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Summary. The effects of Cl~ concentration and membrane po-
tential (Ay) on Cl- influx in isolated vesicles of vacuolar mem-
brane (tonoplast) from red beet (Beta vulgaris L.) storage tissue
have been characterized using the Cl -sensitive fluorescent
probe, 6-methoxy-[-(3-suifonatopropyl)quinolinium (SPQ). The
initial rate of CI- transport into the vesicles was enhanced both
by the imposition of a positive Ay and by increases in extravesi-
cular CI- concentration. The kinetic mechanism underlying
these responses was investigated by examining the accuracy
with which the data could be described by several transport
models. A model based on constant field theory yielded a poor
description of the data, but satisfactory fits were generated by
pseudo-two-state reaction kinetic models based on classical car-
rier schemes. Fits were equally good when it was assumed that
charge translocation accompanied CI~ entry, or when charge
was carried by the unloaded transport system, as long as only a
single charge is translocated in each carrier cycle. Expansion of
the models to three states enabled description of the Cl~ concen-
tration dependence of transport by changes in a single, voltage
insensitive rate constant which is tentatively identified with Cl-
binding at the external surface of the membrane. The derived
value of the dissociation constant between Cl™ and the transport
system is estimated at between 30 and 52 mM.

Key Words Beta - Cl™-transport - 6-methoxy-1-(3-suifonato-
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Introduction

The accumulation of CI~ within the vacuole of
higher piants is important both for the generation of
turgor and the homeostasis of cytoplasmic Cl~ con-
centration (Flowers, 1988). In giant algae, such as
Chara or Nitella, the electrochemical potential gra-
dient for CI~ requires active transport of this ion
from the cytoplasm to the vacuole (MacRobbie,
1970). This may involve a H*/CI~ antiport but, as
yet, there is only a small amount of evidence to
support the presence of H*-coupled anion transport

systems in the vacuolar membrane, the tonoplast
(see Schumaker & Sze, 1987). However, there is
evidence for a Cl~ uniport that allows transport of
Cl~ into the vacuole in response to the inside posi-
tive membrane potential (Ay) generated by the
tonoplast ATP- and pyrophosphate-dependent H™-
pumps (Bennett & Spanswick, 1983; Kaestner &
Sze, 1987; Pope & Leigh, 1987). Nevertheless, de-
tailed studies of the relationship between Ay and
Cl™ influx have not been made.

Recently, we described the use of a Cl™-sensi-
tive fluorescent probe, 6-methoxy-1-(3-sulfonato-
propyl)quinolinium (SPQ), to measure Cl- trans-
port in isolated tonoplast vesicles (Pope & Leigh,
1988). This probe can be used to report quantita-
tively, and in real time, changes in the CI~ concen-
tration within vesicles (Illsley & Verkman, 1987;
Pope & Leigh, 1988). In work published elsewhere
(Pope & Leigh, 1990), we have demonstrated that
this technique can be used to measure electrically
driven Cl™ influx in the presence of K*-diffusion
potentials generated using K* concentration gradi-
ents and valinomycin. Now we report a detailed
study of the effects of artificially imposed Ays’s on
the initial rate of Cl~ transport in tonoplast vesicles
from red beet storage tissue. The kinetic' mecha-
nism underlying these responses has been investi-
gated by least-squares fitting of a variety of trans-
port models to the data.

Materials and Methods

Red beet (Beta vulgaris L. cv. Detroit Crimson Globe) was
grown in a glasshouse and storage roots were harvested immedi-
ately before use, The Cl--sensitive dye, 6-methoxy-1-(3-sulfona-
topropyl)quinolinium (SPQ), was synthesized and purified as de-
scribed previously (Wolfbeis & Urbano, 1982; Pope & Leigh,
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1988). Other chemicals were purchased from either Sigma or
B.D.H. Chemicals (both of Poole, Dorset, UK).

