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The complete steady-state I-V relationship of a-aminoisobutyric acid transport across the plasmalemma of
rhizoid cells from Riccia fluitans has been measured and analysed with special emphasis on a-aminoisobutyric
acid equilibrium and saturation conditions. (A) The electrical data show that: (1) the amino acid-induced
electrical current saturates after the addition of the amino acid, regardless of the concentration; (2) a steady
state is reached 1-2 h after incubation in a-aminoisobutyric acid, but after less that S min in the presence of
1 mM CN 7; (3) the steady-state I- V characteristic of a-aminoisobutyric acid transport is a sigmoid curve and
fairly symmetric in current with respect to the voltage axis; and (4) the equilibrium potential is clearly a
function of the amino acid accumulation ratio. It is suggested that the sigmoid curve represents the
characteristic of carrier-mediated a-aminoisobutyric acid transport with a voltage-insensitive step, possibly
the translocation of the unloaded carrier, rate-limiting. Since under normal conditions the voltage-sensitive
rate constant k_; is much greater than k, , it is further suggested that the energy to drive this system is put
into the transfer of positive charge from outside to the cytoplasm. (B) Accumulation ratios have been
determined by inspection of current-voltage data, and additionally by compartmental analysis on green thalli
from Riccia fluitans. Both methods give ratios far too low compared with the thermodynamically possible
accumulation of about 104, It is suggested that substantial leakages via different non-electrical pathways
prevent equilibrium at steady state, and it is concluded that in such leaky systems the thermodynamic
equilibrium condition is not suitable for estimating stoichiometries.

Introduction

Analysis of electrogenic transport requires con-
tinuous measurements of membrane potential,
membrane resistance, and electrical current during
the translocation of the substrate of interest. Al-
though many sugar and amino acid transport sys-
tems that have been investigated are clearly elec-
trogenic [1-7] and have been addressed as co-
transport, such tests have rarely been carried out
simultaneously on one object [8,9]. The reason for
this is that most studies on co-transport have been
performed on either very small cells, such as mi-
croorganisms [10], on red blood cells [11], or on
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tissues of both animals [7] and plants [3-6]. But,
even when the required measurements had been
carried out successfully, the interpretation of such
data had to remain somewhat unclear as long as it
could not be demonstrated that the observed ef-
fects are not merely voltage-dependent phenom-
ena.

Current-voltage measurements can provide
more complete information and inspection of data
obtained from rhizoid cells of the aquatic liverwort
Riccia fluitans (Fig. 1) or from Neurospora hyphae
[8] indeed proves that very little of the observed
resistance changes, for example, at maximal de-
polarization, can directly be attributed to the
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Fig. 1. Current-voltage characteristics, measured on a rhizoid
cell of R. fluitans before (control) and at peak depolarization
after the addition of 5, 20, 100 pM L-alanine to the test
medium ([K*], =1 mM). The dashed lines represent the elec-
trical current induced by the L-alanine added at the indicated
concentrations. These curves were obtained by graphical sub-
traction of the control from the corresponding curves.

transport of hexoses [8] or amino acids [9] across
membranes.

A complete current-voltage characterisation of
a carrier-mediated process describes the transport
of the substrate in both directions. However, the
measurement of such curves may be complicated.
For example, an electrogenic proton pump at the
plasmalemma extrudes protons into the external
aqueous phase, presumably with ATP as the en-
ergy source. If the stoichiometry of H* /ATP hap-
pens to be 1 [13], the reversal potential will be at
voltages where the membrane becomes irreversibly
damaged upon experimental hyperpolarization.
Therefore, only the export of positive charge can
be measured in such systems. For a stoichiometry
of 2, a complete curve can be measured, as demon-
strated for Acetabularia [14]. With co-transport of,
say, hexoses or amino acids it is the other way
around. These are, a priori, uptake systems with
equilibrium potentials far more positive than the
membrane potential, which is one reason why
non-steady-state curves usually are detected in-
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complete, and therefore yield only import of posi-
tive charge [8,9]. Since such substrates are
metabolized under normal conditions, the driving
gradient always remains inwardly directed.

