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Plasmalemma Redox Activity and H + Extrusion
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ABSTRACT

Ferricyanide reduction by Elodea densa leaves, in the dark, is associated
with: (a) acidification of the medium; (b) decrease (about 0.2-0.3 units)
of intracellular pH (measured in cell sap, cytoplasm, and vacuole);
(c) depolarization of the transmembrane potential; (d) net efflux of K+
to the medium. Ferricyanide-induced acid secretion is markedly increased
by the presence of fusicoccin (FC), and this effect is severely inhibited by
the proton pump inhibitors erythrosine B and vanadate. In the presence
of ferricyanide FC-induced HI extrusion no longer requires the presence
of K+ in the medium. The (ferricyanide reduced)/(H+ extruded) ratio
varies from about 2, in the absence of FC, to about 1 when the toxin is
present, and to more than 4, when ATP-driven H+ extrusion is inhibited
by erythrosine B or by vanadate. Fusicoccin markedly reduces K+ release
to the medium. The ratio (ferricyanide reduced)/(H+ extruded + K+
released) approaches unity under all of the three conditions considered.
These results indicate that ferricyanide reduction depends on a plasma-
lemma system transporting only electrons to the extraceliular acceptor,
with consequent potential depolarization and cytoplasm aidification. Most
of the protons released in the cytoplasm would be secondarily extruded
by the ATP-driven pump, stimulated by both intracellular acidification
and depolarization. K+ efflux would depend on potential depolarization.

Recent evidence demonstrates in plants the operation of a
plasmalemma redox system transporting reducing equivalents
from intracellular substrates to extracellular electron acceptors
such as ferricyanide and ferric ion. The finding that ferricyanide
reduction is associated with the acidification of the extracellular
medium suggested a possible role of this system in ion transport
across the plasma membrane, and in particular in H+ extrusion
(6, 11, 12, 14, 18, 29). H+ extrusion in the presence of ferri-
cyanide might occur at the level of the redox chain, similarly to
that known for the mitochondria and thylakoid membranes: then
the plasmalemma redox chain would represent a mechanism of
H+ extrusion alternate to the better known ATP-driven proton
pump (14, 23). A second possibility is that the reducing agent
at the external plasma membrane surface is of the XH2/X type,
which would donate electrons to Fe(CN)3- and release H+ into
the medium (3, 6). According to a third, alternative interpre-
tation the electron transport to ferricyanide would activate the
ATP driven pump, which would be the main mechanism re-
sponsible for H+ extrusion (17, 27).

In an attempt to discriminate between these alternatives we
assumed that they might result in a different behavior of the
intracellular pH. The direct extrusion ofH + by the redox system
should not influence cytoplasmic pH, inasmuch as the two hy-

drogen atoms (2 electrons + 2 protons) coming from the oxi-
dation of a respiratory substrate (XH2 to X) would be transported
out of the cell: the two electrons would reduce two ferricyanide
molecules and the two protons would be secreted as such into
the extracellular medium. In contrast, the model coupling the
electron efflux by the redox system with the extrusion of protons
by the ATP-driven pump would implicate at least an initial acid-
ification of the cytoplasm by the H + released in the cytosol during
the transport of electrons to ferricyanide. This acidification would
then be partially compensated by a secondary increase in activity
of the ATP driven H+ pump. Thus, we measured the changes
in intracellular pH (in cell sap, 'bulk cytoplasm' and vacuole; 1,
2, 22) associated with ferricyanide reduction and acidification of
the external medium.
The relative roles of the redox chain and of the H+ pump in

ferricyanide-induced H + extrusion were investigated by influ-
encing the activity of ATP-driven H + extrusion. As an activator
of the ATP-drivep pump we used fusicoccin (recently shown to
stimulate ATP-dependent electrogenic H+ transport in plas-
malemma preparations; 24, 25). To inhibit the pump, we used
erythrosine B and vanadate, two relatively specific inhibitors of
the H+-ATPase of plasmalemma (10), both very active on H+
extrusion in vivo in Elodea leaves (19).
As a plant material we chose Elodea densa leaves, very active

in reducing ferricyanide (14) and also endowed with an efficient
mechanism of electrogenic H + extrusion, presumably depending
on the operation of the ATP-driven fusicoccin-stimulated and
vanadate-inhibited H+ pump (1, 19).

