (horizontal error bars) and the standard errors

bars) and the standard errors are shown as the vertical bars. The lirere shown as the vertical bars. The line representsl/theprofile
generated by the modeh)(The various transport systems constituting

represents thé/V profile generated by the modelb)( The various

transport systems constituting tH8/ profile: - the pump cur-  thel/V profile: «- the inward current,,;, — - — - — thebackground

rent b, —-—-— thebackground current- — — — theinward rectifier current,————— theinward rectifieri;, e ---------- the outward recti-

flinres ===~ - the outward rectifieri, o FOr the mathematical form  fier i, e FOr the mathematical formeeMaterials and Methods. The

inrec
seeMaterials and Methods. The parameter values can be found in Tablparameter values can be found in Tabled@.The corresponding/V
2. (c) The corresponding/V profiles. profiles.
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Fig. 12. A scheme for the membrane resting p.d. in terms oiti€a)
andG/V (b) profiles of various transporters:- the pump current,j
————— thebackground current; — — — — — theinward rectifieri o
---------- the outward rectifieii;,.. The shaded regions connect two
background currents with different conductances and an increase in the
k%, pump parameter, which determines the position of the conductance
maximum. The arrows inad) signify the “zero current” for various
combinations of current profiles (for the values of the resting pek,
text).

inward current makes it difficult to determine whether
the pump is present.

Cells perfused without ATP were modeled with the
linear background current, inward curreif, ot (S€€
Eqg. (6)) andi . andigyyec (Fig. 11). The background
conductance in this case is close to that in intact cells
(cytoplasmic voltage clamp) and hyperpolarized per-

for medium composition). The resting p.d. was -81 + 12 mV. The datafused cells. The p.d. dependence of the inward current is
has been gathered into 25 mV slots (horizontal error bars) and thesery similar to that of,;, but the amplitude is about an
standard errors are shown as the vertical bars. The line represents thfrder of magnitude smalles¢eTable 2).

I/V profile generated by the modeb)(The various transport systems
constituting thd/V profile: - the inward current, o arp — - — - — the
background current, ——— the inward rectifigfe, ---------- the
outward rectifieri, . FOr the mathematical forrmeeMaterials and
Methods. The parameter values can be found in Table)Zl'{e cor-
respondingG/V profiles.

The inward and outward rectifiers showed a large
scatter in most of the cell populations. However, each
set of data could be satisfactorily fitted with an exponen-
tial curve. The present data did not indicate consistent
effect of either zero turgor nor ATP withdrawal.
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THE GENERATION OF THE RESTING POTENTIAL THE INWARD CURRENTS lgygit AND o aTp

