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Summary. Internal Cl- and low internal pH are
strong inhibitors of Cl~ influx at the plasma mem-
brane of Chara. The present investigation seeks to
understand the mechanism by which this is achieved.
Since both C1~ and H* are transported by the same
system, one possible mechanism is simply through a
change in the electrochemical gradients of these ions.
However, it is found that transport is more sensitive
to the internal concentrations of the two ions than to
their respective gradients. It is demonstrated that C1~
influx, which shows Michaelis-Menten kinetics with
respect to external concentration, is affected only in
its V_.. by internal Cl~ and pH; the apparent K, of
the transport system for external Cl~ is unchanged.
In addition, it is found that there is an apparent
interaction between internal CI~ and pH in their
effects on Cl~ influx, both in intact cells and those
that have been perfused internally. A kinetic model is
proposed which can account quantitatively for all
these observations simply through the effects of sub-
strate concentration on the apparent rate constants of
a recycling carrier. The model predicts (i) strictly
ordered binding of Cl1~ and H™ to the carrier at both
internal and external surfaces, with Cl- first on and
first off (ii) movement of charge through the mem-
brane on the loaded, rather than the unloaded, car-
rier. The present model is expected to account for
similar kinetic observations from a variety of other
cotransport systems.

Plant cells require a considerable ability to regulate
metabolism over a wide range of environmental con-
ditions. This contrasts with the situation in animal
cells where the cellular environment is maintained
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relatively constant by the vascular system, and
homeostatic regulation is accomplished far more at a
tissue or organ level.

With respect to the control of ion transport in
plants, two factors are generally recognized as con-
stituting major set points for regulatory systems:
those of turgor pressure and of internal ion con-
centration (Cram, 1976).

In spite of the importance and widespread occur-
rence of homeostatic regulation of ion transport in
plants, little is known concerning the mechanism of
such regulation. Control of ion transport by internal
ion concentration has been proposed to occur, for
K™ in several species, through allosteric interaction
of internal inhibitor sites (Glass, 1976; Jensen &
Petterson, 1978). However, this proposal has been
criticised (Sanders, 1980b) on the basis that whilst the
ion fluxes observed are those across the plasma mem-
brane, measured changes of internal jon concen-
tration are primarily those in an entirely separate
compartment (the vacuole). It is not therefore justifi-
able in these cases to suggest specific forms of mole-
cular interaction between the transport system and
internal ions.

The development of a technique for intracellular
perfusion of Characean cells (Williamson, 1975; Ta-
zawa, Kikuyama & Shimmen, 1976) facilitates in-
vestigation of the effects of internal ion concentration
on ion transport processes at a single membrane:
during perfusion the tonoplast is removed and this
enables direct contact between the perfusion solution
and the inside of the plasma membrane. In the pres-
ent work, this technique has been applied to the
study of the mechanism of control of C1~ transport at
the plasma membrane of Chara.

Cl™ influx in Chara is mediated by a system
transporting H* and Cl~ in a probable stoichiomet-
ric ratio of 2H/CI (Sanders, 1978, 1980¢; Biebyl &
Walker, 19804, b). 1t is known that Cl~ influx can be
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controlled by internal C1~ concentration ([Cl],) and
also by internal and external pH (Sanders, 19805, ¢).
One possible mechanism of transport control by pH
and {Cl]; could therefore simply be variation of the
free energy of the transport reaction. This would be
expected were the transport reaction at, or near,
thermodynamic equilibrium. Alternatively, the form
of control by [Cl-],, pH, and pH, could be kinetic.
In this case a range of possible mechanisms exists,
including nonspecific effects of pH on the transport
system and the existence of allosteric sites.

In the present paper, we cxamine the effect of
various internal conditions on the kinetics of the
transport system, with the aim of constructing a
model for the control of C1~ transport. We have tried
to assess to what extent control of transport can be
described by the simplest model for the transport
process. This consists of binding of substrate exter-
nally and internally and transmembrane reactions for
the loaded and unloaded carrier. A variety of these
models exists, each consisting of a different spatial
arrangement of the component reactions. The results
of experiments presented here rule out all but one of
these models. That which remains, however, is cap-
able of predicting, both qualitatively and quanti-
tatively, all the kinetic observations made on the
transport system.

Materials and Methods

Biological material. Cells of the giant alga Chara corallina were
cultured as described by Sanders (19804). The internodal cells were
freed from their neighbors the day before an experiment and
bathed overnight in artifical pond water (APW) unless otherwise
stated. The composition of APW was (in mm): NaCl 1; K,SO,,
0.2; CaSO,, 1; MES-NaOH, 2; at pH 5.5.

Measurement of CI~ influx in intact cells was as given by Sanders
(19804). Influx was followed in the light for a period of 0.3 ksec: at
times longer than this there may be significant generation of
secondary effects of applied treatments, particularly as a result of
Cl1- starvation which enhances influx (Sanders, 1980b). Cl~ star-
vation effects may be expected to arise during experiments in
which influx is measured as a function of [Cl™],. However,
reference to Figs.2 and 4 of Sanders (1980b) shows that no
significant changes in Cl~ transport are apparent in the first
0.3 ksec at the new concentration.

Nomenclature. Internal Cl~ concentration in perfused cells and
cytoplasmic Cl~ concentration in intact cells are both referred to
as [C17];. A broad justification for the equivalence of these two
parameters is given by Sanders (1980b). All experiments on intact
cells were conducted over periods short enough to make changes
in vacuolar Cl- concentration insignificant. Similarly, internal pH
(perfused cells) and cytoplasmic pH (intact cells) are both de-
signated as pH,. To avoid confusion with internal concentrations,
inhibition constants are designated K, instead of the more usual
K;.
l All transport rates reported in this paper are for unidirectional
(tracer) influx.

The intracellular perfusion technigue and methods for the measure-
ment of ion fluxes in perfused cells were as given by Sanders
(1980b). Perfusion removes the vacuolar membrane, thereby giving
direct access of the perfusion medium to the inside of the plasma
membrane.

Using this system of perfusion, the membrane potential ap-
pears to rest at the K* equilibrium potential (about — 100 mV)
and differs from that in intact cells in being insensitive to pH. A
detailed consideration of the suitability of perfused cells for trans-
port studies has been presented previously (Sanders, 1980¢), but it
should be added that, so far as Cl~ transport is concerned,
evidence is accumulating that no major changes take place after
perfusion. Thus, microelectrode measurements of intact cells sug-
gest pH, is 7.75 (Keifer, 1980) and [C1~]; is 10 mm (Coster, 1966)
under standard external conditions. After intracellular perfusion of
cells with a medium of exactly this composition, Cl~ influx was
measured as 14.743.5(5) nmolm~2?sec!. This compares well
with Cl~ influx normally measured in intact cells (10 to 20
nmol m~2sec™!) (Hope & Walker, 1975). In addition, evidence has
been presented which is consistent with the control of Cl~ influx
both in intact and perfused cells by [Cl~];, and pH; (Sanders,
19805, c). Nevertheless, as a further check on the reliability of the
perfused cell system, experiments on the kinetics of Cl~ transport
in intact cells are also reported in this paper.

