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In terrestrial ecosystems, the mineral elements essential to life enter the living world
by crossing the plasma membrane of cells at the periphery of plant roots, in some
cases after passing through mycorrhizal fungi. This absorption step depends
on the functioning of membrane proteins. These proteins constitute the first of the two
sets of membrane transport systems which cooperate to provide the shoots with water
and nutrients essential for growth. Most of the absorbed solutes diffuse through the
root tissues, and reach the stele, where they are secreted into the xylem by a second
set of transporters. Only a few of the membrane transport systems are known at the
molecular level. Most of the knowledge has been obtained with simple systems,
convenient for genetic approaches (yeasts), or adapted to “molecular” electrophysiology
(naturally isolated cells, e.g. yeasts, fungi, and guard cells of higher plants). However,
roots are complex organs made of cells with different physiological properties,
connected by plasmodesmata. Thus, they are not as adapted to molecular approaches
as is, for instance, the guard cell, which is today the most detailed model of regulation
and integration of transports at the cell level (105). Indeed, there is still a large gap
between our knowledge at two levels. Physiological studies indicate that root
transports are highly integrated in the whole plant, so as to respond to the specific
demands of shoot growth. On the other hand, biochemical features of the mechanisms
and controls of membrane transports are just beginning to be documented at the cell level.

This review begins with a presentation of the transports in roots as an integrated
activity, regulated by (unknown) signals emitted by the plant in response to its needs
in specific elements. Thereafter, the state of our knowledge on the nature of the root
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transport systems will be presented through the example of the “master” system
responsible for the energization of the membrane, which uses ATP to drive a proton
extrusion, often electrically compensated by K * absorption. It is important to realize
that this presentation combines results obtained with roots, and data extrapolated
from other models.

Integration of Root Transports in the Whole Plant

There is physiological evidence of two kinds of control mechanisms acting on the
root transport systems. The first one corresponds to the responses to signals which
come from the root itself, or from its environment. For instance, the capacity of roots
for NO3 uptake is low in plants grown on reduced N, and it is progressively revealed
after transfer of the plants on solutions containing NOj. The presence of this ion in
the medium, or in the cytoplasm (8), seems to be the primary local signal which
commands the augmentation of the NOj transport capacity of the roots, perhaps
through induction of new transporters (43). When the internal contents in K *
(61,72,83), SO;™ (71, I31), H,PO; (82), Cl- and NOj (4041, 130) increase in roots,
the influx of the corresponding ion decreases. This inhibition of the influx seems to
result from a direct retroinhibition of the transporters, because it occurs without any
lag, and the kinetic relation between the influx and the internal concentration (62)
resembles the classical kinetics of allosteric negative cooperativity (61, 71).

The second kind of regulation which is at work in roots corresponds to the
transmission of signals from the shoots to the roots. Briefly, it is clear that the roots
receive some information about the needs of the shoots, and that they adjust the
transports to answer this demand. This demand depends on the growth rate of the
shoots, and on deficiencies in specific elements. For instance, in Lolium perenne, the
internal content in nitrogen was observed to remain almost constant in shoots, in spite
of a large variation of the nitrogen concentration in the medium (36), or of growth
rate and shoot/root ratio (35). This indicates that the transports in roots have been
controlled, so as to be exactly proportional to the shoot growth. Other examples of the
effect of the shoot growth demand on root transports may be found in experiments
with barley. Controlling the growth rate by using various photoperiods (102), or
surgically modifying the root/shoot ratio (73), made it possible to show that the K*
influx into the cell, and the secretion into the xylem, were dependent on the shoot
demand.

Other evidence for the control exerted by the shoots upon root transports has been
obtained with mineral starvation experiments. When grown in the absence of
phosphate in the medium, barley and tomato plants exhibited a reduction of their
growth rate after four to six days (33). The plants were periodically sampled, and
challenged with radioactive phosphate, in order to measure the phosphate influx. This
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revealed that the capacity to absorb phosphate had been augmented well before the
growth rate had been inhibited. Similar results have been obtained with SOZ™ (34).
These kinds of responses are thought to involve changes in the level of expression of
the genes of the transporters.

