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Anion Absorption by Plants

A UNARY INTERPRETATION OF “DUAL MECHANISMS” !
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“Dual mechanisms” of ion uptake by higher plants are com-
monly observed while studying the kinetics of ion uptake over
large concentration ranges (5, 7). They are characterized by a
a biphasic plot of initial uptake rate against concentration: the
first phase (mechanism 1) approaching a limiting rate as the
concentration increases between 0.01 mM and 1.0 mm; the
second (mechanism 2), also apparently rate-limited, appearing
between 1 mM and 100 mM. The experimental data generally
approximate to the form of curves A, B and C in Figure 1,
although minor fluctuations in slope may exist in the high con-
centration range.

Despite much study, the significance of the dual mechanisms
is still in doubt, especially since the usual method of measuring
influx kinetics may not give a good estimate of cell membrane
influx as distinct from tonoplast influx (1, 2). What is not in
dispute, however, is that influx at the cell membrane continues
to increase with increasing concentration beyond the apparent
saturation point of mechanism 1. At present, theoretical ex-
planations for this phenomenon typically involve two distinct
modes of ion movement across the cell membrane: either trans-
port on two or more separate carriers or sites of differing
affinities, or transport on a single carrier plus parallel free
diffusion. (A recent explanation [17] in terms of a single
mechanism is achieved only by abandoning the concept of
carriers altogether.)

We propose that dual mechanisms could be attributed to a
single uncharged carrier species at the cell membrane. The ion-
carrier complex would then have the same charge as the carried
ion, resulting in kinetics which are significantly different from
the usual carrier model (an uncharged ion-carrier complex) but
which are quite similar to the kinetics of dual mechanisms.
Models involving charged ion-carrier complexes have been
discussed by others (9, 11), but from points of view which are
not applicable to this problem.

Dainty (3), among others, has pointed out that any ex-
planation of the movements of ions across membranes must
consider both the chemical and electrical gradients which are
involved. If the ionic charge is not neutralized by the carrier,
it is immediately obvious that an explanation of the kinetics of
the carrier in terms of the Michaelis-Menten equation alone is
inadequate: it has no term to account for the electrical
gradient which is always present, and which is usually de-
pendent on the external concentration of the ion. We may
expect that the simultaneous alteration of membrane potential
(E) and external concentration (C,) would enhance or inhibit
the rate of ion movement by the carrier. Since the membrane
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potential is usually negative, and becomes more positive as a
nearly linear function of the log of the external salt concen-
tration, the influx of cations will be inhibited and the influx
of anions will be stimulated as the external salt concentration
increases. It is the application of this model to anions which is
relevant to dual mechanisms. Placing emphasis on the be-
havior of an anion carrier is appropriate, since there is evidence
that cation uptake, particularly at higher concentrations, is
limited by the rate of uptake of anions (13, 14).
Derivation of the standard Goldman ionic flux equation,
zFE/RT
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for diffusion across a membrane depends on two assumptions
(3): (a) that the electric field is constant (i.e., that the voltage
between the surface of the membrane and any point inside it is
a linear function of their separation); also, () that the phase
boundary potentials at the surfaces of the membrane either
cancel or are zero (i.e., that the phase boundary electric fields
have no net effect on the flux of an ion). In addition to these,
there is a necessary postulate that the concentration of the ion
in the surface of the membrane is directly proportional to the
concentration of the ion in the immediately adjacent silution.

However, for ions which move through the membrane ex-
clusively on a carrier, such a proportionality does not exist. In
this case, the concentration of the ion in the surface of the
membrane, C’, has a hyperbolic relation to the solution con-
centration:

__aCo
K+ Cy
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K, in equation 2, has essentially the same meaning as the Km
of the Michaelis-Menten equation; it is the concentration at
half-maximal saturation. The proportionality constant is a.

With some additional specifications, it becomes possible to
re-derive the standard ionic flux equation for those situations
in which ionic flux is carrier-mediated and is sensitive to the
membrane potential. They are:

1. The carrier is in equilibrium with the adjacent solution at
both surfaces of the membrane.

2. K, i.e., the affinity of the carrier for the ion in question,
is identical at both surfaces of the membrane.

3. The ionic species in question crosses the membrane only
on the carrier.

4. The movement of the ion-carrier complex is the rate
limiting step of transport.

5. The carrier does not neutralize the charge on the ion.
Postulates 1, 3, and 4 are commonly assumed when applying
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Fic. 1. Influx, in arbitrary units, as calculated from equation
3 over two concentration ranges. The parameters for the curves
are (Co and K in mM, E in mv): A: E = 5 log Co — 60, K = 0.02,
a=3.1;B: E=201log Co — 60, K = 0.02, « = 1.4; C: E = 58 log
Co— 60, K =0.02, « =0.38; D: E = 581log Co — 60, K = 1.0 M,
o = 3.8. The relationship of E to C, is arbitrarily set at values com-
parable to those in the literature, The value of K for curves A,
B, and C is also close to those experimentally observed for
“Mechanism 1.” The value for K in curve D is arbitrarily set at a
high value.