Tonoplast vesicles were prepared using the modification of
the method of Rea and Poole (1985) described previously (Pope
& Leigh, 1988). Vesicles were loaded with SPQ and K* by incu-
bation for 30 min at 37°C in a medium containing 20 mM SPQ,
0.485 m sorbitol, 5 mm K;SO,, 10 mM N-[2-hydroxy-1,1-bis(hy-
droxymethyl)ethyl]glycine (tricine)-1,3,-bis{tris(hydroxymeth-
ylmethylamino]propane (BTP), pH 7.4, 1 mm dithiothreitol
(DTT) and 1| mm ethylenediaminetetraacetic acid (EDTA)-BTP,
pH 7.4. They were then washed three times in ice-cold SPQ-free
medium (340,000 x g; Beckman Type 70.1 Ti rotor) to remove
extravesicular probe. Loaded vesicles were used either immedi-
ately or were stored at —70°C. Freezing did not affect either SPQ
loading or rates of Cl- transport.

Measurements of SPQ fluorescence were made at 25°C in a
stirred cell, using a Perkin-Elmer LSS fluorimeter (Perkin-Elmer
Instruments, Beaconsfield, Bucks, UK). The excitation wave-
length was 350 nm and emission was measured using a total
fluorescence attachment and a 420-nm glass cut-off filter, to max-
imize the signal obtained. Assays (2 ml volume) were performed
in a medium containing 10 mm tricine-BTP, pH 7.4, 5 um valino-
mycin, and sufficient sorbitol to maintain jso-osmolarity with the
vesicles (Pope & Leigh, 1988). To impose K*-diffusion poten-
tials, the concentration of K,SO, in the assay medium was varied
and the resultant potential was calculated from the Nernst equa-
tion. Varying the external or internal concentration of K.SO, had
no direct effect on either Cl- transport or the response of SPQ
(Pope & Leigh, 1990).

Transport was initiated by adding an aliquot of vesicles to
the assay medium. The time course of SPQ fluorescence was
then recorded on an IBM PC-XT microcomputer using the soft-
ware described by Jennings et al. (1988). A falling exponential
was fitted to the data and the initial rate of change of intravesicu-
lar Cl- concentration (d[Cl],/dt for t = 0) was then calculated
from the known response of SPQ fluorescence to CI~ concentra-
tion, as described previously (Pope & Leigh, 1988; see also
Hisley & Verkman, 1987). Curve fitting was performed using the
nonlinear least-squares algorithm of Marquardt (1963). The ini-
tial rate of change of intravesicular Cl- concentration is directly
proportional to true ClI- flux and so the two terms are used inter-
changeably.

The magnitudes of the imposed K* diffusion potentials (and
hence the membrane potential, Ays) were not confirmed experi-
mentally. However, previous work has shown that the intravesi-
cular K* concentration can be specified by the incubation proce-
dure used to load SPQ and K* into the vesicles (Pope & Leigh,
1990). The experimental procedure used to measure transport
ensured that diffusion potentials were imposed only when the
vesicles were added to the assay medium. Transport is reported
as the initial Cl- influx and, at this time, the potential should be
that specified by the Nernst equation on the reasonable assump-
tion that, in the presence of valinomycin, the permeability of the
vesicles to K+ will be very much greater than that to Cl- or SO},
At later times, net KClI transport will have occurred and the size
of the potential is not known with certainty.

To compensate for variation in absolute Cl- flux between
vesicle preparations, the results of each experiment were
weighted in the following way. First, each value in an individual
data set was expressed relative to the mean of the values ob-
tained between —10 and +10 mV for that set. The resultant
relative data were then converted back to absolute units of Ci~
flux by multiplying each value by the absolute mean flux ob-
served between —10 and +10 mV for all data sets at a given Cl~
concentration. Using the mean of the values between —10 and
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+10 mV avoided errors associated with weighting all of the data
to a single datum point at 0 mV.