In neither intact nor perfused cells is the membrane potential
sensitive by more than 10mV to the range of Cl~ concentrations
used in the present experiments.

Line-fitting on double reciprocal plots was performed by the direct
linear plot method of Eisenthal and Cornish-Bowden (1974). This
nonparametric method provides a more unbiased estimate of the
kinetic parameters than would a least squares fit of such plots.

Cytoplasmic pH (pH)) of intact cells as a function of external pH
(pH,) was estimated from the relation derived experimentally for
Chara by Smith and Walker (1976):

pH, =0.22 pH, +6.28.

It is assumed that this relation holds for Cl~-starved cells too. This
assumption is supported by evidence showing that Cl~ starvation
effects on C1~ influx in intact cells are wholly explained by changes
in [C17); (Sanders, 198054); thus none of the other parameters con-
trolling CI~ influx, of which pH; is one, appears to change.

Membrane potential in intact cells as a function of pH, was
calculated from Fig. 2 of Smith and Walker (1976). A preliminary
survey of the cells used in the present work showed a very similar
dependence of membrane potential on pH,.

Modelling of the kinetic data was performed using the reaction
kinetic approach of Gradmann, Hansen and Slayman (1981) and
Hansen, Gradmann and Slayman® (see Appendix). Briefly, a
system of differential equations is set up to describe each given
“state” of the carrier (N) in terms of the rate constants and the
other states. (A “state” is here defined as any identifiable confor-
mational or chemical form of the carrier.) The system of differen-
tial equations then becomes a set of linear algebraic equations for
the steady state (dN;/dt=0). The unidirectional rate of any reaction
is calculated as the product of the reactant concentration(s) and
the rate constant. Backward and forward charge-carrying trans-
membrane reactions are calculated as k,, =k, - exp(u/2) and k,
=k?, - exp(—u/2), respectively, where k° is the rate constant at zero
voltage and u= "V (zF/RT) with the membrane voltage, ¥, and z, F,
R and T with their usual meanings.

! Hansen, U.-P., Gradmann, D., Slayman, C.L. Interpretation
of current-voltage relationships for “active ” ion transport systems:
L. Steady-state reaction-kinetic analysis of class-I mechanisms. (in
preparation)
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In the present case short influx periods were used, so the
internal concentration of isotopic Cl~ is effectively zero. Under
these conditions the equations are well established (Segel, 1975)
which describe isotopic influx mediated by a simple carrier model
of four states (inside and outside the cell, free and bound to sub-
strate). However, when more than one substrate binds and more
carrier states are added, the equations become rapidly more com-
plicated. A detailed treatment of a six-state model is given in the
Appendix. In contrast to most previous treatments of cotransport
(e.g., Heinz, Geck and Wilbrandt, 1972), the analysis given here is
free of the preliminary assumption that transmembrane movement
of the carrier is rate-limiting to the overall transport processes.
Numerical analysis of this and similar models was performed on a
computer.

Results are presented in the form mean 4sem. Considerable efforts
were made to reduce the variability of Cl~ influx in intact cells,
where the seM for a batch of 10 cells was sometimes as high as
25% of the mean. However, none of the methods tried (reducing
or increasing the size of the sample, selection of cells of similar
age, appearance or size) had any effect. By contrast, Cl~ fluxes
in perfused cells were generally repeatable to within 10%.

Results

A. Is Cl~ Influx Controlled by the Free Energy
Gradient of the Transported Ions Cl~ and H*?

The “thermodynamic approach” is based on the as-
sumption that the flux is determined only by the driv-
ing forces acting on the loaded carrier.

In the case of the 2H/Cl cotransport system in-
vestigated here (Bielby and Walker, 19804,; Sanders,
1980¢), the driving force consists of three com-
ponents, which have to be additive according to the
“thermodynamic approach”: the Cl~ concentration
gradient, the H™* concentration gradient, and the
electrical membrane potential. The reaction kinetic
approach does not predict net fluxes without a driv-
ing force. However, it takes into account that the
coefficients relating the driving forces to the fluxes
are not constant, but highly dependent on the re-

Table 1. Effect of Afi.; on C1~ influx in perfused cells

Afig/kYmol~t  [CI7]/mm  [Cl7]/mm Influx/% control
+ 9.7 1 1 100
+12.5 3 1 26.2
1 0.3 83.1
+153 10 1 12.5
1 0.1 57.0

Cells were perfused internally with perfusion medium of the fol-
lowing composition (in mm): EGTA, 50; TES, 5, MgSO,, 13.8;
K,Na,ATP, 1; KOH, 138.1; K,SO,, 7.2; Na,SOQ,, 9; sorbitol,
131; at pH 7.45. [C17]; was varied by addition of NaCl at the
expense of Na,SO,. The external solution was 3°Cl--APW
+250 mM sorbitol, pH 5.5. Variation of [Cl~], was obtained by
exchanging NaCl with Na,SO, at constant [Na*]. For the calcu-
lation of 4 i, the membrane potential was taken as — 100 mV: it is
not sensitive to [C17]; or [C17], (see Materials and Methods). The
control flux was 184 +3.8(11) nmol~?sec~!. Other values are
means for two cells.

actant concentrations involved in the transport pro-
cess. Via the rate constants, the absolute values of
concentrations can become more important than the
driving force (if it is not equal to zero).

The following experiments will show that the
thermodynamic approach is not capable of describing
the behavior of C1~ influx in Chara.

The driving force for chloride (A i) was diminished
either by lowering the external Cl— concentration
([C17],) or by raising [Cl~],. Table 1 gives the results
of experiments on similar batches of perfused cells.
Over the range tested, the flux is more sensitive to
[C17]; than to [Cl~],, indicating that A ., per se has
less influence on the transport rate than the absolute
value of [CI7],.