The deficiency signal responsible for the induction of high rate uptake systems in
roots is emitted by shoots. This has been shown for K*, C17, and H,PO4 (45). A good
illustration of this point is offered by the experiments of Cogliatti and Clarkson (38),
with potato grown in the absence of phosphate, except in the medium around one
root isolated from the main root system. This root could not transport enough
phosphate to avoid starvation of the shoots, but it was not deficient in P. However,
the high rate influx characteristic of starved plants was present. Thus, in this root, the
transports have been stimulated by the starvation of shoots, in spite of the high
nutritional status of the root. The conclusion is that the local retroinhibition
mechanisms have been overridden by other regulating mechanisms, controlled by the
shoots. Another example of the priority of other controls upon local satiety signals 1s
given by the effect of Na* on K* transport in barley roots, in which the classical
retroinhibition of K * uptake by internal K* is suppressed when Na ™ is present in the
medium (29).

The nature of the signals emitted by the shoots is not identified. The response of
the root is specific: if the needed element is, for instance, nitrogen, only the nitrate
transport is increased, and not the transports of phosphate, sulfate or chloride (81). It
is possible that several different membrane systems cooperating in the uptake of the
same element are elicited by the deficiency in this element. This situation is
documented for Fe (118). It is unlikely that the signals are ordinary plant hormones
going down in the phloem, one for each element. The information must be
sent by more specific signals. Recent advances in the field of long distance transports
support an interesting alternative hypothesis. It is well established today that there is
a continuous cycling of elements between roots and shoots (74, 136). In barley with a
split-root system, tracers of N or K supplied to one part of the root system were
transported to the shoots, and then, back to the other part of the root system (39).
When a root of this part, which was not in the medium containing the tracer, was
excised, and allowed to exude, the tracer was observed to be in the xylemic sap: it was
cycling. The important point is that the specific activity in the sap returning to the
shoots was higher than in the root tissues. Thus, there is a cycling pool, which 1s not
at isotopic equilibrium with the root. This means that, at the root level, the cycling
pool is relatively isolated, and thus its specific composition possibly conveys informations.
In the cycling pool, the composition of the phloem sap returning to the roots
represents the difference between the amount of nutrients reaching the shoots by the
xylem, and the amount of nutrients actually used by the shoots. For instance, when
the nitrogen input is sufficient, one may imagine that the phloem sap is enriched in
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specific aminoacids, known to be inhibitors of nitrate uptake (17,44).

General Organization of the Transports on the Plasma Membrane of Plants

The transporters in the plasma membrane have two functions. The first one is
selective uptake of nutrients needed for the nutrition of the plant. The second function
is the maintenance of physical and chemical conditions in the cytoplasm, compatible
with normal functioning of the metabolism. For instance, a continuous extrusion of
H* and Ca®* is always necessary to maintain the activities of these ions at a very low
level in the cytoplasm (51-52). In some cases, Na* extrusion is also necessary.

Many transport systems on the plasma membrane of the outer cortical cells in roots
are known from in vivo, (electro)physiological studies. Measurements of ion fluxes,
ions concentrations in cells, membrane potential and resistance, using a large variety
of more or less specific pharmacological effectors of metabolism and transports, have
resulted in a coherent model of the transports. The transport systems on the plasma
membrane are organized according to the general principle of the chemiosmotic
theory. Three subsets are to be distinguished.

(i) In roots, as in the other organs of higher plants, and in yeast and fungi,
metabolic energy (ATP) is directly used by a membrane (H")ATPase to extrude
protons (125, 128-129). While doing this, the ATPase hyperpolarizes the membrane.
Thus, the “primary” active transport system converts chemical energy of ATP into
two other forms, namely a pH gradient, and an electrical gradient. Such active
transport systems, which directly use metabolic energy are called “primary” systems.
Another transport ATPase has been demonstrated and characterized in the plasma
membrane of root cells, both in vivo and in vitro. It extrudes Ca2* ions, by exchanging
them for H* ions (57,107, 115).