From looking at Table 2, we can reach some interestingrhe presence of ATP is also required for the excitation
conclusions about the way resting p.d. is controlled bycurrents to flow, although much less ATP is necessary to
the ensemble of the various transport systems. In Figsustain the excitation state than the hyperpolarized pump
12, let us consider the less conductive background curstate (Mimura, Shimmen & Tazawa, 1983). In intact
rent (top of the background current shaded region) anhara cells large transient currents occur for the p.d.
the more conductive pumigV profile (top of the pump levels more depolarized than-120 mV (Beilby &
current shaded region). The resting p.d. is determined bZoster, 1979). In perfused ligated cells the excitation
the zero current: in Fig. 2it is set by the background currents are only weakly time dependent (Beilby,
and the pump currents (at —218 mV) when they are equallimura & Shimmen, 1993) and tHév curves display a
and opposite in magnitude, as shown by arrow “1.” negative conductance region similar to that observed
If the background current becomes more conductivewith cells in K" state (Beilby, 1985). In Fig. 13 the
(bottom of the background current shaded region), theesting p.d. (-59 mV) is determined by the balance of the
resting potential will move toward its zero current po- outward rectifier current, the background current and the
tential,Eg, as shown by arrow “2,” depolarizing the p.d. excitation current, as shown by the arrow “1.” Note
to —190 mV. The pump parameté&f, was previously that thei,,.; (Fig. 1) is always negative: the reversal
defined to be independent of p.d. (the p.d. dependence g¢f.d. seems to be outside the channel high open probabil-
the pump is provided by the exponential part of equa-ty p.d. window. This possibility is often neglected when
tions 1a,b). However, the results in Table 2 suggest thatthe channels are identified by modification of the con-
this parameter tends to diminish, if the resting p.d. iscentrations on one or both sides of the membrane. If the
forced to more depolarized levels by, for instance, arexcitation current is carried mainly by Tand [CI], is
increased background conductance, opening ofkthe increased, the current amplitude probably increases as
channels or (in perfused cells) by the excitation currentwell (compare with the behavior of the*kchannels —
Experiments with prolonged voltage clamping to depo-Beilby, 1985), but the reversal potentiga}, can be still
larized p.d. levels (M.J. Beilbyin preparatior) support  out of the channel high open probability window. Thus
this assumption and suggest that the exposure to lowhe cell p.d. would depolarize desplg, becoming less
p.d.s must be in order of minutes to affé. Con-  positive. Such an effect was seen by Shiina and Tazawa
sequently, a positive feedback loop might be set up by(1987) and taken as an indication that the inward current
the initial increase of the background conductance: p.dis not carried by Cl.
depolarizes, this in turn diminishes,, which in turn Thel/V curve without ATP is not the expected linear
depolarizes the membrane more ( to —159 mV, arrowbackground profile, but upwardly concave curve. The
“3,” Fig. 12 a). Note that the pump influences the rest- close similarity in p.d.-dependence Qf; andi,o.atp
ing p.d. by changing it¥/V profile rather than by large (compare Eq. (5) and (6), parameters in Table 2 sal
changes irEg, (seethe legend of Fig. 1 foE, values).  Fig. 13) suggests that they are closely related. The rest-
As K2 reaches low values00 sec?), the conductance ing p.d. (-81 mV) is set by balancing the background
maximum starts to depolarize fasteeéFig. 1) and be- current, i, atp @and iouwec The influence of ATP on
comes “swamped” by the large outward rectifier cur- channels was suggested by Smith and Walker (1981) and
rent. However, at such values &} the pump reversal Mimura, Shimmen and Tazawa (1983). Katsuhara,
p.d. becomes too depolarizeskgTable 2) to be consis- Mimura and Tazawa (1990) observed a poorly selective
tent with the values predicted by the I"lder 1 ATP  K* channel in plasmalemma blitellopsis obtusaywhich
stoichiometry. It is then more likely that the pump cur- showed an increase in open probability upon withdrawal
rent diminishes below observable levels. (Note that theof ATP. However, the channels that we observe pass an
data sets with low p.d. values shown in Figs. 9 and 10nward current and are more likely to be Glhannels.
give no clear evidence of the pump currents or conducThe main difference between the excited and the no-ATP
tance). states is the greater amplitude of the excitation current,
The modeling of the various transporters also allowswhich makes the negative conductance region more ap-
us to determine if the inward rectifier plays an important parent éeeFig. 13). What is the mechanism which con-
part in setting of the resting p.d. (as suggested by Tyervertsig,. into i ,.atp? Thiel, Homann and Gradmann
man, Findlay and Paterson, 1986 In Fig. 123, the in-  (1993) found two types of Clchannels that are more
ward rectifier does not contribute to resting p.d. deter-likely to open at depolarized p.d. levels. The decrease in
mination. However, if the background current becameamplitude of the inward current in no-ATP systems
less conductive, or, if the inward rectifier moved in pos- could arise from one or more combinations of Chan-
itive direction (as it does with decreasing pH, Tyerman,nels: type of CI channel which is ATP-dependent (such
Findlay & Paterson, 198§, the resting p.d. might be as, for instance, the Cltransporter CFTR, Hyde et al.,
influenced by it. 1990) or inactivated by prolonged depolarization. Yao,
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Fig. 13. Modeling the total currenta) and conductancec) in the excited state (perfused cells) and no-ATP state ----------- . The

separate currents are shown b) &nd the conductances id)( The profiles have been obtained by combining the inward rectifier curggent

