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ABSTRACT

The recent proposal of Tipton and Thowsen (Plant Physiol 79: 432~
435) that iron-deficient plants reduce ferric chelates in cell walls by a
system dependent on the leakage of malate from root cells was tested.
Results are presented showing that this mechanism could not be respon-
sible for the high rates of ferric reduction shown by roots of iron-deficient
bean (Phaseolus vulgaris L. var Prélude) plants. The role of O, in the
reduction of ferric chelates by roots of iron-deficient bean plants was also
tested. The rate of Fe(IIl) reduction was the same in the presence and in
the absence of O,. However, in the presence of O, the reaction was
partially inhibited by superoxide dismutase (SOD), which indicates a
role for the superoxide radical, O, as a facultative intermediate electron
carrier. The inhibition by SOD increased with substrate pH and with
decrease in concentration of the ferrous scavenger bathophenanthroline-
disulfonate. The results are consistent with a mechanism for transmem-
brane electron transport in which a flavin or quinone is the final electron
carrier in the plasma membrane. The results are discussed in relation to
the ecological importance that O, may have in the acquisition of ferric
iron by dicotyledonous plants.

Dicotyledonous plants suffering from iron deficiency may
develop so-called ‘Fe efficiency reactions’ such as rhizosphere
acidification (23) and a strong increase in the capacity of the
roots to reduce ferric chelates (Turbo reductase) (3, 4, 6, 22).

It was proposed that the Turbo reductase is located in the
plasma membrane of the root epidermal cells (3, 26), and
NADPH was proposed as the electron donor (27). It can reduce
several kinds of ferric salts including ferricyanide (28). This
inducible reducing system is therefore different from the Stand-
ard (basic) reducing system in the plasma membranes of mono-
cotyledons and dicotyledons, which can donate electrons to
ferricyanide but not to ferric chelates (3, 7, 10, 24). This latter
activity is not influenced by the iron nutritional status of the
plant; its function is still subject to speculation (17).

Analogous to iron deficient roots, lymphocytes which are
exposed to infection develop an inducible electron transfer sys-
tem in the plasma membrane which accepts electrons from
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cytosolic NADPH and transmits them to an extracellular ac-
ceptor. The natural electron acceptor is O, and the resultant O,™
radicals are involved in killing pathogenic microorganisms (2).

The formation of O, radicals by an NADPH oxidase at the
plasma membrane is also a response phenomenon of plant cells
to infection by pathogens (8, 9). Furthermore, plant cells catalyze
an NAD(P)H-dependent O, production during lignification (14,
15, 19). Also on the surface of intact pea roots, O, formation is
detectable (1).

Recently, Tipton and Thowsen (30, 31) proposed an alterna-
tive mechanism for ferric chelate reduction by roots of iron-
deficient dicotyledons. In their model, malate accumulated in
iron-deficient roots leaches out through the plasma membranes
and reduces NAD" via cell-wall bound malate dehydrogenase.
NADH would then reduce ferric chelates via an NADH-ferric
chelate oxidoreductase in the cell walls. This model is very similar
to t)hat presented for the lignification process of plant cell walls
(14).

In the present paper the proposal of Tipton and Thowsen (31)
was tested. Additionally, the possible role of O, in the extracel-
lular ferric reduction was examined.

MATERIALS AND METHODS

French beans (Phaseolus vulgaris L. var Prélude, from Sluis,
Enkhuizen, The Netherlands) were grown on modified Knop
nutrient solution, with or without 40 or 100 uM Fe-EDTA as
described elsewhere (4).

Ferric reduction activity was measured routinely in 5 mm Mes,
0.5 mm CaSO,, 100 uM Fe-EDTA, and 300 uM BPDS? (pH 5.5)
at 25°C, in a volume of 100 ml (intact root systems ) or 2 ml
(apical root zones and cell walls). The 454 was measured contin-
uously by circulating the solution through a 2-cm cuvette of a
Skalar photometer (Breda, The Netherlands). In experiments
with cell walls, they were immobilized by a small plug of cotton
wool. Anaerobic conditions in measurements with apical root
zones were realized by addition of 10 mm glucose, 100 units
glucose oxidase, and 1300 units catalase.