In this paper, the complete current-voltage
characteristic for the transport of the non-metabo-
lizable a-aminoisobutyric acid across the plasma-
lemma of Riccia rhizoid cells has been measured
and has been analysed with respect to equilibrium
potential, saturation current(s) and voltage-depen-
dence.

Material and Methods

Culture conditions

Green thalli of the aquatic liverwort Riccia flui-
tans were cultured under semi-sterile conditions in
twin Erlenmeyer flasks according to Hiisemann
and Barz [15] as developed for suspension cultures
of Chenopodium rubrum. The growth medium con-
tained 1% of the medium of Murashige and Skoog
[16], and 99% of the standard test medium. If not
noted otherwise, this medium was composed of 0.1
mM KCl, 0.1 mM CaCl, and 2 mM sodiumphos-
phate buffer; external pH was 6.5. All other condi-
tions were identical to those described previously

[9].

Electrical experiments

In order to control better the horizontal ap-
proach of the cells by the microelectrodes, a Leitz
and a Narishige micromanipulator were connected
to each other in series. The microelectrodes were
pulled from glass tubing containing glass fiber
(Hilgenberg) on a Getra-vertical or a Camden-
horizontal instrument. Typical tip diameters were
around 0.4 pm. The electrodes were backfilled
with 3 M KCl and had typical resistances between
30 and 60 MQ. The Ag/AgCl-wires were con-
nected to a high-impedance amplifier (WPI: M707
or KS700); signals were recorded on a pen chart
(Kontron, W + W-314). For current-voltage mea-
surements, trains of rectangular pulses of constant
current from a stimulator (WPI: series 1800) were
fed into the cells and monitored by one or two
electrodes at different distances from the injecting
electrode, which was usually placed at the mid-
point of the rhizoid. The electrical space constant
was typically around 0.4 mm. As described previ-
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ously [17], the input data were subjected to Cole’s
theorem [18].

Tracer experiments

Uptake data were obtained from green thalli as
described recently [9]. Measurement of release of
4C-labeled compounds was carried out after pre-
loading the tissues for 48 h with the radioactive
substrate. The sample was rinsed and then trans-
ferred into a Plexiglass efflux chamber, which al-
lowed either unstirred sampling or continuous flow
by the non-radioactive but otherwise identical in-
cubation medium. The aqueous samples were
mixed with Unisolve-1 (Zinsser) and assayed in a
Berthold-Frieseke scintillation counter (BF-5000).
The sample with the residual radioactivity was
processed like the uptake samples.

Accumulation of amino acids within the cyto-
plasm was determined either by electrically mea-
suring the equilibrium potential and estimating the
pH gradient or by comparing data from uptake
measurements and from standard compartmental
analysis [19].

Estimation of the cytoplasmic volume

Since Riccia thalli are only a few cell-layers
thick, the surface/volume ratio is satisfactory. For
the average thallus cell, a vacuole-to-cytoplasma
ratio of about 5:1%2-3 ul/ug dry wt. has been
obtained from cross-sections.
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Results