The driving force for protons (4 [i;) was changed by
changing inside and outside pH. In Fig. 1, the Cl~
influxes labeled A through F and a through f were
obtained over the pH, range 7.00 to 7.75.
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Fig. 1. Effect of Aff; on Cl- influx in perfused cells. Cells were
perfused internally with a solution of the composition given in
Table 1. pH; was varied by addition of KOH, and K,SO, changed
reciprocally to maintain K™* activity at 43.5 mm. External solution
was *°CI=-APW +250 mm sorbitol. [C1~],=1 mm. Capital letters
represent data collected with pH =354 (i.e., standard APW) over a
range of internal pH’s 7.00 to 7.75. Lower case letters are similar
measurements at pH, 7.2, with HEPES —NaOH replacing MES as
the external pH buffer. For the calculation of 4/, the membrane
potential was taken as —100mV; it is not sensitive to [H*], or
[H*], in perfused cells (see Materials and Methods). Each point is
for a single cell
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Fig. 2. Response of Cl~ influx in intact cells to ionic driving force
(given by 247, — Afi). Driving force was varied by changing pH,
or by previous Cl~ starvation to reduce [Cl7],. Cells were pre-
treated overnight in APW with MES substituted by the appropri-
ate buffer. Influx solution was identical to pretreatment solution,
but containing 3°Cl~. Vertical bars are sEM’s for batches of 9 to
11 cells. Buffers at final concentration of 2mwm, adjusted with
NaOH; pH 4.58 and 5.47, MES; pH 6.40, MOPS; pH 7.28, HE-
PES; pH 8.23, CHES; pH 9.25, CAPS. Cl~ starvation was accom-
plished by pretreating cells overnight in APW at the given pH with
NaCl substituted by Na,SO, (0.5 mm). The ionic driving force was
calculated on the premise that in nonstarved cells [C1™],=10mm
(m) and in starved cells [C1~],=2.7mm (o) (Sanders, 1980b). pH;
and membrane potential were calcualted for each pH, as in
Materials and Methods. The dashed lines are simply intended to
show the range over which flux may be linear with driving force,
though clearly the data do not necessarily justify this. The major
point of interest for present purposes, however, is the range of
driving force over which the flux responds nonlinearly

In the series labeled by small letters, pH, was 7.2,
and for the capital letters, pH, was 5.4. If driving
force were the only relevant variable, the two series
ought to be located on one curve. However, the
influence of pH,, and thus of driving force, is small.
This is demonstrated by comparing each capital let-
ter in Fig. 2 with its lower case equivalent: the fluxes
differ at most by a factor of only 2.2 (4/a) in spite of
the large change in driving force (approximately
10kJ mol~"). In comparison, a rise in pH, corre-
sponding to a change in 4 i of 4.3 kJ mol~" causes
an 11-fold stimulation of flux at pH, 54 and a
fivefold change at pH, 7.2. These experiments show
that changes in internal concentrations do not exert
their influences on C1~ influx via the driving force.

A similar large sensitivity to pH, rather than A fiy
has been found for sugar/H* cotransport in Chlorella
(Komor, Schwab & Tanner, 1979).

The overall driving force for transport was manipu-
lated in intact cells. For a system transporting 2H/Cl,
the ionic driving force is given by 24 fiy; + 4 fi;. Here,
4 i1y was manipulated by variation of pH,: the rel-
evant changes in pH; and membrane potential have
been taken into account in the calculation of Ay
(see Materials and Methods). The results (Fig. 2, low-
er curve) show that linearity of flux with driving force
is maintained up to about —30kJ mol~'. However,
at driving forces greater than this, an inhibition is
noted. This has been proposed to result from an
inhibitory effect of low pH, (Sanders, 1980c¢). The
A jiy component of driving force was also varied for
cells which had been subjected to prior starvation of
Cl~ (Fig. 2, upper curve). The resulting fall of [C1~];
from 10 to 3 mm (Sanders, 1980b) is taken into ac-
count in the calculation of driving force. Clearly, the
small lowering of A, produced by the fall in [Cl 7],
results in a greatly increased sensitivity of transport
to driving force. Thus even in the range of approxi-
mate linearity of flux and force, 4 fi; and 4 [i, are not
additive in their effects on the flux. If they were, the
two curves in Fig. 2 would be superimposable.

Overall, therefore, it may be stated that in intact
cells influx shows (i) independence from driving force
at high values of the driving force, and (ii) greater
effects of Cl~ starvation than would be predicted
were starvation acting only on A4 iy —this even over
the range of approximate linearity of flux with driv-
ing force. An explanation for these observations was
therefore sought in kinetic, rather than thermody-
namic, terms.

B. Typical Features of the Kinetics of Cl™-Influx

A kinetic treatment, however, has to deal with an
anticipated model of the transport system, and thus it
depends on the availability of characteristic data
which can be used for the construction and the test of
the model. Below it is shown that one such typical
feature is found in the independence of K, in con-
trast to the changes in V,,, in the presence of internal
inhibitors.

Influence of [C17]; and pH, on Kinetics
of C1~ Transport in Perfused Cells

Figure 3 shows that the effects of [C17]; are limited
to a lowering of V. for transport: there is no effect
on K,,. The K, for [Cl7]; is calculated as 0.55 mM.
With the knowledge that [Cl™}; affects only Viax,
we can also obtain an independent estimate of K; for
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Fig. 3. The effects of [Cl™]; on the kinetics of Cl~ influx in
perfused cells. Perfusion mediumm was as described in Table 1,
pH 7.45. Variation of [Cl~], was obtained as described in Table 1.
Each point is for a single cell. Values of K, ([C17],=0) 41 pm.
([C1"),=3mm} 40pm. Values of V.. ([CI7],=0)
33.8 nmol m~?sec™!. ([C17];=3 mm) 5.4 nmolm~? sec™*. K for
internal Cl~ is calculated as 550 pm

Cl; from the data of Sanders (1980b). In that case
[CI7]; was raised at constant, high, [C17], (I mMm
=25K,). From the resulting Dixon plot, a K, of
0.52 mMm is estimated —in good agreement with the
present estimate which was obtained under similar
conditions of pH; and pH, by varying [Cl~], at
constant [Cl™],.

The effects of pH, are kinetically similar to those
of ClI; (Fig. 4). Raising pH;, by 0.3 unit to 7.75 results
in a doubling of V,_, with no significant change in
K,,.
In addition to their separate effects on Cl~ influx,
there is also an apparent interaction between pH; and
[C17],. Figure S shows that the proportional influence
of [CI~]; is reduced as pH, is raised. At pH 7.15,
[CI7]; inhibits flux to 30% of control, whereas at
pH 7.75 flux is over 809 control in the presence of
the same concentration of Cl~ (1 mm).

At high pH; (Fig. 6) the kinetic effects of [Cl17],
are again limited to a lowering of V_,_(cf. Fig. 3). As
implied by the data of Fig. 5, the K, of transport for
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Fig. 4. Effects of pH; on the kinetics of CI~ influx in perfused cells.
Perfusion medium pH changed as described in Fig. 1. [CI7],=0.
[CI7], changed as described in Table 1. Each point is for a single

cell. Values of K,,: pH; 7.45, 41 pm. pH, 7.75, 38 pm. Values of V, . :
pH, 7.45, 33.8 nmol ~*sec~*. pH, 7.75, 64.5 nmol ~2sec !

[CI7]; is now higher than at pH, 745, by a factor of
3.5.