(i) The pH gradient and the electrical gradient are used for the energetic coupling
of the so called “secondary” systems, which transport various cations, anions,
aminoacids and sugars, together with H* (103,110). These H* cotransporters are
responsible for active transports, since they provide the transported solutes with a
supplement of free energy, transferred from that lost by the protons while entering the
cell down their electrochemical gradient (which is maintained by the primary system).

(ii) The third set of transport systems contains the ion channels (69). They do not
provide the ions with energy: they simply allow them to cross the permeability barrier,
by opening specific gates for them. They are secondary, passive systems.

The Master System for the Energization of the Plasma Membrane

In the eighties, successful experiments in preparing tight vesicles from purified plant
plasma membrane of higher plants have authorized approaches of the transport
systems at the biochemical level (42, 56, 86, 106). However, only the master system (the
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plasma membrane (H *)ATPase, which functions as an electrogenic proton pump) has
been fully characterized at the molecular level. The root enzyme has been reconstituted
in artificial membrane vesicles (75,99, 119, 127, 138). The plasma membrane (H")ATPase
belongs to the class of E1:E2 transport ATPases (26, 124), which are characterized by
a phosphorylation step in their catalytic cycle (20-21,120). This class includes the
metal transporting ATPases of pro- and eucaryotes. The (H*)ATPase hydrolyses
Mg-ATP, with a Ky of ca 0.25 mM. This means that it is generally not limited by its
substrate in normal conditions, since the ATP concentration in the cell is normally
one order of magnitude higher than the Ky. The activity of the (H*)ATPase is very
sensitive to the pH at the cytosolic face of the membrane. This is partly because its
pH optimum is one pH unit lower than the normal cytosolic pH. As judged from the
electrogenic H* extrusion observable in vivo, it does not seem to be sensitive to the
external pH. This is probably due to the fact that only a very small part of the protein
protrudes at the external face of the membrane (see below). The (H*)ATPase is made
of one peptidic chain, with a relative molecular weight of ca. 100 000 dalton (3,75, 127).
But there are indications that the (H*)ATPase of root plasmalemma may form a
trimer (from cross linking study) (3), and radiation inactivation data (22-23) suggest
that the native functional form in the membrane is a dimer.

The genes of the plasma membrane (H*)ATPase have been cloned in yeasts
(55,126), in a fungus (1), in a protozoan (91), and in higher plants (9, 68,93, 100). They
are present as members of small multigene family. Some details of the structure of the
enzyme have been deduced from sequence analysis and mutational analysis (in yeast).
Ten transmembrane helices as predicted, with the most part of the remaining peptidic
chain located at the cytosolic face. Six domains present strong homologies with other
proton or metal transporting ATPases from bacteria and animals. Three of them are
involved in the binding of Mg-ATP. A fourth domain may be responsible for the
kinase activity, which results in the phosphorylation of the aspartic acid, in the fifth
conserved domain. Finally, the last conserved domain probably has a phosphatase
activity, responsible for the dephosphorylation of the phosphorylaspartate.

Potassium Transport

The active H* extrusion must be electrically compensated. In physiological situations,
K * absorption is one of the major charge compensating transports. It is easy to devise
experimental conditions leading to observation of a net H*/K™* exchange in roots
with a 1/1 stoichiometry (7, 135). However, the mechanisms underlying this coupling
of H* and K* transports are multiple, and not fully characterized.

Potassium channels. None of the secondary systems has been isolated. However, in the
case of ion channels, new methods give access to characteristic electrical signatures of
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single molecules. The discovery, and the study of the ion channels in plants has been due
to recent methodological advances in electrophysiology. The patch-clamp techniques
(70) make it possible to identify the characteristic electrical signature of the channels at
two levels. Firstly, it is possible to isolate a single channel at the tip of the
microelectrode, and thus to record the microscopic current across this channel. This is a
true molecular approach, in spite of the fact that the molecule is not physically isolated
in the biochemical sense. Secondly, it is possible to observe the macroscopic electrical
current resulting from the flow of ions across the whole set of channels in a cell. It is
possible to select the channels selective for the studied ion by using specific effectors, or
controlling the ionic composition of the medium.