Electrical data

1. Membrane potential and conductance. As re-
ported previously [9], an electrogenic and stereo-
specific amino acid (probably proton co-) trans-
port system with high affinity for neutral amino
acids (e.g., apparent K, for a-aminoisobutyric acid
approx. 12 pM) exists within the plasmalemma of
R. fluitans thallus and rhizoid cells. The kinetics of
the changes in membrane potential (Ay ) and of
membrane conductance (g, =1/r,) before and
after the addition of 50 pM a-aminoisobutyric
acid, and in the presence or absence of 1 mM
CN ™ are shown in Fig. 2. While recording A dem-
onstrates the typical rapid depolarization with
sharp increase in g, at maximal depolarization,
recording B, which has been measured in the pres-
ence of 1 mM CN~, only displays a small de-
polarization and likewise a small increase in g,,.
Both repolarization as well as the recovery of the
conductance take place spontaneously. It would be
an error to conclude that the observed Ag, were
in any way amino acid-specific. Since the I-V
curves in Figs. 1 and 3 are clearly nonlinear, any
depolarization of the membrane positively has to
result in a merely voltage-dependent increase in
the conductance. Therefore only difference /-V
curves, as shown in the lower parts of Figs. 1 and
3, can be attributed directly to the amino acid
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Fig. 2. Original recordings, photographed from the pen chart, of membrane depolarization, repolarization, and change in membrane
resistance from R. fluitans rhizoid cells after the addition of 50 uM a-aminoisobutyric acid to the test medium, as indicated. A, in the
absence of; B, in the presence of: 1 mM CN7~. The measurement of I-V curves is indicated by trains of altered electrical current.
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Fig. 3. Part A. Current-voltage characteristics of R. fluitans
rhizoid cells, measured before (control) and at different times
after the addition of 50 uM a-aminoisobutyric acid to the test
medium. A, approx. 1 min; B, approx. 6 min; C, approx. 10
min, D approx. 70 min. Part B. A’, B’, C’, I, are difference
curves (compare Fig. 1) derived by subtraction of the control
from the A, B, C, D curves. For better accuracy, the subtrac-
tion has not been carried out graphically, but directly from the
Cole-correction data.

transport, provided no other electrogenic mem-
brane element or even metabolism has been inter-
fered with. But since a-aminoisobutyric acid has
been shown not be to metabolized [20], such ap-
prehensions are not stressed.

The amino acid-induced electrical current. The
difference I-V curves in Figs. 1, 3 and 4 represent
the net current induced by the addition of the
cited amino acids under the indicated conditions.
Fig. 1 shows that this current depends upon exter-
nal L-alanine concentration, and Fig. 3B addition-
ally states that this current also changes time-de-
pendently during depolarization and repolariza-
tion, respectively. The net currents, measured at
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peak depolarization (Fig. 1; Fig. 3B, curve A’) are
independent of voltage, and thus describe char-
acteristics of ideal current sinks. Since at this
initial phase of transport the internal amino acid
concentration should still be too low for any equi-
libration potential E_, (i,,=0) to be measured,
naturally no net movement of ‘amino acid export
current’ can take place over the voltage ranges
tested. After about 1 h of incubation in a-aminoi-
sobutyric acid, this has changed. Curve D’ (Fig.
3B) intersects the voltage axis at approx. — 150
mV, which represents the equilibrium potential
under the given conditions. Furthermore, the curve
displays the net saturation current for a-aminoi-
sobutyric acid import (i) as well as for a-
aminoisobutyric acid export (i7). Since after
another 1 h of incubation in this amino acid the
parameters of the I-V curve have not changed at
all, it is assumed that a steady state has been
reached. Curves B’ and C’, measured during the
repolarization phase, have intermediate character
and become interesting as soon as the equilibrium
potential is within measuring range. For an as-
sumed proton co-transport, no net current flows at

E.,= RT/FIn([AiB],[H*],/[AiB),[H*],) (1)

which gives the direct relation of already accu-
mulated a-aminoisobutyric acid (AiB) to the mea-
sured equilibrium potential ( E,,). Since the exter-
nal pH was set at 6.5, the ApH across the plasma-
lemma can be assumed small. The accumulation
ratio would then be about 30 after 10 min (C’) and
roughly 300 after 70 min (D’).

When the same experiment is carried out in the
presence of 1 mM CN ™~ (Fig. 2B, Fig. 4), astonish-
ingly, a steady state is reached within a few
minutes. Given that the cytoplasmic pH did re-
main constant, an apparent a-aminoisobutyric acid
accumulation of 130 could be calculated. How-
ever, since the driving potential was less negative
than in the control situation, the cytoplasmic pH
probably did change as a consequence of the CN~
treatment.