Results and Discussion

Figure 1 shows typical fluorescence traces from an
experiment to determine the effect of K*-diffusion
potentials on Cl~ influx in tonoplast vesicles from
red beet. The imposition of positive K*-diffusion
potentials increased both the initial rate and the ex-
tent of SPQ quenching, indicating electrically
driven Cl~ uptake. This was observed at all Cl-
concentrations tested (see also Pope & Leigh,
1990). More detailed experiments tested the effects
of membrane potentials in the range —30 to +70
mV, at external Cl- concentrations between 5 and
50 mm. Each set of conditions was replicated two or
three times with different vesicle preparations.
These experiments resulted in the generation of a
family of flux-voltage (F-V) curves that describe the
response of Cl~ influx to Ay at different external
Cl- concentrations (Fig. 2).

Examination of the F-V curves reveals a num-
ber of features. First, positive potentials increased
Ci~ influx at all external Cl~ concentrations. Sec-
ond, negative potentials, imposed using [K*]lou/
[K*]i, ratios of less than one, reduced influx relative
to that observed at 0 mV. Third, at external ClI™
concentrations of 10 mm or less, the response to Ay
was sigmoidal, as found in other experiments (Pope
& Leigh, 1990). However, as the Cl~ concentration
was increased, this feature became less pro-
nounced, and the response to Ay became more lin-
ear (Fig. 2). To gain information about the possible
kinetic mechanisms underlying the responses of CI~
influx to A¢ and Cl- concentration, several trans-
port models were fitted to the data.

On the assumption that influx was through a
simple channel, we attempted to describe the data
with a conventional model based on constant field
theory (Goldman, 1943). Here, the unidirectional
flux (J¢y), which in these experiments is identical to
the net flux because the initial intravesicular Cl-
concentration was zero, is described by the Ussing-
Teorell relationship:

Jo = Pe - F - [Cl]s i All‘ (1)

where Pq, is the Cl~ permeability of the membranes,
[Cl], is the extravesicular Cl~ concentration, and R,
T and F have their usual meanings. In this scheme
only one parameter, P¢,, is unknown. The modeling
strategy is therefore to constrain the value of [Cl],
for each of the curves to the known Cl~ concentra-
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Fig. 1. Effect of K*-diffusion potentials on the time course of
quenching of the fluorescence of SPQ in tonoplast vesicles from
red beet in the presence of an inwardly directed Cl~ concentra-
tion gradient of 10 (A), or 50 (B) mM. Vesicles, loaded with SPQ,
10 mM tricine-BTP, pH 7.4, 0.485 m sorbitol and 5 mm K,SOy,
were added at (V) to i1so-osmotic media containing either (A) 10
or (B) 50 mm CI-BTP, pH 7.4, 10 mm tricine-BTP, pH 7.4, 5 um
valinomycin, sorbitol, and sufficient K,SO, to give the indicated
membrane potential

tion and to try to find a common value of P¢ which
describes all of the curves. Figure 3 shows the best
fit which can be obtained in this way. It is clear that
this simple model cannot describe the data.

The model fails because it predicts that, at any
given Ay, flux is a linear function of [Cl],. Figure 4
shows clearly, for four sample transmembrane po-
tentials, that Cl~ flux is a saturable function of [Cl],,
as found in previous experiments (Pope & Leigh,
1987, 1988). Moreover, the concentration depen-
dence of the flux can be described, at any given Ay,
by a single Michaelis-Menten function. As Ay be-
came more positive, Jp.x increased and K, de-
creased. The quantitiative implications of this find-
ing are discussed below. For present purposes,
however, it is sufficient to note that the kinetic be-
havior of transport with respect to concentration
implies (/) that a single transport system is being
studied and (/i) that the data might be more accu-
rately described by models which embody satura-
tion kinetics.