Cell walls of roots were prepared by milling fresh roots of 14-
d-old plants in 1 mm Hepes-HCI (pH 7.6), 0.5 mm CaSO., 1%
(w/g FW) polyvinylpolypyrrolidone, and 5% (w/g FW) sand,
and repeated washing of the insoluble fraction with the extraction
buffer by centrifugation (10 min at 5000g 0°C). After the first
wash, the sand and the polyvinylpolypyrrolidone was separated
from the precipitated root material.

3 Abbreviations: BPDS, bathophenanthrolinedisulfonate; FW, fresh
weight; G6P dh, glucose 6-phosphate dehydrogenase; malate dh, malate
dehydrogenase; SOD, superoxide dismutase.
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G6P dh (EC 1.1.1.49) and malate dh (EC 1.1.1.37) activity in
root fractions were determined in 1-ml incubations, continuously
mixed on a slow rotator. At fixed intervals, a whole mixture was
ejected through cotton wool into a cuvette, after which the
absorption spectrum between 300 and 400 nm was quickly
scanned. Reaction media were, for G6P dh, 20 mm Hepes, 1 mm
glucose 6-P, 0.5 mM NADP*, and 7.5 mm MgCl, (pH 7.6), and
for malate dh, 20 mM Hepes, 0.12 mm NADH, and 0.8 mM
oxaloacetate (pH 7.6). For determination of malate dh of isolated
roots (apical 2-3 cm) they were placed in a Pasteur pipet closed
at the tip, with their cut ends just above the meniscus.

SOD, glucose oxidase, and catalase were from Boehringer
(Germany).

RESULTS

Role of Cell-Wall Bound Malate dh in Ferric Reduction. The
amount of cell-wall bound malate dh in Fe-deficient bean roots
was determined by homogenizing the roots with a low salt
extraction medium (1 mM Hepes, 0.5 mm CaSO,) and repeated
washing of the 5000g precipitate, followed by determination of
malate dh, and of G6P dh as a marker for cytosolic enzymes in
the fractions. About 6% of the malate dh present in the crude
homogenate remained in the cell wall fraction after repeated
washing, while G6P dh in that fraction fell to less than 1% of the
original level after the third washing (Table I). The amount of
malate dh corresponded to an activity of 17 umol NADH oxi-
dized-h™'-g~' FW root tissue. Addition to the extraction buffer
of 1 mm dithioerythrol, 1 mm EDTA, 10 mM Hepes, or various
combinations of these, did not essentially affect the results; the
malate dh activity remaining after washing was always less than
10% of the activity in the crude homogenate.

The activity of malate dh to reduce NAD* at pH 5.5 with 5
mM L-malate was 3.1% of the capacity to oxidize NADH. Thus,
the amount of enzyme present in cell walls from 1 g FW root
tissue could reduce 0.03 X 17 umol or 0.5 umol NAD*.h~!.g™!
FW, equivalent to 1.0 umol Fe reduced-h~'.g~! FW. This is the
rate which could be realized by malate dh in all the cell walls,
i.e., including the enzyme present in the stele and cortex. The
ferric reduction activity is located in the epidermal and hypo-
dermal cell layers (26) and therefore we measured also malate
dh activity directly on isolated roots. Table II shows that oxal-
oacetate-depending NADH-oxidation at pH 7.6 was not faster
than 4 umol-h~!.g~! FW, regardless the iron nutritional status
of the roots. The forward reaction, producing NADH with mal-
ate, could therefore not be more than 0.13 gmol-h~!.g™! FW,
equivalent to 0.26 ymol Fe reduced-h™'.g~' FW. This value is
about % of that obtained with isolated cell walls.

Finally we tested the effect of added malate on the ferric
reduction activity of Fe-sufficient and Fe-deficient roots. Table
III shows that malate inhibited the ferric reducing activity of Fe-
deficient roots by about 30%. Fe(IlI)-malate is reduced by Fe-
deficient roots at 37% of the rate with Fe-EDTA (4); thus, the
inhibition could have been caused by exchange of Fe(III) between
0.1 mm EDTA and 5 mm malate.