Kinetics of Halide Influx in Intact Cells

a) Effects of [Cl™]; are limited to V,,, . Although the
relevant direct measurements have not yet been
made, there is strong evidence that during Cl— star-
vation of intact cells [Cl™], falls (Sanders, 1980b).
Therefore, it should be possible to study the effects of
[C177]; on the kinetics of CI~ transport in intact cells
by comparing Cl~-starved and nonstarved cells. In
order to do this, influx periods must be kept as short
as possible at each external Cl1~ concentration, other-
wise when transport is reduced at low [CI~],, the
ensuing fall of [C1~]; will tend to restore the flux, as
discussed in Materials and Methods. However, use of
short influx periods can lead to large counting errors
when working at low concentrations of *¢Cl~ (which
is only available at low specific activity). Experiments
were therefore conducted with #2Br~ which has pre-
viously been used as an analogue for CI~ (MacRob-
bie, 1971).

Over the external concentration range 1-100 pm,
Br~ influx can be described by Michaelis-Menten
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Fig. 5. Effects of internal C1~ on pH, response of influx. Variations
of [C17]; and pH; obtained as in Table 1 and Fig. 1, respectively.
External solution was 3C1--APW + 250 mum sorbitol. Each point
is for a single cell
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Fig. 6. Effects of internal C1~ on the kinetics of C1~ influx at high
pH, (pH 7.75). Methods were as in Fig. 3. Each point is for a single
cell K,, ([C17],=0) 38 um. K, ([C17],=10mm) 35 pm. V. ([C17;
=0) 645 nmolm~-%sec”!. V., ([CI7];=10mm) 106

nmol m~*sec™!. K, of the transport system for internal Cl~ is
1.94 mm

8 -
(Br™ Influx)™Y/
nmol T m2s

6 -

AR

2

| 1 1

1
0 250 500 750 1000
[BrTd/mM™

Fig. 7. Kinetics of Br~ influx in intact cells. Batches of 10 cells
were pretreated overnight in APW (m) or Cl™-free APW (e®). After
10-sec wash in Cl~-free APW (to prevent contamination of influx
solution with CI~) influx was measured in ®?Br~ APW. Com-
position of Br—-APW (in mm): 0.2, K,SO,; 2, Na* as NaBr or
Na,SO,; 1, CaSO,; 2, MES-NaOH; pH 55. K,, (starved cells)
36 pM. K, (nonstarved cells) 27 um. V. (starved cells) 209

nmolm~2sec™ . ¥ (nonstarved cells) 4.3 nmol m~? sec~*

kinetics, both for starved and nonstarved cells
(Fig. 7). As is found for perfused cells, the effect of
high [C17]; is limited to lowering V. of influx: K,
is unaffected. Thus, qualitatively, these data support
the conclusions arrived at for perfused cells.

b) Further evidence for pH.-dependence of K, of
transport for [Cl7],: Figure 8 shows that, compared
with nonstarved cells, the inhibitory effect of low pH,
on Cl~ influx in Cl~-starved cells is much reduced.
This effect was noted consistently, and is clearly
marked at pH, 4.5. It was proposed previously (San-
ders, 1980¢) that inhibition of influx at low pH, is
indirect: the inhibition results from the lowering of
pH, at low pH,. If this is the case, then the result in
Fig. 8 is fully in accord with the foregoing experi-
ments showing that low pH, tends to decrease the K,
of transport for [C17], in perfused cells: when [Cl ],
is low, as it appears to be in Cl--starved cells, the
effects of pH, on the flux will be relatively smaller. In
other words, low pH; acts not only directly to inhibit
transport, but also inhibits by increasing the sensi-
tivity of transport to [C17];.
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Fig. 8. Cl™ influx in intact cells as a function of external pH. Data
of Fig. 2 were replotted. Control fluxes (at pH, 6.4): Cl™-starved
cells (@) 33.246.5 nmol m~?sec™'. Nonstarved cells (m) 10.34+2.4
nmol m~? sec™*. Standard errors (not shown for reasons of clarity)
were about 20 % of the mean

Discussion

A. Is the Cl~ Transport System
at Reversible Equilibrium ?

The description of ion tramsport in giant algae has
previously been considered primarily in terms of vari-
ation of the energy supply (driving force) (see, e.g.,
Raven, 1976). The experiments described above make
it clear that considering only the driving force per se
does not result in an adequate prediction of the
measured rates of transport, at least in the case of
Cl~ influx. The conclusion that Cl~ transport in
Chara is primarily under kinetic control was also
reached by Raven and Smith (1978).

Nevertheless, it would not be correct to state that
Cl~ influx is insensitive to driving force. Figure 2
shows that such an influence is indeed found in the
neighborhood of thermodynamic equilibrium (driving
force=0). In Table 1 and Fig. 1 there is also a small
effect of the driving force. In addition, Bielby and
Walker (1980b) have shown that, if membrane poten-
tial is changed from -—100 to —200mV, the Cl-
current is stimulated by a factor of 1.8.

However, the majority of the experiments pre-
sented above indicate more complicated relationships
than those covered by the concept of driving forces.
Below, we investigate the nature of these relation-
ships more thoroughly by developing the reaction
kinetic approach of Gradmann etal. (1981). This
model can be used to account for the effects of
reactants on influx without resorting to the labels of
“kinetic” vs. “thermodynamic™ control. The reaction
kinetic approach takes account of the whole spec-

trum of situations between these extremes where both
kinetic and thermodynamic considerations must be
made. The model therefore predicts an influence of
driving force on ion flux, but one which progressively
diminishes as deviation from equilibrium is attained.

B. Generation of a Model

Application of the reaction kinetic approach to Cl~
transport in Chara: In the following treatment, all pH
effects on transport are considered in terms of H* as
a cosubstrate for the Cl~ transport system. Although
nonspecific pH effects cannot be ruled out, it will be
shown that the influence of H* on kinetics of Cl~
transport can be incorporated into a simple transport
model. Therefore, it is unnecessary to postulate that
pH has additional effects.

Any working kinetic model must explain the five
primary observations reported in this paper:

1) CI- influx displays Michaelis-Menten kinetics
with respect to external Cl~.

2) [Cl7]; acts to lower V_,
effect on K,,,.

3) Low pH, similarly behaves as a noncompe-
titive inhibitor.

4) At high pH,, the K, for [C17], is raised.

5) Raising pH; by 0.75 unit produces a 10- to 20-
fold stimulation of C1~ influx.

To this list can be added another property of C1~
influx in perfused cells reported previously (Sanders,
1980b):

6) V., for C17 influx is reciprocally related to
(Cl 1.

The minimum model for cotransport of C1~ with
2H™ consists of eight reactions: three surface re-
actions on either side of the membrane as each
substrate binds and dissociates, and two trans-mem-
brane reactions of the fully loaded carrier and the
unloaded carrier. In Fig. 94, the 2H* binding steps
have been merged into one on the assumption that
each binding site has the same pK and acts inde-
pendently: the apparent rate constants will therefore
vary as the square of the H* concentration.