Reaction-state kinetic carrier models have pre-
viously been successfully applied to describe the
current-voltage (I-V) relationships of a number of
primary pumps (Sanders, Hansen & Slayman, 1981;
Gradmann, Hansen & Slayman, 1982; Slayman &
Sanders, 1985) and secondary transport systems
(Sanders & Hansen, 1981; Sanders et al., 1984;
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Fig. 2. Effect of K*-diffussion potentials on the initial rate of CI~
transport into tonoplast vesicles from red beet, in the presence of
inwardly directed Cl~ concentration gradients of 5 (O}, 10 (@), 20
(A), 30 (M), or 50 () mM CI~. Experimental conditions were as
described in the legend in Fig. 1. Results are the mean of two or
three experiments and have been weighted by the method de-
scribed in the text. Lines were fitted by eye
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Fig. 3. Best fits obtained when attempts were made to describe
the data shown in Fig. 2 using a simple ‘‘channel’” model based
on constant field theory. Symbols indicate measured Cl- influx at
5(0), 10(®), 20 (A), 30 (A), or 50 (CJ) mm [Cl],. Solid lines show
predicted rates from the best fit of the data to the Ussing-Teorrel
relationship (Eq. (1)). Fitting yielded a value of P¢ of 32.2 min~!

Sanders, 1986; Blatt, Rodriguez-Navarro & Slay-
man, 1987; Sanders, Hopgood & Jennings, 1989) as
well as ion channels (Gradmann, Klieber & Han-
sen, 1987; Bertl, Klieber & Gradmann, 1988; Bertl
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Fig. 4. Relationships between Cl- influx and CI~ concentration at membrane potentials of 0, +20, +40 and +70 mV. Data from Fig. 2
replotted and fitted by Michaelis-Menten relationships. Derived Michaelis-Menten parameters are as follows:

Al‘lj Jmax KIH
(mV) (m™ - min~!) (mm)

0 1.92 + 0.20 2.1 =49
+20 2.59 = 0.27 16.8 = 4.4
+40 2.75 = 0.07 4.8 + 0.6
+70 3.80 = 0.13 3.6 0.6

1989; see Sanders, 1990, for a review). It seemed
that such models might prove useful for modeling
the F-V data.

Our strategy for fitting carrier models to the
present data was to begin by consideration of a two-
state model (see inset, Fig. 5). It has been shown
previously (Hansen et al., 1981) that any given I-V
relationship for an electrogenic transport system
containing just one charge translocation step can be
described by this simple model. A corollary of this
finding is that higher order models cannot be used
for curve-fitting to single I-V (or F-V) relationships
because the number of degrees of freedom exceeds
the information implicit in the data; a unique model
cannot, therefore, be derived.

The two-state model explicitly retains the elec-
trogenic step (denoted by the inward and outward
rate constants ky; and k5, respectively), but lumps
all electroneutral reactions into two gross rate con-
stants [denoted as K»; (inward) and K, (outward)].
Voltage dependence in the charge translocating re-
action is introduced as a symmetric Eyring barrier
(Lauger & Stark, 1970):

—z - F - Ay
z-F- Ay

k21 = kgl CXp l: 2RT
2RT

]

and ki, = kY, exp [ (2,ab)

where k° indicates the value of the specified rate
constant at 0 mV, and z is the stoichiometry of
charge (with appropriate polarity) translocated per
carrier cycle.

Although it is, in principle, possible to deter-
mine the four two-state rate constants from a single
data set, considerably greater confidence in the pa-
rameter estimates results from joint fitting of sev-
eral F-V data sets at different ligand concentrations.
Joint fitting involves optimizing the estimate for a
given parameter, but constraining that estimate to a
common value for all data sets. The relevant rela-
tionship between current (or net flux) and the reac-
tion constants of the two-state model has been de-
rived by Hansen et al. (1981) and is given as:

]

where J¢ is the net Cl- flux and N is the overall
carrier density (which serves merely as a scaling
factor, and in all curve fitting is constrained to
unity). It is important to note that for an anionic
transport system, z is positive if the carrier-ion
complex is electrically neutral and charge is translo-
cated on the unloaded carrier, or negative if the
unloaded carrier is neutral and charge translocation

Ky -k — Ky » ky
ki + ko + Kyp + Ky

JCI:Z'N[ 3)
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accompanies that of the ion. In the zero-trans con-
ditions of the present experiments, where efflux of
CI~ is not possible, K|, must be constrained to zero
in the former case, whereas in the latter case, this
experimental condition resuits in K;; = 0. [The ra-
tionale for this simplification becomes apparent
when a lumped K reaction constant is expressed in
terms of “‘real’’ rate constants (Sanders, 1988). The
resultant expression comprises a numerator which
is simply the product of all “‘real’’ unidirectional
rate constants facing in the same direction as the
lumped rate constant, and any associated ligand
concentrations. Since intravesicular Cl™ is absent,
the entire K reaction constant becomes zero; see
Eq. (8), below.]