Table 1. Activities of G6P dh and Malate dh in Cell Wall Fractions

from Fe-Deficient Bean Roots
Fraction G6P dh Malate dh
umol-h='.g7' FW

Crude extract 129 292
Precipitate:

First 9 160

Second 0.8 18

Third 19

Fourth 11

Fifth 17
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Table 1. Malate dh in the Free Space of Root Tips from Fe-Sufficient
and Fe-Deficient Plants
Isolated roots (apical 3 cm) were incubated in Pasteur pipets closed at
the tip. The cut ends were kept above the meniscus in order to prevent
contribution by cellular malate dehydrogenase.

. g No. of
Addition NADH Oxidation Incubations
umol-h~'.g7' FW
+ sD

None 0.0 2
Fe-sufficient roots 20
Fe-sufficient roots + 0.8 mM 6.1 £2.0 3

oxaloacetate
Fe-deficient roots 1.7 1
Fe-deficient roots + 0.8 mM 35+0.2 3

oxaloacetate

Table III. Effect of Malate and Glucose Additions on Fe-EDTA
Reduction by Roots of Fe-Deficient and Fe-Sufficient Bean Plants
Ferric reduction was measured in 100 ml 5 mm Mes, 0.5 mM CaSO,,
100 uM Fe-EDTA, and 300 uM BPDS (pH 5.3, 25°C).

Ferric Reduction Activity
Preculture  Expt. S
of Plants No. + 5 mM
Control L-malate + 1 mM glucose
umol-h~' g=' FW
—Fe 1 1.88 1.25
2 2.02 1.63
3 2.78 2.87 (after 2 h)
4 2.67 2.90 (after 2 h)
+Fe 5 0.30 0.30

NADH Oxidation by Cell Walls. NADH in cell walls might
reduce ferric chelates directly, via an NADH-ferric oxidoreduc-
tase, as proposed by Tipton and Thowsen (31), or, indirectly, via
reduction of oxygen to the superoxide radical, O,™, which then
could reduce ferric chelates either enzymatically or nonenzymi-
cally (11). The results presented in Table II indicate that NADH
was oxidized by roots of bean plants. The capacity of NADH to
reduce Fe-EDTA in the presence of cell walls from Fe-deficient
plants is shown in Figure 1. The effect of SOD illustrates the role
of O,” in the process, particularly at higher pH. The ferric
reduction by NADH at pH 5.5, 1.0 umol Fe(I)-h~'.g™' FW cell
walls, corresponds to 0.5 umol Fe(II)-h™".g™' FW root tissue. As
in the case with malate dh, this is a maximal value, because ferric
chelate reduction only takes place in the outer cell layers. Figure
2A shows that isolated roots of Fe-sufficient plants catalyzed Fe-
EDTA reduction when NADH was added. The rate was less than
0.2 umol Fe(I)-h~'-g~' FW. The nearly complete inhibition by
SOD indicates that the reduction is through O,™ formation. The
ferric reduction capacity of Fe-deficient root tips was also in-
creased by addition of NADH, more so than in roots of Fe-
Zuf;icient plants. This increase was also nullified by SOD (Fig.

B).

Role of Superoxide Radical in the Ferric Reduction Capacity.
The role of O, in the process of ferric reduction in Fe-deficient
bean roots was tested with SOD. At pH 6.6, reduction of Fe-
EDTA was not inhibited by anaerobiosis, at least during short
(less than 30 min) incubations (Table IV). SOD had no effect in
the absence of O,; but in the presence of O, it inhibited by about
60%. BSA at the same protein concentration had no effect,
neither had catalase or boiled SOD (no data shown). These results
suggest a facultative role for O, in the ferric reduction mecha-
nism. The inhibiting effect of SOD was maximal under condi-
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FiG. 1. Reduction of Fe-EDTA by NADH in the presence of cell
walls from Fe-deficient bean roots (20 mg FW). Cell walls were incubated
in 2 ml 5 mM Mes, 0.5 mm CaSO,, 100 uM Fe(III)-EDTA, and 300 uM
BPDS. The As4 was monitored continuously by pumping the solution
through a spectrometer cuvette. Ferric reduction without (M) and with
(O) addition of 250 units SOD.
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FiG. 2. Reduction of Fe-EDTA by bean roots (apical 3 cm). Roots of
Fe-sufficient (A) and Fe-deficient (B) plants were incubated as described
in Figure 1. O, no addition; A, after addition of 250 um NADH; A, after
addition of both 250 uM NADH and 250 units SOD.

tions where the chances for ferrous ions to be reoxidized by O,
instead of being scavenged by BPDS, were highest: at low con-
centrations of BPDS (Fig. 3) and at high pH (Fig. 4). Interestingly,
SOD also strongly inhibited at low Fe-EDTA concentrations
(Table V). At high concentrations of Fe-EDTA and BPDS,
inhibition by SOD reached a plateau of 30 to 35%, irrespective
of pH between 5.5 and 7.1 (Table V, Fig. 3).