The rate equations describing the influx of chlo-
ride mediated by this model are given in the Appen-
dix. These equations will be used to check whether
the model explains the observations listed above and
to disprove alternative arrangements of the binding
reactions.

1) Eq. (A28) shows that the model predicts
Michaelis-Menten kinetics.

2 & 3) The independence of K,, from [Cl~], and
from pH; is discussed with reference to Eq. (A33).
This is the simplified form of the full expression for
K., (Eq. (A 30)). The simplification arises from the fact

of influx with no

X
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B. Pseudo - 2 - state model

Fig. 9. Model for the sequence of carrier reactions for Cl~ influx
according to the surface asymmetry model. Under normal con-
ditions, [H "], will be high compared with the pK of the transport
site, and it is postulated that this reaction provides the primary
driving force. In intact cells, the membrane potential of —170 mV
will contribute considerably to the driving force, also. In perfused
cells where the membrane potential is about —100mV, it will
assume lesser importance: it is primarily the displacement of the
external protonation reaction towards the quatermary complex
which accounts for the kinetic effects of internal inhibitors. (4):
The full working model, as used in the algebraic and numerical
analyses. Justification for the binding sequence is given in text. (B):
Simplification of A: see Appendix for details

that influx via the 2H/Cl transport system is en-
ergized partly by the membrane potential and partly
by the chemical gradient for H*. Membrane poten-
tial of —100 mV induces an asymmetry in the rate
constants k,,/k,s, as described in Materials and

Methods. The chemical gradient for H* could be
proposed to act either on the internal or the external
binding reactions for H*, or both. We assume the
energization from the chemical H* gradient is re-
flected exclusively at the external binding reactions
(Eq. (A3la)) for the reasons that (i) transport in
perfused cells is saturated with H} at pH, 5.5 (San-
ders, 1980¢). These were the conditions used in all the
experiments in the present work. (ii) The apparent
pK of the internal H* binding sites is 7.85 (Sanders,
1980¢), so in the present experiments these reactions
would be close to equilibrium.

There seem to be two different situations which
make the dependency of K,, on Cl; and pH, vanish:

a. The terms comprising no A and no B (ie,
those independent of pH; and [Cl~]) have to be
small. This cannot be verified, since 4* is 1 at pH
7.75 (see Eq. (A38D)) and kg, /ke, is equal to 1, too.

b. The condition given by Eq. (A35) has to hold.
A complete independence of K, on Cl; (B*) and on
pHi(A%*) is obtained if k1s=k4s and ks> k16 B

These two conditions are not unlikely. It is reason-
able that ks¢, which is due to a deprotonization, 1s
a very rapid reaction more rapid than the crossing
of the membrane by the unloaded carrier.

However, even deviations from the above con-
ditions will lead only to minor changes in K,, with
pH, or Cl,, as shown by the numerical analysis below.

The data in Figs. 3, 4 and 6 can be used to get
some information about the rate-constants in the
model of Fig.9. Figure4 gives V,,, =645 nmol
m~?sec™! at pH,=7.75 (h* =1 by definition of g, in
Eq. A38b) and V,, =33.8 nmol m~? sec™' at pH;,
=745 (h*=4). As [Cl],=0 in this experiment, the
insertion of these data into Eq. (A 40) results in

33.8(4 + const) =64.5(1 + const). (1)
From this,
const=2.3. (2)

Making use of the condition for constant K, (Eq.
(A35)) we obtain the following relation from Eg.
(A41)

1 km)
qh 2.3 (1+k16 ( )

The value of g, is interesting as it is the ratio of
binding and dissociation of H; at pH;=7.75. It is
difficult to get more information about g, because it
occurs as a factor in Eq. (A40), which is lost when
quotients are determined as in Eq. (1). g,, containing
the ratio of binding and dissociation of Cl; at [CI];
=] mM, can be obtained from the data in Fig. 3.
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There, insertion into Eq. (A40) leads to
5.4(4(143g,) +const)=33.8(4 + const) 4)
resulting in

_k12k§4

- =28 mm~L. )
b k34 k45

The data of Fig. 6 give
g,=18mm 1. (6)

However, as with the data for H*, Egs. (5) and (6) do
not give the value of binding constant of Cl-
(k%4/k,s) explicitly: g, comprises the rate constants
k., and k,, in addition to k%, and k.

The values for g, obtained from Fig. 3 and from
Fig 6 differ by a factor of 1.6. However, given the
variety of conditions of pH; and [Cl7]; in which the
experiments were performed, the agreement is reason-
able.

4) The K, for [Cl], is shown to be pH-dependent
by Eq. (A42) in the Appendix. According to the
calculations above

K,=0.68 mM
K,=143mM

for pH,=745

™)
for pH,=7.75
using an average value of g¢,=2.3 mm~*,

Note from this that neither K; nor K,, is nec-
essarily indicative of the dissociation constant (K )
for Cl~ binding. K, can be significantly higher than
K, even if K, is the same on both sides of the
membrane. K,;>K, is observed experimentally in
this system, and for others showing transinhibition
(Pall, 1971; Cuppoletti & Segel, 1974).

5) The 10- to 20-fold stimulation of Cl~ influx
caused by raising pH; by 0.75 unit (factor of 31.6 in
h?*) can be verified by calculating the relative changes
of V., for pH;=7.75 (h*=1) to pH,;=7.00 (h2=31.6)
by means of Eq. (A37). This results in

31.6 t
stim, =20 O 103 fold  for [CL]=0  (8)
1 +const
1.6(1
stim, Lot teonst o,
1(1+g,) +const
for [CL]=1mm )

with ¢,=2.3 mM~* and const=23.

These values are in excellent agreement with the
experimentally-determined one of 12.4-fold ([C1™],
=0) and 17.1-fold ([C1~],=1 mm) from Fig. 5. Note
that the data of Fig.5 were obtained completely
independently of those used for the estimates in Eqgs.
(8) and (9).

Table 2. Effect of [H*]; and [Cl~]; on kinetic parameters of model
of Fig. 94

[Cl17];, [H*]; Represen- V, . K, K, for Ci
tative pH
0 1.58 7.75 2.11 0.75
6.31 7.45 1.06 0.88
50.12 7.00 0.19 0.98
1 1.58 7.75 1.36 0.71 222
6.31 7.45 0.59 0.81 1.29
50.12 7.00 0.09 0.98 1.02
10 1.58 7.75 0.32 0.63 222
6.31 745 0.12 0.86 1.30
50.12 7.00 0.02 0.98 1.04

Modelling was performed as described in Materials and Methods.
Values are all in arbitrary units. All rate constants in Fig. 94
were set to 1. [H'], was set to 10 ie., [H7], was 2 pH units
above pK of H* transport site. Membrane potential was set at
~100mV to act on the trans-membrane reaction of the loaded
(positively charged) carrier, and the forward and backward rates of
this reaction were adjusted accordingly. To obtain V,, and K,,
[C17], was varied from 0.1 to 1000, and linear double reciprocal
plots for the flux resulted. Variations in [H*7], were chosen to
represent an apparent pK of the H* dissociation sites inside of
7.85 (Sanders, 1980c). Thus, at this pH, [H*], was set at 1.
Changes in [H™*], from this pH are represented as the square of
the concentration change, as it is postulated that 2H™* transport
sites are involved.