All experiments were carried out in the dark, in order to avoid
the interference of light, which influences by a yet unknown
mechanism both electrogenic H + extrusion by the H + pump and
ferricyanide reduction (2).

MATERIALS AND METHODS

Elodea densa. Plants were cultured in a greenhouse in large
tanks, about 0.4 m3 in volume, containing a 20 cm thick layer
of soil, and with continuous water flux of about 30 L/h. The
flowing water (from the local aqueduct) contained approximately
10-3 M Cl-, 10 -3 M SO2-, 2 X 10-4 M NO 1-,106 M PO3-,
1.6 x 10-3 M Ca2+,8 x 10-4 M Mg2+, 8 x 10-4 M K+, 2 x
10-7 M Fe3+ . Growth in these conditions was quite satisfactory,
and development of epiphytic organisms (mainly diatoms) was
minimal. No symptoms of iron (or other micronutrient) defi-
ciency were observed. For the experiments, actively growing
shoots (about 5 cm long) were excised and preincubated over-
night in the dark in 0.5 mm CaSO4. The leaves were excised,
randomized, and preincubated for 2 h in 0.5 mm CaSO4 in the
light (70 Wm -2) at 20°C in agitated Erlenmayer flasks (40 leaves
= 300 mg fresh weight in 20 ml) and then treated in the dark
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as described for each experiment. FC, I EB, and vanadate, when
present, were added in the last half-hour of pretreatment.
H+ Extrusion and Ferricyanide Reduction. After the pretreat-

ment the samples (300 mg fresh weight/20 ml) were transferred
into a solution containing 0.5 mm CaSO4, 0.5 mM Mes, with and
without 1 mm K3Fe(CN)6, with or without 1.5 mM K2SO4. The
pH was adjusted to 6 with BTP. Proton extrusion was measured
after 90 min by back-titration of the medium after removal of
CO2 according to Lado et al. (16). Ferricyanide reduction was
measured spectrophotometrically by the decrease in A420. Meas-
urements of the ferricyanide accumulated in the medium by reox-
idizing it with H202 showed that it stoikiometrically corre-
sponded to the observed decrease in Fe(CN)3- No accumulation
of either Fe(CN)3- or Fe(CN)4- in the washed tissue at the end
of incubation was detected. Leakage of soluble Fe(CN)3- -re-
ducing compounds was ruled out by finding that no reduction
takes place when Fe(CN)3- is added to a medium where the
leaves have been previously incubated for 2 h. In the experiments
in which K+ was absent, K3Fe(CN)6 had previously been trans-
formed into the BTP salt by passing the K+ salt solution through
a AG-50W-X8 (Bio-Rad) cation exchange resin, followed by
measurements of the K + contents and the ferricyanide concen-
tration in the final solution.
K+ Release to Medium. This was calculated from the change

in K+ concentration in the medium measured by atomic ab-
sorption spectrophotometry (Varian Techtron AA 1275).

Cell Sap pH. At the end of the treatments the leaves were
washed in distilled water, blotted on filter paper, transferred into
plastic syringes and frozen at - 30°C for at least 3 h. After freez-
ing and thawing the cell sap (about 0.2 ml) was pressed out of
the syringe and the pH was measured by means of a Radiometer
pHmeter equipped with a flat tip electrode (Ingold 40424, lot
403-30-M8).
Measurements of Vacuolar and Cytoplasmic pH by Weak Base

and Weak Acid Distribution Method. Vacuolar pH was calculated
from the distribution of benzylamine at equilibration; the value
thus obtained was then used in the calculation of 'bulk cytoplasm'
pH from the values of DMO distribution, according to the pre-
viously described procedure (19, 20). The reliability of the weak
acid distribution method for the measurement of FC- and K+-
induced intracellular pH changes in Elodea densa leaves has been
recently confirmed by parallel measurements with the 31P-NMR
method (J Guern, Y Mathieu, MT Marre, E Marre, unpublished
data).
Transmembrane Electrical Potential Difference. Measure-

ments of Em were performed in the dark by the conventional
microelectrode procedure described by Cocucci et al. (9). Fer-
ricyanide induced-PD changes were corrected for tip potential
(about 15 mV).

All experiments were run in triplicate, and repeated at least
three times. The data presented are those of an experiment taken
as typical for each expenrmental treatment, where the standard
error did not exceed +6%.