Tracer experiments

Accumulation ratios. The accumulation of amino
acids within the cytoplasm of R. fluitans thallus
cells is clearly a function of the external amino
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Fig. 4. Part A. Current-voltage characteristics of R. fluitans
rhizoid cells, measured in the presence of ]| mM CN™ and 3
min after the addition of 0.1 mM a-aminoisobutyric acid to the
test medium. Part B. J-V difference curve, derived as described
in the legend of Fig 3.

acid concentration (Fig. 5). For example, after 2 h
uptake, the ratio [A],/[A], is not even unity with
[A], =10 mM, but about 150 for a-aminoisobu-
tyric acid or about 300 for L-alanine at 1 uM
external alanine. The higher alanine ratio may
simply be the result of alanine being metabolized
and therefore taken out of the transport cycle. But
compared with the ratios of about 1600 or 2500
reported for the hexose transport in Chlorella [2]
and Neurospora (8], respectively, the accumulation
of amino acids in Riccia appears to be very low.
Even given an error of 2 or 3 in estimating the
cytoplasmic volume, the corrected data would still
be far below the possible accumulation of about
10* under the experimental conditions reported
for Fig. 5.

Inhibition and stimulation of the amino acid
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Fig. 5. Ratio of internal and external amino acid concentration
([A]; /TA],) vs. external amino acid concentration after 2 h of
a-amino[ ¥ Clisobutyric acid and 1-{'*Clalanine uptake into
green thallus cells of R. fluitans.

transport. Since it is assumed that the amino acid
transport is linked to the electrochemical proton
gradient produced and maintained by the electro-
genic pump at the plasmalemma, inhibition or
stimulation of this pump resulting in a change in
this gradient could likewise influence the transport
of amino acids across that membrane. Therefore,
the following agents have been tested at different
concentrations: ammonium, which is electrogeni-
cally transported across the plasmalemma of R.
fluitans by a specific ammonium/methylam-
monium uptake system [21], electrically short-
circuits the pump; cyanide (CN 7), which is known
to inhibit ATP synthesis and therefore decreases
the pump activity due to lack of ATP; and carbonyl
cyanide m-chlorophenylhydrazone (CCCP), which
as a powerful uncoupler also prevents ATP synthe-
sis, but additionally induces a proton leak in the
plasmalemma [22]. The results are given in Fig. 6.
It is remarkable that, although ammonium and
CN™ at 10™* M each depolarize the plasmalemma
to essentially the same potential, the inhibition of
a-aminof'*CJisobutyric acid uptake is some 50%
by NH}, but over 80% by CN ™. Since CCCP as a
protonophore dissipates a good deal of the proton-
motive force (Ay,, and ApH), the observed
stronger inhibition of about 90% appears reasona-
ble.

Fusicoccin (FC), which hyperpolarizes the
plasmalemma of Riccia by 30 to 35 mV, is sup-
posed to stimulate the electrogenic proton-extru-
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Fig. 6. Action of different substances at various external con-
centrations on a-amino['* Clisobutyric acid uptake (1 min) into
green cells of R. fluitans (A), and on the membrane potential

(B).

sion pump of a wide variety of plant cells [23,24],
and therefore should increase the protonmotive
force across the plasmalemma. As Fig. 6 demon-
strates, FC indeed stimulates a-amino['*Cliso-
butyric acid uptake by about 20% and thus seems
to confirm the above notion. The effect of CN~ on
the release of a-amino['*Clisobutyric acid is dem-
onstrated in Fig. 7. After about 1.5 h of efflux, 1
mM CN~ is added and a very rapid but transient
release of label is observed. This appears trivial,
since the degradation of the inwardly directed
driving force should indeed favor export of posi-
tive charge. However, the same experiment carried
out with '*C-labeled 3-O-methylglucose, where ex-
port is inhibited by 1 mM cyanide (Fig. 7), indi-
cates that this interpretation may be too simple,
and that import and export of such substrates
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Fig. 7. Effect of 1 mM CN~ on the release of a-aminof'* Cliso-
butyric acid and 3-O-methyl[**Clglucose from green thallus
cells of R. fluitans. External concentrations were 0.1 mM
a-aminoisobutyric acid and 3-O-methylglucose each; incuba-
tion time was 48 h.

need not be mediated energetically in the same
way.