6) The reciprocal dependence of V,, on [Cl]; is
predicted by Eq. (A40).

Thus, it is shown that the model in Fig. 94 is
capable of explaining all the findings of the reported
experiments even in a quantitative manner. As an
additional illustration (Table 2), C1- influx is calcu-
lated from a nonsimplified version of the model in
Fig. 94 by means of a computer for the set of param-
eters déscribed in the legend. In modelling, we have
assumed that with no net driving force across the
system, all rate constants=1. Although this is, of
course, unjustified for the real transport system, it has
the virtue that it is capable of accurately regenerating
the observed findings without more specific assump-
tions that certain reactions are intrinsically rate-limit-
ing. Ton concentrations and the membrane potential
have then been introduced separately, and the appro-
priate reaction rates changed accordingly. Thus, with
kys/ks,=10% (=22kJ mol ') at pH, 5.4, and kyatkys
=54 (—9.7kJ mol~') for a membrane potential of
—100 mV, the primary site of energization has been
assigned to the binding of H* externally.

Reference to Table 2 shows clearly that the five
primary kinetic effects reported here can be dupli-
cated by this very simple minimum model. The sixth
property is also demonstrated — K, is independent of
[C17];. The numerical example verifies all the
theoretical considerations outlined above.
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Table 3. Numerical predictions of the alternative models to that of Fig. 9 4.

Deviation of Model from Fig. 94

(a) Cl, dissociates 2*  (b) Cl, binds 2";

(c) Charge transfer step

H; dissociates 1* H, binds 1* is unloaded carrier
Cli Hi szx Km Vmax Km Vmax Km
0 1.58 2.10 0.42 212 025 2.30 0.24
6.31 1.04 0.21 1.06 0.12 2.00 0.23
50.12 0.19 0.04 0.19 0.02 0.92 0.18
1 1.58 1.36 0.63 141 0.16 1.48 0.16
10 1.58 032 091 0.45 0.05 035 0.06

Modelling was carried out as for Table 2, with the changes in binding order noted for each case.

Consideration of the topographically
alternative models

(i) The sequence of the binding steps at the inside is
crucial for the independence of K, from Cl; and plII,.
The reason for this is as follows:

We do not need a new model to discuss a
changed order of Cl; release and H; release at the inside.
We can merge the reactions between 2 and 4 into k,,
and k,,. Then k,; can be used for the incorporation
of the pH, sensitivity by assigning the H* binding to
it. ks, keeps its role (Cl7-binding), and kg5 becomes
constant. In this model, k5 occurs in z,, z5 and v,
(see Egs. (A15), (A16) and (A5bh)). Because of the
asymmetry caused by the energization, v, can be
neglected. zs becomes zero for [Cl];=0. This is exact-
ly the condition prevailing in Fig. 4, where the
influence of pH, (k,; now) is studied in the absence of
Cl~. Thus z, is the only remaining pH,-sensitive
term, z, occurs only in the denominator of Eq. (A30),
which is the same for V,, and for K,. On double
reciprocal plots, a decrease in pH; would therefore
essentially increase the absolute values of the in-
tercepts, but leave the slope unchanged (uncompe-
titive inhibition): clearly this is not observed (Fig. 4).
The numerical modelling in Table 3a confirms this
expectation. In the absence of Cl,, increasing [H™];
under conditions where H, dissociates first, results in
proportionally the same decrease in K,, and V..
The alternative order of Cl; and H, from that in
Fig. 94 cannot, consequently, account for the experi-
mental finding of constant K, with pHsensitive
influx at Cl;7=0. Thus, the alternative sequence is
ruled out, and the order of Cl, and H,; in Fig. 94
demonstrated to be crucial.

(i) Analogous arguments show that the sequence
of binding of Cl; and H,' is also an essential feature
of this model. Again, we can adjust the model of
Fig. 94 to discuss this. In Appendix II it is shown

that the influence of H, for the case of inverse exter-
nal binding order (H* first, then Cl7) can be dis-
cussed for the condition kg, > k., which holds at
saturating H, concentrations. In addition, v%; will be
small because of the asymmetry introduced by the
membrane potential. Under these conditions, refer-
ence to Eq. (A30) (expression for K,) shows that the
dominant term in the numerator is DENkg¢kg,
which is both Cl- and H;-independent. On the other
hand, in the denominator there exist terms for both
Cl; and H; which are significant, as they contain no
vZ, and are independent of the condition kg, >k .
The common denominator for V. and K,, therefore
again leads us to expect equivalent decreases of V.
and K, this time for both ClI;” and H;*. The numeri-
cal results from the nonsimplified model in Table 3b
demonstrate this clearly. Thus it is concluded that the
correct binding order externally must be Cl— first,
then H*.

(iii) We consider here the reaction step involved
in charge transfer. An alternative possibility to that
of Fig. 94 is that the unloaded carrier transports
negative charge out of the cell during Cl~ influx, with
the loaded carrier the neutral species. Under these
conditions kg, becomes large, k,, small and a small
value for v, is achieved by proton binding at k,,.
Thus the same arguments as for the case of changed
external binding order ((ii) above) hold and K, and
V. ..x should fall in parallel as Cl; or H; are raised (see
Table 3¢). That this behavior was not observed exper-
imentally leads to the conclusion that charge transfer
occurs with the entry of CI~ (k5,).

C. Applicability of the “Surface Asymmetry” Model
to Other Transport Systems

One of the essential features of the present model for
trans-inhibition is that the saturated (asymmetric)
H; -binding step is adjacent to the transmembrane



D. Sanders and U.-P. Hansen: Transinhibition of a Proton Cotransport System 149

loaded carrier reaction in order to give rise to the
observed kinetic characteristics. Because of this, we
term the model the “surface asymmetry” model. This
distinguishes it from the more common model for
transinhibition, first proposed by Pall (1971), in which
an asymmetry (or essential irreversibility) of the
transmembrane reaction of the loaded carrier is sup-
posed to account for similar kinetic characteristics.
For the Chara Cl~ system, there is also transmem-
brane asymmetry due to the action of the membrane
potential in the model proposed here. However, the
same kinetic features would occur even in the ab-
sence of a membrane potential, as long as H, bind-
ing is saturating.