RESULTS

Effects of Fusicoccin, K+, Erythrosine B and Vanadate on Fer-
ricyanide Reduction and Apparent H+ Extrusion. The data of
Table I show that the reduction of ferricyanide by isolated Elodea
leaves, in the dark, was associated with a marked increase in
titratable acidity of the medium. This acidification was not sig-

1 Abbreviations: FC, fusicoccin; BTP, 1,3-bis(tris[hydroxymethyl]
methylamino)propane; -a H+, titratable H+ extrusion; -AK+, K+
increase in the incubation medium; DMO 5,5-dimethyloxazolidine-2,4
dione; EB, erythrosine B; Em, transmembrane electrical potential dif-

ference; e-/H+, ferricyanide reduced/H+ extruded ratio.

Table I. Effects of FC, K+, Erythrosine B, and Vanadate on
Ferricyanide Reduction (e -) and Apparent H+ Extrusion (- AH+)
Incubation in 0.5 mM Mes/BTP buffer (pH 6), 0.5 mM CaSO4, + 1

mM Fe (CN)3-, + 1.5 mM K2SO4, + 10-4 M FC, + 10-4 M EB, ± 10-4
M Na vanadate. SE was less than ± 6%.

-AH+
Additive e-

Control Fe(CN)3- e -/-AH+
,umollg fresh wt 90 min ratio

Control 0.1 13.4 28.3 2.1
K+ 2.1 13.9 25.1 1.8
FC 2.3 27.8 36.2 1.3
K+ + FC 14.6 29.7 35.7 1.2
K+ + EB 0.5 2.8 24.5 8.7
K+ + FC +
EB 3.5 4.5 29.0 6.4

Control +
vanadate 5.4 29.0 5.4

FC + vanadate 6.1 28.0 4.6

nificantly influenced by the presence of K + in the medium, which
in contrast markedly stimulated H+ extrusion in the absence of
ferricyanide. FC, a well known activator of the ATP-driven H +

pump, strongly increased the amount of protons extruded when
Fe3+ was present. Here again, this effect was not significantly
influenced by the presence of K+ in the medium, in contrast
with the strict requirement for this cation observed for the effect
of FC on H+ extrusion when ferricyanide was not present (20,
21). FC (with or without K+) also induced some increase in
ferricyanide reduction, in agreement with previous observations
on other materials (11, 12, 17). The simulation of ferricyanide
reduction by FC in Elodea showed a marked variability from
experiment to experiment (presumably depending on some un-

defined condition of the material), ranging from about 10 to 70%.
The data of Table I also show that erythrosine B, a powerful

inhibitor of plasmalemma ATPase in vitro and of fusicoccin- and
K+-induced H+ extrusion in vivo (10), severely inhibited ferri-
cyanide-induced acidification of the medium, while it only slightly
influenced ferricyanide reduction. A similar although somewhat
smaller effect was induced by vanadate, which in Elodea is less
effective than erythrosine in inhibiting H+ extrusion. This sug-
gests that the two processes involve distinct mechanisms (for a

similar conclusion see Ref. 27).
The last column of Table I shows that the (ferricyanide re-

duced)/(protons extruded) ratio (e-/H+) was about 2, in the
absence of fusicoccin, decreased to about 1.2 with fusicoccin (i.e.
when the H + pump was stimulated by the toxin) and rose to
much higher values with erythrosine B and with vanadate (i.e.
when the H+ pump was strongly inhibited). This confirms that
ferricyanide reduction can be dissociated to a very large extent
from the release of H+ into the medium.

Effects of Ferricyanide on K+ Transport and on Em. The finding
of e-/H+ ratios well above unity raises the question of how the
electroneutrality of the medium is maintained: in fact, the num-
ber of negative charges transported as electrons on ferricyanide
should be matched by an equal number of net positive charges
appearing in the medium, either as net release of cations to the
medium or net influx of anions. The data of Table I show that
this requirement was only partially fulfilled by H+ efflux. A
reasonable hypothesis would be that the difference to reach a

e-/H + ratio of 1 was made up by K + release to the medium, as

recently reported by Lass et al. (17) in Lemna. The data of Table
II show that this was the case also in Elodea, where K + con-

centration in the medium, remaining extremely low in the con-

trols, rose after 90 min of incubation with Fe(CN)3- to about 8
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Table 11. Effect of Ferricyanide on K- Release to the Medium (-,AK-) and Stoichiometry of Ferricyanide
Reduction and Total Cation Extrusion (-A[H- + K-])

SE was less than ± 5% Leaves (300 mg fresh weight) were incubated for 90 min in 20 ml of 1 mM Mes/BTP
buffer (pH 5.5), 0.5 mm CaSO4, ± 1 mm Fe(CN)3-, + 10-4 M FC.