Discussion

The rapid depolarization and spontaneous re-
polarization, as observed upon addition of amino
acids to cells of R. fluitans, proves this transport to
be clearly electrogenic. The speed and the extent
of such potential changes depend upon time-de-
pendent interaction of different factors. These are
(1) external /internal amino acid concentration, as
indicated by the ‘migration’ of the equilibrium
potential on the voltage axis (Fig. 3B, Eqn. 1), (2)
the permeability of the counterion (probably K*;
unpublished results), and (3) the activity of the
electrogenic pump, which may be stimulated by an
acidification of the cytoplasm due to proton im-
port along with the amino acid. In this context it is
interesting to find that the spontaneous repolariza-
tion also takes place in the presence of 1 mM CN™
(Fig. 2B).

(4) One would expect that the electrical poten-
tial difference across the plasmalemma should
likewise influence the speed of depolarization and
the extent thereof, but the voltage-insensitivity of
the amino acid-induced current (Figs. 1 and 3)
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makes this questionable, at least for certain volt-
age ranges.

Driving forces

The assumption of a thermodynamic equi-
librium between solute gradient and the driving
force has been fundamental to recent studies of
solute transport [25]. For a proton-linked system,
which electrogenically transports a-aminoisobu-
tyric acid(AiB), this can be expressed as follows:

RT/F In([AiB];/[AiB], )

=n(4y, —(RT/F)In([H* ),/[H"],)) (2)
with the driving force
Apaip—n(By,—(RT/F) InApH) (2a)
and the stoichiometry

AB/HY =Appip/Bfiy+=n (2b)

R, T, F have their usual meanings and Ay, is the
altered membrane potential (inside negative).

Fig. 5 gives two important results. Firstly, the
measured a-aminoisobutyric acid accumulation is
far below the thermodynamically possible ratio of
about 10*. Secondly, [AiB],/[AiB], varies strongly
with [AiB],, which means that in order to satisfy
Eqn. 2, Ay, ApH and /or the stoichiometry must
also depend upon [AiB],. Whereas there is no
doubt that this is true for Ay, a change in ApH
can only be assumed. But since the changes in
internal pH during a-aminoisobutyric acid uptake
are probably small, the change in protonmotive
force can be taken as essentially identical with
Ay, and therefore cannot explain the massive
discrepancy of Ap, ;5 vs. Afiy-! Is, therefore, a
change in stoichiometry the only alternative? Cer-
tainly not! Several reasons can be given for low
accumulation ratios.

(a) Leakages in transport. Since electrogenic
amino acid transport is assumed to occur by a
ternary carrier-substrate-proton complex, only a
tightly coupled system will yield the theoretical
equilibrium. Amino acid which has been trans-
located electrically may leave the cytoplasm again
as binary carrier-substrate complex which would
be electrically neutral and therefore not subject to

electrical driving forces [26]. Since these driving
forces can be very high, such an arrangement
protects the cell from overcharging the pools in
case of higher external substrate concentrations.

(b) Poor carrier-substrate efficiency, which in-
cludes the possibility of non-carrier-mediated
leakage of amino acid through the membrane.
From the accumulation data and the considera-
tions above, it can be concluded that stoichiome-
tries, as obtained from such leaky systems, are
apparent and cannot have any meaning as to the
‘real’ coupling between carrier, substrate, and co-
ion.

(c) Even the possibility of a cotransport other
than one linked to the proton should be consid-
ered. A potassium co-transport has been discussed
by Van Bel and Van Erven for the transport of
glutamic acid in tomato xylem vessels [27]. On the
basis of several potassium effects, e.g., on the
uptake of '*C-labeled amino acids [28] or on the
location of the equilibrium potential (data not
shown), such a mechanism has been considered in
our working group, too. But in the light of argu-
ments (a) and (b) proton co-transport would not
have to be immediately excluded. Also, there is
always some uncertainty as to the real pH gradient
across the plasmalemma, because protons may cir-
culate within the membrane without ever measura-
bly influencing external or internal pH.