Figure 5 shows the results of joint fitting the
ensemble of data in Fig. 2 to Eq. (3) for the case of
an electrically neutral unloaded carrier with charge
translocation accompanying that of Cl~ (i.e., z =
—1). The result is a reasonable description of the
data. The fit is equally good if the effect of [Cl]; on
the F-V relationship is via k%, or k%, with the alter-
nate voltage-sensitive rate constant and K, held
common for all data sets. If, by contrast, the effect
of [Cl], is allowed to reside in K, with the two
voltage-sensitive rate constants constrained, poor
fits result (data not shown). Correspondingly good
fits were obtained for complementary case of a neu-
tral carrier-ion complex (i.e., z = +1; data not
shown). Again, adequate fits were obtained only if
the effect of [Cl], was exerted via either of the volt-
age-sensitive rate constants. Cases in which z was
constrained to integer values other than *1 failed to
yield adequate fits (data not shown).

At first sight, it appears paradoxical that {CI],
should exert its effect on the voltage-sensitive rate
constants. However, there is a theoretical basis for
this effect which arises from reduction of the “‘real”’
multi-state model to a two-state model (Hansen et
al., 1981). The process of model reduction in effect
violates the Law of Conservation of Mass by em-
bedding in the two carrier states all ‘‘hidden”
states. A consequence of this is that the hidden rate
constants of the real multi-state model become em-
bedded in all four two-state rate constants. How-
ever, expansion of the two-state model, if per-
formed in conjunction with group fitting of the
series of F-V curves, can be used to identify explicit
reaction constants and therefore correctly localize
the ligand binding reaction. Thus a three-state
model is employed for further fitting.

The inset to Fig. 6 shows the three-state model
for an electrically neutral unloaded carrier. The
gross voltage-insensitive reaction constants are
now subdivided into two separate limbs which make
explicit the Cl~ binding and dissociation reactions
on both sides of the membrane. The Cl- flux for the
three-state model is given as:
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Fig. 5. Best fits obtained to the data shown in Fig. 2 using a two-
state reaction kinetic model, assuming an electrically neutral un-
loaded carrier. The inset shows a schematic representation of the
reaction scheme. Symbols indicate measured rates of Cl- influx
at 5 (0), 10 (@), 20 (A), 30 (A), or 50 (C) mm [Cl],. For this fit,
only the rate constant k3; was allowed to vary between curves.
Fitting yielded the following values for the various rate constants
(*=SE):

Rate constant

sec!
k% 0.197 + 0.059
K 0.075 = 0.004
Koy 0.00
& S mm Cl- 0.028 + 0.006
10 mm Cl- 0.045 = 0.010
20 mm Cl- 0.064 = 0.016
30 mm CI- 0.074 = 0.019
50 mm Cl- 0.103 + 0.029

kip - Koz - Ky — ko Ky - Ki3
kio(Ky + K3 + Kjy)
+ Kislka + K3 + Kp)
+ k(K3 + Kz) + K- K3

Ja=z-N “4)

where k,; and &/, retain their functions of describing
inward and outward charge translocation, respec-
tively. Again, for the zero-trans conditions, and in
the case of an electrically neutral unloaded carrier,
K3, has been constrained to zero for all fitting.
The results of fitting the three-state model are
shown in Fig. 6A. The case presented (that for vari-
ation of K3, with Cl~ concentration, with all other
parameters held to constant optimized values for
the five data sets) represents the best fit that could
be obtained with the three-state model. It is there-
fore satisfying that the effects of C1~ concentration
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Fig. 6. (A) Best fit obtained to the data shown in Fig. 2 using a three-state reaction kinetic model, assuming an electrically neutral
unloaded carrier. Inset shows a schematic diagram of the reaction cycle. Symbols indicate measured CI- influx at 5 (O), 10 (@), 20 (A),
30 (A), or 50 (CJ) mM [Cl],. Lines indicate predicted rates from fits obtained when only K3, was allowed to vary between curves. Fitting

yielded the following values for the rate constants (+SE):

Rate constant sec™!

kS 0.197

k3 0.212

Kx 9.26 x 10?