Macroscopic currents, characteristic of two of the classical K* channels, have been
observed in protoplasts from root cells (77). These channels are controlled by the
membrane potential. Channels of the first kind open when the membrane is depolarized.
They conduct an outwardly directed K* current, which opposes the initial depolarization.
These channels may be involved in the regulation of the membrane potential.
Potassium channels of the second kind are activated in case of membrane hyperpolar-
ization: when the internal potential becomes more negative than about minus one
hundred millivolts, the opening of these channels authorizes the passive entry of
potassium into the cell. These channels seems to be responsible for the absorption of
K* when this ion is present at high concentration in the soil (78).

The active uptake of K*. When the concentration of K* is low in the medium (in the
micromolar range), it is possible to measure a net uptake of K* by plant cells. From
the measured membrane potential, and reasonable estimates of the K* concentration
in the cytoplasm, one may calculate that this absorption corresponds to an increase
in the electrochemical potential of K* (in contrast to the absorption through K*
channels, from solution with high K* concentrations, which corresponds to a decrease
in the free energy of the ion, and thus is passive). Such observations (16,30-
32, 37, 97, 135, 137) reveal that the plasma membrane of root cells possesses active
transport systems with a high affinity for K* (half saturated at less than 10uM
K*)(97). For some time, it has been believed that the (H*)ATPase itself was this
system: it was thought that the hydrolysis of ATP by this system was directly coupled
to K* transport, as described in E. coli (48) and in yeast (54, 139-140).

In plants, the evidence for this is essentially physiological. As indicated above, the
extrusion of H* is coupled with the uptake of K* with a 1 to 1 stoichiometry. Also,
the (H*)ATPase may be activated by K* in vitro (96). But the hypothesis of a direct
involvement of the (H*)ATPase in K* transport has not been confirmed by the
biochemical studies with purified ATPase reinserted in liposomes. The enzyme may
be indirectly stimulated by K*, when this cation is responsible for the charge
compensation of the H* transport (60). In some cases, it also may be stimulated by
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K* via an aspecific ionic strength effect (58). Finally, it is directly and selectively
stimulated by K*, probably upon the binding of this cation on a specific site. This
binding induces changes in the V,,,, (60), in the vanadate inhibition constant (59), in
the turn over of the phosphoenzyme (18), and also a shift in steady state concentrations
of the phosphorylated intermediates (19). However, it does not seem that this
stimulation is the consequence of the participation of K* in a direct H* /K" exchange,
because the K* site seems to be located on the cytosolic side of the membrane, and
its apparent affinity for K™ is three orders of magnitude lower than that estimated in
vivo for the K* transport system (97). Furthermore, the purified (H")ATPase is
capable of ATP hydrolysis, and H* transport, in the absence of K* (65,138).

Another system for active uptake of K has ben suggested in yeast (27), and
described in detail in Neurospora crassa, through its electrical properites (116). It is a
{H*/1K* symport. Thus, it is very sensitive to the changes of the membrane potential
which result from variations in the electrogenic proton pump activity (14), and
conversely, the pump is itself stimulated by the membrane depolarization which
results from the activation of the H*/K* symport, and by cytosol acidification
(14,16). The coupled operations of the (H*)ATPase and the H*/K™* symport results
in an equimolecular H*/K* net exchange (50% of the extruded H™* reenter the cell
together with K*). The H*/K* symport of Neurospora is currently known only
through its electrical signature. As emphasized by Hedrich and Schroeder (69), there
are striking similarities between the latter, and that of K * channels of Vicia faba guard
cells, which suggest that K* uptake in Neurospora could also be explained by
cooperation of the electrogenic (H")ATPase and K * channels. However, it is not clear
how such a system could drive active uptake of K¢