Voltage dependence

Whereas a driving force includes electrical as
well as chemical forces, and describes the theoret-
ical power to transport a substrate, e.g., against its
concentration gradient, the voltage dependence
only refers to electrical transport parameters, which
can be seen under a merely kinetic or thermody-
namic aspect. A voltage change will alter the driv-
ing force, but not necessarily the electrical current,
as shown by the current-voltage difference curves
in Figs. 1, 3, and 4. As will be shown below, this
occurs because mainly voltage-insensitive processes
rule the current-voltage relationships within that
voltage range.

On the other hand, changes in membrane
potential or proton motive force do indeed alter
radioactive amino acid uptake, e.g., hyperpolariza-
tion stimulates (fusicoccin) and depolarization of
the plasmalemma (ammonium) inhibits ' C-labeled



amino acid uptake (Fig. 6). In the presence of
metabolic inhibitors (CN~, CCCP) this uptake is
decreased even more, although the membrane
potential is at about the same level as in the
presence of 0.1 mM ammonium. This could mean
that either the cross-membrane pH difference has
been changed by massively decreasing the activity
of pH-regulating mechanisms, or the transport of
amino acids is closely linked to metabolic energy.
Whereas little evidence has been brought forward
for the latter suggestion so far [29], there is some
experimental proof for a strong acidification of the
cytoplasm after the addition of CN™ (see below).

The parameters of the current-voltage relationships

The typical sigmoid carrier curves (Figs. 3 and
4) have several parameters of interest. (1) The
saturation current i; and i], which represent the
voltage-insensitive portions of the curves far from
equilibrium; (2) the equilibrium potential the con-
ditions of which are given in Eqns. 1 and 5, and
(3) the voltage-dependent slope at maximal steep-
ness of the curve (which will not be dealt with in
this work).

The current saturation, regardless of external
amino acid concentration, is probably one of the
most puzzling results, and on first sight one will
find it difficult to find a connection with the
classical Michaelis saturation. But it simply indi-
cates that some reaction step other than the charge
transfer limits the electrical ‘amino acid current’
across the plasmalemma. And since association/
dissociation of carrier and transported substrates
can be assumed to be very fast reactions, it is more
likely that the translocation of either the unloaded
carrier or of the uncharged carrier/amino acid
complex are rate-limiting.

If the membrane is considered to be a single
and symmetric energy barrier to the translocation
of charge [30], the ratio of voltage-sensitive rate
constants can be written as

kio/koi = kioo/kgi' exp(ZI:‘A“’m/RT) (3)

where the subcripts i and o mean inside and
outside, the superscript zero designating the trans-
location rate constants at zero membrane poten-
tial. Recently, Hansen et al. [12] have demon-
strated that all those cyclic models of transport
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systems with a single charge transfer step can be
reduced to a two-state model. Only two steps are
considered: Besides the charge-carrying step (k,,,
k,;), all accessible and inaccessible voltage-insensi-
tive steps are lumped together and given the
pseudo-rate constants x,, and x,;. Several equa-
tions were derived which enable one to obtain
ratios of such constants, once the equilibrium
potential and the saturation currents at steady
state are known:

For the saturation currents

is /il = = Xio/Xoi 4
for the equilibrium potential

E.,= RT/zFIn( kQix;o /k%x,; &)
and for the driving force

Ay, — Eoo= RT/zF In( k;oxo; /K oi Xi0) (6)

According to the data from Figs. 3 and 4, x_,/x,,
= 1.17 without CN ~, and 1.54 in the presence of 1
mM CN . So, one basic result is that CN ™ has not
much influence on the ratio x;/x;, (the voltage-
independent rate constants), which makes k, /k_;
clearly a function of the driving force (Eqn. 6).
The second important result is that k_; is much
larger than k,, in the absence of CN . This is not
surprising, since it states that the energy to drive
this system is seemingly put into the transfer of
positive charge from the outside to the cytoplasmic
side of the membrane. The third result is that in
the presence of CN ™ the driving force (4y,, — E_.)
has been reduced considerably in a way that al-
ready after a few minutes of exposure to 1 mM
CN™ very little power to accumulate is left, al-
though the substantial membrane potential (— 150
mV in Fig. 4) could still do so. But preliminary
['*CIDMO (5,5-dimethyloxazolidine-4-dione) dis-
tribution tests (data not shown) strongly indicate a
rapid acidification of the cytoplasm with CN~
added.