Many other transport systems share similar kinet-
ic properties to those described here for Cl~ trans-
port; increase of the internal concentration of trans-
port system substrate affects only V. and not K.
These systems are mainly for amino acid transport in
bacteria and fungi (Ring & Heinz, 1966; Crabeel &
Grenson, 1970; Pall, 1971; Kotyk & Rihova, 1972;
Morrison & Lichtstein, 1976) and also possibly for
sucrose transport into the phloem of higher plants
(Giaquinta, 1980). In addition, kinetically less well
characterized transinhibition has been demonstrated
for CI~ (Russell, 1976) and amino acids (Belkhode &
Scholefield, 1969) in animal cells.

There is now good evidence that all of these
compounds are cotransported: with H* for amino
acid transport in microorganisms (Eddy, 1978); with
H* for sucrose in phloem (Hutchings, 1978); with
Na* for Cl~ in squid axon (Russell, 1979); and with
Na* for amino acids in many animal cells (Crane,
1977). Thus it seems likely that the surface asym-
metry model proposed here could also apply to the
above systems; it is not necessary to propose specifi-
cally that the transinhibitional characteristics reside
with an asymmetric transmembrane reaction.

The most thorough study of transinhibition has
been made by Cuppoletti and Segel (1974) for SOZ-
transport in Penicillium. Their kinetic approach,
which is similar to that taken here, also points out
that the noncompetitive nature of the transinhibitor
is only achieved under special conditions. Their work
revealed that, externally, binding of both H* and
Ca™*, whose entries may power that of SO2~, occurs
before that of SO;~ (Cuppoletti & Segel, 1975). Not
surprisingly, the kinetic characteristics of transinhi-
bition by SO} are very different from those reported
here: internal SO}~ behaves as a mixed inhibitor
(Cuppoletti & Segel, 1974). Thus, noncompetitive ki-
netics are clearly not a precondition for transinhi-
bition. However, the surface asymmetry proposal ex-
plains why noncompetitive kinetics are so frequently
obtained —they result both from the high pK of the

H* transport site and from the specific order of
binding and dissociation of substrate and H* with
carrier.

“First on-first off” binding characteristics have
also recently been proposed for Na™-glucose cotrans-
port in brush border vesicles (Hopfer & Groseclose,
1980). However, the equilibrium exchange conditions
under which those experiments were performed did
not enable identification of the transport system sub-
strate which binds first.

Evolutionary considerations. Homeostatic functioning
of a transport system requires a steep dependence of
transport rate on substrate level—usually steeper
than can be provided by the influence of driving
force. This deviation from thermodynamic behavior
can originate from two different mechanisms: from
the intrinsic kinetics of the transport system or from
adjustment of transport rate by means of a sophisti-
cated feed-back system. In the case of H* transport
in another Characean, Nitella, oscillatory behavior
indicates the involvement of a feed-back system
(Hansen, 1978; 1980). However, in the case of ions
whose concentration is less crucial than that of H*
for the proper functioning of enzymes, intrinsic ki-
netics alone may result in adequate control of trans-
port rate. The investigations presented here show that
this appears to be the case for Cl~ transport.

This model for transinhibition is conceptually sim-
ple and requires no complex evolutionary strategy.
The requirements are that the carrier site for H* has
a pK slightly above cytoplasmic pH. Then, under
acid conditions externally, for a system cotransport-
ing 2H™ per Cl~ the following characteristics result:

1) Cytoplasmic Cl~ concentration is maintained
at a relatively constant level. The transport system
shows Michaelis-Menten kinetics for [C1~], when all
other conditions are constant. Operationally, howev-
er, the system will shut down when high [Cl~], leads
to high transport rate and thus an elevated internal
Cl~ concentration.

2) Transport is extremely sensitive to pH,. Thus,
under conditions where pH, is low, the leak con-
ductance for H' is automatically shut down and
further acidification prevented.

Both these functions can be considered homeo-
static, yet there is no specific property of the transport
system which has been evolved solely to this end. The
system is auto-regulatory without the need for allo-
steric sites or a negative feedback system.

However, the system is not capable of regulating
[Cl7]; around a constant set point which shows
complete independence from [Cl™],. This simple
homeostatic mechanism may therefore be character-
istic of systems which transport nonessential (but
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useful) metabolites into the cell. For substances with
a more central metabolic role (for example H*) it
appears that more complex feedback systems are
necessary (Hansen, 1978; 1980).
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Appendix I

The Calculation of the Influx of Labeled Cl~

The flux of tracer is calculated from the reaction
kinetic scheme shown in Fig. 9. Since every con-
version of X, (state 1) to XH7 ¥ (state 5) via the
lower pathway results in the translocation of one C1~
ton from the outside to the inside, the gross reaction
t,5 is a measure of the influx of labeled chloride, ¢

d)in =t15 [X]o'

The calculation is done in terms of a pseudo-2-state
model shown in Fig. 9B. According to the for-
malisms described by Gradmann etal. (1981) and

Hansen etal.?
(t15 b51)
Fi7s

in>

(Al)

Pin=N, (A2)
(tl_5+t5_1+bﬁ_|_bi)
Fy s Ty T
with N,=sum of all carrier states, and
kick kegk
b, =—16765 —_56761 (A3a, b)
' k65+k61 o k65+k61
_k12k23k34k45 =k54k43 kazks (Ada, b)
's° DEN St DEN
or
— Uss — Usq AS
“sTpEN  'TDEN (A3)
with
DEN =kj3kyskss+kyrkaakas
+k21k32k45+k21k32k43' (A6)

r, and rs are the so-called reserve factors (Gradmann
etal., 1981; Hansen etal.’). Their origin is as
follows: The flux mediated by the transport system is
calculated from the usual rate constants and from the

2 1bid.
3 Ibid.

law of mass action which says that the sum over all
states is constant (=N,). The two-state model in-
corporating only the interesting states N, and N;
leads to an incorrect sum of states. However, all the
ignored states are a linear function of N; and N, as
demonstrated by Egs. (A7) to (A12). Summing verti-
cally over Eq. (A7) to (A12) leads to Eq. (A13). It
shows that N, can be calculated by means of the
“reserve factors” r; and r;.