Kii 0.00

Kis 0.075
10 mm Cl- 247.8 = 10.5
20 mMm Cl- 402.0 = 18.3
30 mMm CI- 510.0 + 24.9
50 mm Cl- 874.2 £ 53.5

(B) Dependence of the value of K5, on [Cl],. The line indicates a least-squares fit to the data, with the intercept constrained to zero. The

slope of the line is 17.9 + 0.8 mM~' - sec™!' which yields a value for K% = 1.79 x 10* M~ -

can now be isolated at the single rate constant that
would, a priori be expected to be that involving
binding of extravesicular CI~. Relative values for
the five rate constants optimized by fitting are given
in the figure legend. The corresponding fit for the
case of a neutral carrier-ion complex, where the
effect of [Cl], is allowed to reside with K53, and K3
is constrained to zero (not shown) was equally
good.

An independent check on the validity of the
three-state model parameters can be performed by
comparing them with the rate constants derived
from the two-state fits. Gradmann et al. (1987) have
shown that the two-state parameters can be de-
scribed in terms of their three-state counterparts by
the following relationships:

sec !

k(K + K3y)

0 = -
ki, (2-state) = Ky + Ku + Kns (3-state) %)
k(K3 + Ka))
0 _ 21 32 31 _
k3 (2-state) = Ko + Koi + Kon (3-state) (6)
. K3 - Kz
K, (2-state) = Ko+ Koy + Kns (3-state) (7)
Ko (2-state) = —~8 K1 5 cate). (8)

Ky + Ky + Ky

Substituting the values in the legend to Fig. 6
into the right-hand sides of Eqgs. (5) to (8) yields
estimates of the two-state parameters at [Cl]; =
5 mMm of kY, = 0.197 sec™!, k%, = 0.0281 sec™!,
Ki; = 0.075 sec™! and K,, = 0, respectively. Refer-
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ence to Fig. 5 (legend) shows that these estimates
are in excellent accord with those derived indepen-
dently for the two-state model, and similarly good
agreement is apparent at the other values of [Cl];.

The reasons why variation of [Cl], can be local-
ized kinetically solely to the voltage-sensitive k3
rate constant of the two-state model are now clear.
Although the three-state rate constant, K3, which
putatively subsumes Cl~ binding, appears in all four
two-state reaction constants, its presence in Egs.
(5) and (7) is hidden because it constitutes the domi-
nant term in both the numerators and the denomina-
tors (K3, > K3, and K3; = 0). In the case of the
other nonzero two-state reaction constant (k3,, Eq.
(6)), the much larger value of K,; prevents domina-
tion of the denominator by K3,. Nevertheless, as
K3, rises with [Cl],, the two-state parameter k3,
should tend to saturation because the disparity be-
tween K»; and K3, decreases. Saturation of &3, with
increasing [Cl], is apparent (Fig. 5, legend). How-
ever K3; does not saturate with [CI];.

If indeed K3, does subsume Cl~ binding, it can
be expanded as:

Ky = ng - [Cl], 9

where KY is the value of the constant at | m [Cl];.
Figure 6B demonstrates that K3, displays a linear
dependence on [Cl]; in accord with Eq. (9), despite
the fact that this relationship was not assumed as
part of the curve-fitting procedure. The ratio K/
K%, defines the dissociation constant for Cl-, result-
ing in a value (see legend to Fig. 6) of 51.8 mM.