[K+] in Medium -AH- -AK- Fe(CN)_3_-e_-

at 90 min Reduced (e -) -A(H+ + K+)

M ,umollg fresh wt 90 min ratio
Control
Fe(CN)3
Fe(CN)6 + FC

10-6
7.6 x 10-
3.0 x 10-5

0.1
13.6
23.5

0.1
5.0
2.0

22.21
29.11

1.2
1.1

X 10 -5 M, in the absence of FC and to 3 x 10-5 M, in the
presence of the toxin. This release of K+ seems related to the
marked rapid depolarization of the transmembrane potential in-
duced by ferricyanide, shown in Figure 1 (in agreement with the
similar results, by Sijmons et al. (28, 29), by Ivankina et al. (14)
in the same material and by Lass et al. (17) in Lemna; see also,
for Fe(CN)3- -induced inhibition of K+ influx Kochian and Lucas
(15) and Rubinstein and Stern (27), and for the stimulation of
K+ efflux Kochian and Lucas (15).

Intracellular pH Changes Associated with Fe(CN)3- Reduc-
tion. The above reported data suggest that ferricyanide reduction
and medium acidification depend on two separate mechanisms:
the primary transport of only electrons to ferricyanide, leading
to the depolarization of the potential, and the secondary extru-
sion of protons by the ATP-driven, erythrosine- and vanadate-
sensitive plasmalemma proton pump. If this is true, one would
expect ferricyanide reduction to be associated with some acidi-
fication of the intracellular fluids. The data of Table III fully
confirm this prediction, by showing that ferricyanide induced a
significant acidification (of about 0.2 pH units) of the cell sap,
efficiently opposing the alkalinizing action of K+ alone as well
as that, much more marked, of K+ and FC together (for a de-
tailed description and discussion of the effects of K+ and FC on
intracellular pH in Elodea see Marre et al. [19]).
It is interesting to observe from the data of Table III that the
acidification by ferricyanide did not completely suppress the op-
posite alkalinization by (FC + K +), so that the pH of the cell

FIG. 1. Depolarization of the transmembrane potential by
Fe(CN)3 and lack of additivity of K+-induced with Fe(CN) --induced
depolarization. Two leaves of Elodea were maintained in an aerated
solution thermoregulated at 20°C (continuous flow, 15 ml/min) contain-
ing: 5 mM Mes/BTP buffer (pH 5.5), 5 x 10- 6M DCMU, 0.5 mm CaSO4.
Fe(CN)3- was added at 1 mm concentration, K+ as 0.25 mM K2SO4.

Table III. Changes of Cell Sap pH Associated with Ferricyanide
Reduction

SE was less than ± 0.02 pH units. Incubation for 90 min in 0.5 mM
Mes/BTP buffer (pH 6), 0.5 mM CaSO4, ± 1 mM Fe(CN)63 ± FC 10-1
M.

Cell sap pH
Additive Fe(CN)3 A by Fe(CN)3

(a)
Control 5.81 5.64 -0.17
K+ 6.00 (+0.19) 5.80 (+0.16) -0.20
FC 5.91 (+0.10) 5.69 (+0.05) -0.22
K+ + 6.29 (+0.48) 6.08 (+0.24) -0.21
FC

sap was still significantly higher in the samples treated with (FC
+ K+) together with ferricyanide than in the controls where
both factors were absent. This supports the hypothesis of the
simultaneous operation of two distinct mechanisms, one of which
would release protons within the cell, while the other would
extrude them across the plasma membrane.
An evaluation of the pH changes in the vacuole and in the

'bulk cytoplasm' by the weak base (benzylamine)- weak acid
(DMO) distribution method showed a significant decrease in the
pH in both compartments, larger in the cytoplasm than in the
vacuole (Fig. 2).