In higher plants, the H*/K* symport, is considered as an obvious alternative to
the primary H*/K* exchange to explain the active uptake of K* at a low external
concentration. But the evidence for it remains meagre. Addition of K* to the medium
at micromolar concentrations results in a strong membrane depolarization (79,97),
which suggests that a system transfering a positive net charge into the cells is
activated. Also, in contrast to what is observed at the macroscopic level, an
unbalanced H*/K* stoichiometry is observed at the microscopic level with surface
ion-selective microelectrodes. Other indications of the absence of a direct link between
the proton extrusion and the K™ active uptake have been obtained by using inhibitors
of the (H*)ATPase. In roots (135) as in some bacteria (4, 112), it is possible to block
the net uptake of K* in two different ways. Inhibitors of ATP production totally
suppress the H* extrusion and the high affinity K* net transport, as well as the K*
tracer influx. However, if the H* extrusion is suppressed by inhibitors specific for the
(H*)ATPase (not affecting the ATP level in the cell), the K* tracer influx is not
perturbed. Only the net K* transport is inhibited in this condition. Thus, this
maintaining of the K* isotopic exchange through the high affinity transporter in the
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absence of active (H")ATPase does not support the hypothesis of a direct responsibility
of this enzyme in K™ transport. These data suggest that the high affinity K * transport
is energized by the proton electromotive force, and mediated by a system kinetically
controlled by ATP. An ATP-dependent K * channel, in close relation to the (H")ATPase
has been described in a mutant of yeast (104).

Regulation of the H* Pump of the Plasma Membrane

Physiological data indicate that the in vivo activity of the proton pump is under the
control of many effectors. A first set of effectors corresponds to the deviation of several
important parameters from their normal values: membrane potential (14-16), cytosolic
PH (10,25, 66), cytosolic Ca** (84), and turgor pressure (111). Another basic effector
is K* in the external solution, which is necessary to activate the proton extrusion.
But probably, external K* activates the proton pump simply by depolarizing the
membrane. A second set of effectors corresponds to several of the plant growth
regulators (5,95,117), and a third set, to bacterial or fungal toxins (2,11,87), and
elicitors (101). Also, we know that various stresses inhibit the proton pump, for
instance, mechanical or thermal shocks (28, 64). These treatments have something in
common: they depolarize the membrane, and this results in an acceleration of the
Ca®* influx (113,143), perhaps through voltage-gated Ca?* channels (63,142,143).
Thus, the increase in cytosolic Ca?* may be the true effector of the pump. Finally,
there are indirect indications than an essential cystein (141) near the phosphorylated
residue in the active site (76) has to be maintained in a reduced state, perhaps by a
membrane associated NADH reductase (132; see also 13).

Since the pH optimum of the ATPase is one pH unit lower than the normal
cytoplasmic pH, any acidification of the cytoplasm results in acceleration of the
proton pumping, and in hyperpolarization of the membrane. For instance, both auxin
and the fungal toxin fusicoccin rapidly induce a pH decrease in the cytoplasm,
observable with selective microelectrodes (10,24-25, 53). The simultaneous activation of
the (H*)ATPase which is then observed may result from this shift of the cytosolic pH
towards the pH optimum of the enzyme. However, longer term determinations of
cytosolic pH with permeant probe and/or *! P-NMR do not confirm the acidification
(133), or indicate an alkalinization (80, 88-89, 109). One explanation of this discrepancy
could be that, after the extrusion of H* has opposed the initial pH shift, there is an
over correction leading to an alkalinization of the cytoplasm. But the fact that the
electrogenic H* extrusion persists in these conditions indicates that the initial,
transient pH shift, had activated the proton pump by another effect, more permanent
than its direct kinetic effect. In Neurospora (84), Ca?* injected into the cell by
ionophoresis caused changes in membrane hyperpolarization and pump current,
indicating a stimulation of the (H *)ATPase at moderately increased Ca?* level, and
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an inhibition at higher levels. The stimulatory effect was thought to be mediated by
cytosolic factors, since it was not observed on isolated plasma membrane. These
regulations by pH and Ca®* may correspond to phosphorylations of the (H")ATPase.
We know that the activity of the plant root (H*)ATPase may be modulated in vitro
by phosphorylations under the control of protein kinases (different from the self-
phosphorylation which is involved in the catalytic cycle). Biochemical data indicate
that the protein kinases which modulate the plant plasma membrane (H *)ATPase are
activated by three of the classical secondary messengers: cytosolic pH and cytosolic
Ca?* (which are regulated in a coordinated manner: 50, 51), and perhaps degradation
products of phosphatidylinositol. However, protein kinases specific for the (H)
ATPase have not yet been identified.