We have already noted that activation of Cl-
transport by increasingly positive Ay occurs Kineti-
cally both through an increase in J.,,, and a de-
crease in K, for transport (Fig. 4, legend). Are the
features of the three-state model competent to repli-
cate this finding quantitatively? The answer is yes.
The three-state relationship describing flux as a
function of the six rate constants (Eq. (4)) can, after
substituting K3, = 0, be recast in Michaelis-Menten
formalism as:

_ Jmax * [Cl],
T = K, ¥ ian, o
where
_ N-ky K
Imax = kip + Kyz + kyy ()
and
K, = kip - Kys + Kis - Koy + ko) - K3 (12)

K% (ki + K3 + kyp)
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Fig. 7. Response of J,,x (@——@®) and K, (O———0O) to Ay.
Data points are derived from least-squares fitting of single Mi-
chaelis-Menten relationships to the data of Fig. 2. Lines show
the responses of J,., and K, to Ay based on the rate constants of
the three-state model (Fig. 6, legend) and Egs. (11) and (12). A
value of K%, (2.83 x 10* M~! - sec™!) based on the three-state
model estimate of K5, at 5 mM Cl- (141.5 sec™!) is used for
numerical evaluation of Eq. (12), since flux at S mm CI~ has a
disproportionate effect on the least-squares estimate of K,

Estimates of J ., and K,, were obtained at each
Ay by nonlinear least-squares fitting, as in Fig. 4,
and the resutts are shown in Fig. 7. The dependence
of Jnax on Ay predicted by the three-state parame-
ters (Fig. 6 legend, and Eq. (11)) provides an excel-
lent description of the observed response of Jx
over the Ay range —30 to +70 mV; the predicted
increase in J.., is 2.5-fold over this voltage range,
while the observed increase is 3.2-fold. The direct
least-squares estimates of K, rely heavily on the
accuracy of the flux measurement at the lowest [Cl],
(= 5 mMm; see Fig. 4), and a value of K% derived
from the estimate of K% at 5 mm Cl- has therefore
been substituted into Eq. (12) along with the other
parameters from the three-state model. Again, the
result is a reasonable predicted dependence of the
Michaelis parameter on Ay, though experimental
uncertainties on the actual value of X, for low
fluxes (i.e., at negative Ays) preclude detailed as-
sessment over the whole range of Ay,. The higher
value of KY, used for description of the Ay-depen-
dence of K,, compared with the mean value of K%
derived from the data of Fig. 6 (2.83 x 10* com-
pared with 1.79 x 10* Mm~! sec™!) results in a lower
estimate of the dissociation constant for Cl1~ binding
(30.2 mmM in Fig. 7, compared with 51.8 mm in Fig.
6).
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The results of this study are in accord with pre-
vious analyses based on single-channel studies
(Gradmann et al., 1987) and macroscopic behavior
of 1on channels in plants (Fisahn, Hansen & Grad-
mann, 1986) in demonstrating the utility of classical,
carrier-type models in describing kinetic properties
of channels in plant membranes. We conclude that
the CI~ uniporter at the tonoplast of red beet ex-
hibits saturable binding of the ion and that Cl~ binds
with a voltage-independent dissociation constant in
the region of 30-50 mMm. However, the data do not
allow us to distinguish whether charge translocation
accompanies movement of the ion or that of the
unioaded carrier.

The present analysis is restricted to consider-
ation of channel properties at the macroscopic
level. The opening frequency of individual channels
is assumed to be invariant with membrane potential,
i.e., the possibility that the channels are voltage
gated is not explicitly considered. However, in view
of the excellent description of the macroscopic flux-
voltage relationships afforded by the reaction ki-
netic analysis, there is clearly no justification at
present for extension of the models to incorporate
the contingency of voltage gating. Thus, our data
suggest that an adequate description of the kinetic
behavior of the CI- channel need not invoke volt-
age-dependent opening, though whether such volt-
age gating actually occurs will be most accurately
addressed in future work by investigations at the
single-channel level (Bertl & Gradmann, 1987; La-
ver & Walker, 1987; Bertl et al., 1988; Sanders,
1990).
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