N, = N, (A7)
ki, Ks)
= N, + N, A8
2 ky1+x,s ! ky+1,5 ° (A%
K K
Ny=—2 N +—3 N A9
’ Kay+Kzs ! K3y +K3s > (A%
K k
N,=—2 N +—3* N, A10
¢ K1 tkys ' Kqytkys ° ( )
s = 1 N; (A1l)
kig kse
= N, + N (A12)
© keytkes 1 keytkes
Ny= ri-Ny+ rs-Ns. (A13)

For the final discussion it is useful to introduce z,
and z,

z k
=1 1 16
"TUYDEN i+ ks
and
z k
=1 S_ 56 Alda b
=t DEN Tk, ke ( )

Replacing the gross reactions labeled “x” by the
appropriate expressions of elementary rate-constants
(labeled “k”’) and summing vertically over Egs. (A7)
to (A12) leads to

123 45

- (A15)

Zy=

Ll
Pt
1
N8

l

1 2 3 45

8
8

1
S

(A16)

A N N ¥

T
T
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Equations (A15) and (A16) are given in a slightly
unusual manner. The arrows represent rate constants
labeled by the numbers at the top of the columns,
e.g., the arrow at the upper left corner of Eq.(A15)
signifies k,,. z, and z; are the sums of the products
of the rate constants in each row of the scheme. This
can be illustrated by rewriting Eq. (A 6) as

123 45

- - -
DEN= «

— —

- —

(AL7)
— e,

Introducing Egs. (A2) and (AS5) and Egs.(A14) and
(A16) into Eq. (A1) leads via

and

ks, =k20 - [XHF ), [Cl], =K%, - [C1],=k%,B. (A23)

Extracting the dependence on S, Cl; and H;, from z,
zs, vy and vy, leads to

2, =820 (A24)
z,=B-2? (A25)
vys =5 0{; (A26)
vs, =B 12, (A27)

Introducing Egs. (A22) to (A27) into Eq.(A19) leads
to an equation of the Michaelis-Menten type:

Fin=N, ) (A28)
Visksskey (A18) T OSHK,
(ki +kes) DEN(ry(t5;+bs)+75(t15+b15) with
0
Vmax: 0”15k56k61 . (A29)
v z
(Akgs +ke1) (0(1)5 +Z(5)B Déj\] +U(5)1 B bﬁ) + U(1J5 k56+z(1)k56 ke
and
Ko Akgs(DENk16+z(5’Bk16+ung)+(DENk56+v‘5’1B)(k61+k16) (A30)
" v? 29 '
(Akgs +ke1) (”?5 +Z(5)B D;;V +U(5)1 B ﬁ) + 9(1)5 ksg +Z[1)k56 ki
to Under the assumption that transport is energized by
_ lis koo ke, the membrane potential and by the pH gradient and
Gin=Ns D (A19) that the pH gradient results in asymmetry of k,, and
with k3., Eq. (A30) can be simplified considerably.
Introducing the conditions
Zy0 )
D=(kgy+kgs){(Us; +vy )+t 25715
(ke 65){( sitUs) T hEN DEN kys>ky, and kg, >k, (A31la, b)
Thigvsithsevist2iksokes +25kigkes results in simpler terms for
+DEN(ksgkg, thigkgs+ksgk, o) (A20) P
DEN =k, ks4kys, Z?Zkukzs LoYR
The substrate S=[Cl], enters the equations via the 23=ky3kysksy. (A32a,b, c)

bimolecular reaction

ki, =k§S- (X1, [CI],=kS, - [Cl],=kY, 5. (A21)
In Figs. 3 and 6 and Fig. 4 the influences of [Cl]; and
[H];, respectively, are studied. They enter the calcu-
lation via the following equations

k65=k2(5)- [X]i[H]i[H:li=k(6)5 [H]?:k&A (A22)

v, becomes very small. These simplifications convert
Eq. (A 30) to

A*(1— B*)+ kg, (—l—+i)

A*(1+B¥) + kg, (~+——+—(1+B*)) 12
k45 k61 k56
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with
_Akgs _ kes

—= 'and B*=
ks kse

A*

k1sz24 :k12k54
ksakes  kagkys
(A34a, b)

It is seen that K, becomes independent of 4(=H?)
under the condition

1 1 1

=+ (14B% A35)
k16 k4—5 k56 (

ie, K, is independent of B* when

kse>kie BF. (A36)

Eq. (A29) has the same denominator as Eq. (A 30).
Thus, simplifying Eq. (A29) using the assumptions of
Egs. (A31), (A32) leads to Eq. (A 37), which shares the
same denominator as Eq.(A33)

Lo ke

max

i 1 . (A37)
A*(14B5) + 1+ kg, [—+—(1+B*)]
k45 k56
Making use of Egs.(A22) and (A23) we introduce
[CI]; and [H];:
Ko,
A*=[HP=A1[H]} or
56
_ AT
_[101.75]2

_k12 k(5)4 Cl _ Cl

k34 k45 [ ]1 qb[ ]1
A% and g, are the values of A* and B* at unit
concentration (1 pM in case of H; and 1 m™ in case of
CL). As pH="7.75 occurs in some of the experiments
discussed in this article, it leads to very handy num-
bers, if we make use of g,, being the value of Af at
pH,;=7.75 (and not at pH,=6.0, which corresponds to
[H]=1pm). Thus h=10""% [H,]/1 pm. Introducing
Eqs. (A38) and (A39) into Eq. (A37) leads to

_ ke1/dy
m% h?(1+4, Cl)+ const

A* h? =q, h? (A38a,b)

B* (A39)

(A40)

with const being constant under conditions which
lead to constant K, (see Eq. A35):

(1+B*)>). (A41)

1 ( 1
const=— {14k (*Jr*—

dn ol kys  kse
The K, for noncompetitive inhibition by Cl is cal-
culated from the condition that the terms in
Eq. (A40) which are CI;~ independent are equal to the
Cl;” dependent terms

const 1
K= (2) L

S ) o (A42)

ie, it is the concentration of Cl; reducing V,, by a
factor of 2.

Appendix II
Alternative Models

Inverse order of binding of H, and Cl,:

The gross reactions labeled by t,5 and 5, have to
span from the binding to the release of the transpor-
tee. In the case of reversed order of Cl, and H;-
binding, we have to take H, out of the s-rate-constants
and merge it into the b-reactions. We do so by intro-
ducing a state 7:

=7T=6=75
A43
XH, X, X, XH, (A43)
Assuming saturating H, concentration, we can reduce
this scheme so that of Fig. 94 and B as follows.

For this purpose the reactions 1 =7=06 are mer-
ged into the gross rate-constants

_ k17k76 .

— _ k67k71
k71 +k76,

Kig R (Ad4a,b)

Saturating H, concentration results in large k,,, thus

k.- k 1
Kio= 1lz2176 ~H—0; Kgi =kgn (A45a,b)
with
ks =kS; H,. (A46)
The concentration of state 7
N _k17N1+k67N6 (A47)
=2l L. 676

ki+kq

can be neglected, when k., becomes great. Thus r,
and rs (see Eq.(A14)) do not need any correction in
order to obey the law of conservation of mass which
might be violated by introducing N,. The above
calculation shows that we can study the effect of H,
for the model in Eq. (A43) by assessing the influence
of kg, on K, and V,,, in Egs. (A30) and (A29).
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