DISCUSSION
Taken as a whole, the results of this paper support and extend

the model proposed by Rubinstein and Stern (27) inasmuch as
they indicate a clear-cut separation between electron transport
to ferricyanide by a plasmalemma redox system and H + extrusion
by the ATP-driven pump. As shown in the model of Figure 3
the linkage between these two systems would depend on the
activity of the redox system in depolarizing the potential and in
acidifying the cytoplasm. In fact, an activation of the H+ pump
has been demonstrated in vivo in va,rious materials as an effect
of treatments either depolarizing the potential (5, 8, 21) or de-
creasing cytoplasmic pH (7, 13, 22, 26).
An implication of this model is that it would rule out the

hypothesis that the redox system operates as a mechanism of H +
extrusion even in the absence of ferricyanide (or ferric ion) and
with 02 as a final electron acceptor. In fact, ferricyanide is known
to accept electrons from a variety of electron carriers ranging
from flavoproteins to cytochromes. Thus it seems reasonable to
postulate that if the protons produced during the oxidation of
an intracellular substrate are released in the cytoplasm when
ferricyanide is the electron acceptor, this would happen also with
oxygen as the physiological acceptor. If 02 were reduced in the
cytoplasm, the previously released protons would be used for
H20 formation, and no H + transport at the plasma membrane
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FIG. 2. Effects of Fe(CN)3- on the uptake of benzylamine and DM0, and (in the inserts) calculated values of pH in the vacuole and in 'bulk

cytoplasm.' The incubation mixtures contained: 0.5 mm CaSO,, 1.5 mm K2S04, 6 x 10-6 m DM0 or 10-5m benzylamine, 5 x 10 -6 m DCMU
(pH 5.8).

would take place. On the other hand, if 02 were reduced by the
redox chain at the external plasmalemma surface, H+ concen-
tration would decrease in the wall space, while it would increase
in the cytoplasm: thus, the redox system would pump protons
from the extracellular to the intracellular space, rather than ex-
trude them!
The present results show that in Elodea, as previously reported

for other materials (11, 12, 17), FC stimulated at some extent
Fe(CN)3- reduction. A direct effect of FC seems difficult to
reconcile with the marked variability of this FC effect (from 10-
70%, as mentioned in "Results"). In our opinion, a more likely
and attractive hypothesis is that ferricyanide reduction is to some
extent hindered (either thermodynamically or kinetically) by its
direct products: i.e. the depolarization of the potential and the
acidification of the cytoplasm. If this is true, the promotion of
ferricyanide reduction by FC would be conveniently explained

in I out

H
Plasmalemma

XH2 H+ _
NAD(P Flbvoprotein-

X
/c

(Depolarization) + cyt. complex
(-ApH)

Fe(CN 6

4-

ll l Fe(CN)6
Il| l Stimulation by FC

I t_ _ __ _ P r I ^ inhibition by EB
(activation) [HH-ATPase

| Pis |iX 4_

I I k Fe(CN)6
II |-A(H++ K )

(activation)

l_0-K can l
K-+j K

FIG. 3. Proposed model for electron and H+ fluxes associated with

ferricyanide reduction and for the relationships between plasmalemma
redox system and ATP-driven H+ extrusion.

by the activity of FC in hyperpolarizing the potential and in
alkalinizing the cytoplasm, thus removing the negative feedback
on the redox system by these two factors.

In addition to their bearing on the problem of the relationship
between redox chain and H+ extrusion, the present results are
of interest as far as K + fluxes and their role in H + transport are
concerned. The finding that the marked depolarization associ-
ated with Fe(CN)3- reduction completely suppresses the strict
requirement for K+ by ATP-driven H+ extrusion (with or with-
out FC) suggests that K + action on H + extrusion mainly depends
on its depolarizing activity, thus confirming that Em contributes
to the regulation of the activity of the H+ pump (5, 8, 21). On
the other hand, the very marked effect of ferricyanide in inducing
K+ release to the medium suggests that even in higher plants,
as already demonstrated in algae, the decrease in Em below a
given threshold might 'open' some type of channel to passive K +

transport (4). In fact, in Elodea leaves, ferricyanide-induced de-
polarization by about 50 mV (from -230 to - 180 mV) is ac-
companied by an important net apparent efflux of K+, leading
to a K+ accumulation in the medium. A more detailed analysis
of the relationships between K+ fluxes, transmembrane poten-
tial, and intracellular pH is at present being conducted in this
laboratory.
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