Subsequently, this causes a break-down of the
driving force, and also explains the negative equi-
librium potential (—120 mV) observed aiready a
few minutes after the addition of a-aminoisobu-
tyric acid. If this pH shift can be confirmed, e.g.,
by direct measurements with pH-sensitive micro-
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electrodes, it could give strong evidence for this
system to be a proton co-transport.

Acknowledgement

This work was supported by the Deutsche For-

schungsgemeinschaft.

References

1

—

W

w

o0~

o

—_—

Ashgar, S.S., Levin, E. and Harold, F.M. (1973) J. Biol.
Chem. 248 /15, 5225-5232

Komor, E. and Tanner, W. (1976) Eur. J. Biochem. 70,
197-204

Etherton, B. (1978) Plant Physiol. 61, 933-937

Kinraide, T.B. and Etherton, B. (1980) Plant Physiol. 65,
1085-1089

Jung, K.-D. and Littge, U. (1980) Planta 150, 230-235
Novacky, A., Ulirich-Eberius, C.I. and Liittge, U. (1980)
Planta 149, 321-326

Fromter, E. (1982) Pfliigers Arch. 393, 179-189

Slayman, C.L., Slayman, C.W. and Hansen, U.-P. (1977) in
Transmembrane Ionic Exchanges in Plants (Thellier, M.,
Monnier, A., Demarty, M. and Dainty, J., eds.), pp.
115-222, CNRS, Paris

Felle, H. (1981) Planta 152, 505-512

Dills, S.S., Apperson, A., Schmidt, M.R. and Saier , M.-H,,
Jr., (1980) Microbiol. Rev. 44, 385-418

Rosenberg, R. (1981) J. Membrane Biol. 62, 79-93

17
18

19
20

21
22

23
24
25

26
27

28

29

Hansen, U.-P., Gradmann, D., Sanders, D. and Slayman,
C.L. (1981) J. Membrane Biol. 63, 165-190

Gradmann, D., Hansen, U.-P., Long, W.S., Slayman, C.L.
and Warncke, J. (1978) J. Membrane Biol. 39, 333-367
Gradmann, D. (1975) J. Membrane Biol. 25, 183-208
Hiisemann, W. and Barz, W. (1977) Physiol. Plant. 40,
77-81

Murashige, T. and Skoog, F. (1962) Physiol. Plant. 15,
473-497

Felle, H. (1981) Biochim. Biophys. Acta 646, 151-160
Cole, K.S. (1968) Membrane, Ions and Impulses, pp.
152-168, University of California Press, Berkely

Cram, W.J. (1968) Biochim. Biophys. Acta 163, 339-353
Reinhold, L., Shtarkshall, R.A. and Ganot, D. (1970) J.
Exp. Bot. 21, 926--932

Felle, H. (1980) Biochim. Biophys. Acta 602, 181-195
Felle, H. and Bentrup, F.W. (1977) Biochim. Biophys. Acta
464, 179-187

Marr¢, E. (1980) Progr. Phytochem. 6, 253-284

Felle, H. (1982) Plant Sci. Lett. 25, 219-225

Ramos, S. and Kaback, H.R. (1977) Biochemistry 16,
848-859

Felle, H. and Bentrup, F.W. (1980) Planta 147, 471-476
Van Bel, J.E.A. and Van Erven, A. (1979) Plant Sci. Lett.
15, 285-291

Felle, H., Lithring, H. and Bentrup, F.W. (1979) Z. Natur-
forsch. 34¢, 1222-1223

Koch, A.L. (1971) J. Mol. Biol. 59, 447-459

Lauger, P. and Stark, G. (1970) Biochim. Biophys. Acta
211, 458-466