There is evidence for the operation of different protein kinases. In plasma membrane
vesicles from oat roots (122), the ATPase is phosphorylated on several serine and
threonine residues, by a membrane associated protein kinase, the activity of which is
pH dependent, and Ca’* dependent.

Calcium/calmoduline dependent phosphorylation of the membrane proteins was
also observed in microsomes from corn roots (142). In this case, the ATPase was
inhibited under phosphorylation, and reactivated by dephosphorylation. In red beet
(12), the plasma membrane ATPase is stimulated by syringomycin, a peptidic bacterial
toxin, which promotes the phosphorylation of the enzyme, in the presence of Ca?*. If
this kinase activity is eliminated from the membrane with surfactants, the ATPase no
longer responds to syringomycin. Finally, there are some indications that a third kind
of protein kinase is present in plants, and acts on the ATPase. Protein kinase Cis
activated by diacyl glycerol (DG), a product of the degradation of phosphatidylinositol
4,5-biphosphate (PIP,) by phospholipase C (95), and by Ca’*. Phospholipase C
activity also produces inositol 1,4,5-triphosphate (IP;), a mediator which releases of
Ca?* from internal stores (45,108, 114,123) (except, perhaps, from the endoplasmic
reticulum (85)).

Phospholipase C activity has been found associated with the plasma membrane in
several plants (92, 134). In contrast to the cytosolic form (90), the membrane associated
form is stimulated by micromolar Ca®”. Protein kinase C-like activity is known in
plants (47,67,98, 121), but the enzyme has not been isolated. However, the various
events which follow the reception of auxin on the membrane strongly suggest that the
resulting activation of the (H*)ATPase is mediated by protein kinase C: (i) auxin
stimulates the turn over of inositol phospholipids (49), increasing the level of IP;, and
probably, producing DG, the first activator of protein kinase C; (i1) IP; induces a leak
of Ca?* (the other activator of protein kinase C) from the internal stores (see above),
which may be the cause of the increase in cytosolic Ca?* observed in vivo (50); (iii) the
electrogenic H* -pumping is stimulated (5-6, 50).

In summary, the (H*)ATPase activity may be modulated by various growth
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regulators, physical stress, and chemicals signalling pathogene attack. The action of
these effectors is thought to be mediated by changes in membrane polarization,
cytosolic Ca*>* and pH, and phosphatidylinositol degradation products, which activate
various protein kinases. The final step of this transduction process is phos-
phorylation(s) of the (H*)ATPase. However, both stimulating and inhibiting phos-
phorylations have been observed, and virtually nothing is known about the mechanisms
which ensure the specificity of these regulations.

Conclusion

The picture which is emerging, is that of a continuous exchange of information
between shoots and roots, resulting in an integration of root transports in the
functioning of the whole plant. At the physiological level, we are beginning to perceive
the global organization of this system, without detail. On the contrary, at the
biochemical level, we are beginning to accumulate fine details. However, the available
biochemical data may not yet be integrated in a coherent model of the regulation of
the transports of the plasma membrane at the cell physiology level. The study of the
mechanisms which adjust the ion transport capacity of the roots to the growth
demand in mineral elements, will make necessary that both the proteic equipment of
the membrane, and the corresponding genes to be identified. For this reason, the
obtention of molecular probes of “secondary” transport systems and their genes is of
primary importance.
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