100.0

Michaelis-Menten kinetics. If postulate 2 does not apply, (e.g.,
during active transport) the influx kinetics will not necessarily
be affected (see below). Thus the most significant assumption
made here is postulate 5: that the carrier does not neutralize
the charge on the ion.

Nearly all experimental data displaying dual mechanisms
are from measurements of the initial uptake rate of isotopes,
so the most relevant result derived from the above postulates
is the influx equation:

zFE/RT Co
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This equation may be looked upon as the Michaelis-Menten
equation with a variable V.., which depends upon the mem-
brane potential. Thus, according to this equation, a high affinity
carrier may become saturated at external salt concentrations
approaching 1 mM, and yet its rate of operation may continue
to increase above 1 mM, due to a progressive change in the
membrane potential.

Figure 1 shows some curves generated by equation 3 for
anion influx. The membrane potentials required to generate
these curves were calculated from empirical equations based on
measurements in the literature (see legend to Fig. 1). The origin
of the membrane potential, whether from ion diffusion, electro-
genic pumps, or indeed the operation of the ion-carrier
presently under consideration, is irrelevant to its effect on the
carrier. The effect of the membrane potential, as shown in
Figure 1, is to produce influx kinetics resembling the dual
mechanisms.

Data like curves A, B, and C in Figure 1 have been obtained
for Cl- uptake in beet root (12) and barley (4), and for Br~ up-
take in barley (6). Data following any of these curves would
usually be considered to be the result of two enzyme-like car-
riers with widely differing affinities (5, 7). In contrast, experi-
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mental data following near-linear or concave curves such as
curve D in Figure 1 have been considered to indicate passive
diffusion across the cell membrane (7). Using solutions of
NaCl or KCl in the concentration range of “Mechanism 2,7
Torii and Laties (18) noticed that the Cl- uptake curves of corn
root tips were linear or concave, respectively. They concluded
that the influx was due to diffusion. Laties et al. (8) also in-
voked diffusion to explain similar concave curves for Cl- uptake
from potato disks at low temperatures.

However, an explanation of “Mechanism 2” in terms of
diffusion is possible in these materials only under certain experi-
mental conditions. Over the same Cl- concentration range, the
concave curve is replaced by a hyperbolic one when potato
disks are aged, or when Cl° uptake is measured in CaCl,
solutions. In addition, Macklon and MacDonald (10) were able
to measure the membrane potentials of potato and concluded
that Cl” uptake from CaCl, solutions was inexplicable in terms
of free diffusion. These results point to the existence of a
chloride carrier, and we feel that since a ClI- carrier is impli-
cated when the external solution contains Ca**, then the carrier
is probably still operative when the external solution contains
K. Thus, the concave curve obtained for Cl- uptake from KCl
solutions is not necessarily due to diffusion. The different up-
take Kinetics in the two situations may be caused by an in-
crease in the affinity of the carrier for Cl- in the presence of
divalent as opposed to monovalent cations, in addition to the
observed leveling of the E versus log C, relation (10).

In summary, some possible effects of the membrane potential
on an electrically-charged carrier have investigated, and it is
shown that such effects could account for a wide variety of
observations on ion transport in plant cells, including both
biphasic and concave curves for influx versus concentration.
Morever, although we have formulated a model in terms of a
simple “passive” carrier, it may also be applicable to active
transport, depending on the mechanism of energy coupling.
For instance. the influx of an electrically-charged ion-carrier
complex may be dependent on the membrane potential, even
though, at the inside of the membrane, metabolic energy may
be expended to dissociate the complex.

This model is, however, clearly inadequate to explain all
aspects of the dual mechanisms. In particular, it is specifically
concerned with anions. While total cation uptake is un-
doubtedly affected by anion uptake (e.g., 13, 14, 16) the nature
of this interaction is not clear. Thus the model does not throw
any light on features of cation uptake such as the difference in
specificity sometimes observed (5, 7) between the two concen-
tration ranges. Other outstanding questions include the signifi-
cance of the multiple inflections frequently reported (e.g., 4,
5, 16, 18) for mechanism 2, and the effect of transport across
the tonoplast (2).

In spite of these limitations, we feel that the value of this
model is that it draws attention to the possibility that carrier
transport, as well as passive diffusion, may be influenced by
the membrane potential. To test this model, there is a need for
more studies in which membrane potential can be varied in-
dependently of the concentration of the ion under consider-
ation. In one such study on beet disks (15), it appears that a
change in potential induced by bicarbonate does not affect the
transport of CI; while in another on pigeon red blood cells
(19). the co-transport of glycine with Na* does seem to depend
on the potential. Much more data of this kind must be obtained
in order to adequately test our model, and generally to assess
the role of the membrane potential in the movements of ions
across cell membranes.
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