————— , theoutward rectifier current, ,oc-----------, the background currenrt- — - — and theexcitation current , or no-ATP current

(shaded regions). The equations are given in Materials and Methods and the parameters in Table 2. The arrows “1” and “2” show the zero current
(for the valuesseetext) for each state. Note that the outward rectifier participates in setting of the resting p.d. level.

Bisson and Brzezicki (1992) applied DES and vanadatestate HGSS pump model and revealed that the cells with
to Chara corallinaandChara buckelliilongifolia) cells  no ATP display an extra transport system, which is very
perfused with 4 m ATP. The vanadate (+ATR}JV pro-  similar to the excitation state. The fitting of this model
file was very close to the no-ATP profile in both mate- to the totall/V characteristics of the membrane is a start-
rials, both showing upwardly concave curvature. Theing point to a large scale investigation. The p.d.- and
DES (+ATP)I/V profiles were more linear. This effect time-dependence of the Two-state pump pararieies
supports our hypothesis thaf, ,tp iS associated with currently being studied using the voltage clamp. The
excitation: vanadate inactivates the proton pump, butlata on the effect of acidification of cytoplasm (e.g., by
does not depress excitation (Shimmen and Tazawahutyric acid) will be simulated by the model. The effects
1982); DES inactivates the pump and removes excitablef the concentrations of ADP an, in the cytoplasm
currents (obviously not via ATP depletion) and conse-(which are thought to be subsumed by the parameger
quently the DES-revealed current is close to the lineaBlatt, Beilby & Tester, 1990) can be fitted by the model.
background current. CA activated anion channels in The rectifier currents will be modeled with Eyring-
guard cells exhibit similar behavior as a function of ATP barrier type expressions and compared to data obtained
concentration (Hedrich, Busch & Raschke, 1990). from patch clamp studies. Modeling the effects of

Another scenario for the conversion of.; to  changing concentrations of the major ions in the medium
ino-aTp IS the total inactivation of the Clchannels by the can also give us further clues to the identity of the back-
lack of ATP, thus revealing the elusive Cachannels.  ground current. Application of Clor Ca™ blockers will
identify ipo.atp

To construct detailed models of the channels and the
The modeling of the total/V characteristics ofChara  pump, it will be necessary for the underlying proteins to
furnished information about the parameters of the Two-be sequenced and the active branches identified by ge-

Conclusion
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netic engineering. The protein molecule can then be pretation of current-voltage relationships for “active” ion transport
overlaid by regions of fixed charge as in the case of the systems: |. Steady-state reaction-kinetic analysis of class-I mecha-

: nisms.J. Membrane Biol63:165-190
KAT1 channel (Chilcott et al., 1995). Hedrich, R., Busch, H., Raschke, K. 1990.*Gaand nucleotide-

dependent regulation of voltage-dependent anion channels in the
The experiments in this paper have been performed while MJB was  plasma membrane of guard celBMBO J.9:3889-3892
employed on NAWs Australian Research Council grant, which is grate-Hope, A.B., Walker, N.A. 1975. The Physiology of Giant Algal Cells.
fully acknowledged. We thank Dr. M. Bisson for critical reading of the Cambridge University Press, London
manuscript. Part of this work has been presented as a poster at 10fyde, C., Emsley, P., Hartshorn, M.J., Mimmack, M.M., Gileadi, U.,
International Workshop on Plant Membrane Biology in Regensburg,  pearce, S.R., Gallagher, M.P., Gill, D.R., Hubbard, R.E., Higgins,

August, 1995. C.E. 1990. Structural model of ATP-binding proteins associated
with cystic fibrosis, multidrug resistance and bacterial transport.
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