Apparently, under the conditions used by us between 30 (pH
5.5) and 75% (pH 7.1) of the ferric chelates that were reduced in
the presence of O,, received the electrons via O,™ radicals which
could be scavenged by SOD.
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Table IV. Effect of SOD on Aerobic and Anaerobic Reduction of Fe-
EDTA by Isolated Roots of Fe-Deficient Bean Plants
Incubation conditions were as described in the legend of Figure 1.

Anaerobiosis was realized by addition of 10 mm glucose, glucose oxidase,
and catalase at pH 7.1.

Ferric Reduction

Addition
+0, -0,
umol-h™'.g7' FW
Control 2.6 29
250 units SOD 1.1 2.5
100
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FiG. 3. Effect of the ferrous scavenger BPDS on the inhibition by
SOD of Fe-EDTA reduction by iron-deficient bean roots (apical 3 cm).
The conditions were as described in Figure 1. A, pH 5.5; A, pH 6.1; ¢,
pH 6.6; O, pH 7.1.

DISCUSSION

Role of the ‘Malate Route’ in Ferric Reduction. The possibility
was tested that roots of Fe-deficient bean plants reduce ferric
chelates by a mechanism which involves leaching of malate from
the root cells, reduction of NAD in the cell walls, and an NADH-
ferric oxidoreductase in the cell walls, as proposed by Tipton and
Thowsen (31).

Cell walls of Fe-deficient and Fe-sufficient plants contained a
significant malate dehydrogenase activity (Table 1). The rate at
which this enzyme could donate electrons to NAD*, with 5 mMm
malate, was 0.26 umol electrons-h™-'g™! FW for the enzyme
accessible to added malate in intact root tissue.

Apical root zones also oxidized added NADH; added NADH
stimulated the reduction of Fe-EDTA (Fig. 2). This NADH-
dependent ferric reduction was completely inhibited by super-
oxide dismutase. We assume therefore that NADH acts via
formation of O,™ radicals which in turn reduce Fe-EDTA (11).
Oxidation of NADH in cell walls and the concomitant produc-
tion of O, has been documented, and a role in lignin biosyn-
thesis is assumed (14, 15, 29). This is possibly the ‘iron reductase’
isolated by Tipton and Thowsen (31). The enzyme activity we
fmlmd with apical root zones was less than 0.3 ymol Fe(II)-h™'-
g ' FW.

From the foregoing it follows that the reduction of ferric
chelates in the root cell walls through the combined action of
malate dehydrogenase and NADH oxidase could attain a maxi-
mal rate of about 0.3 umol Fe-h™!.g™! FW at pH 5.5. Indeed,
the low rate of Fe-EDTA reduction by Fe-sufficient roots (0.3
pmol-h~'.g™' FW) was not visibly increased by addition of
malate; ferric reduction by Fe-deficient roots was even slightly
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FiG. 4. Effect of SOD on Fe-EDTA reduction by Fe-deficient bean
roots. The conditions were as described in Figure 1. A, pH 5.5; A, pH
6.1; ¢, pH 6.6; O, pH 7.1.

Table V. Effect of SOD on Aerobic Reduction of Fe-EDTA by Isolated
Bean Roots as a Function of Fe-EDTA Concentration at pH 6.1
Conditions were as described in the legend of Figure 1. The BPDS
concentration was 300 uM.

Fe-EDTA Inhibition
Fe-EDTA Reduction Rate by SOD
-1 -1
M umol. 2 W g %
100 1.03 40
150 2.13 30
200 2.81 27
250 3.38 26
inhibited.

The ferric chelate reduction activity of intact roots of Fe-
deficient plants was about 2 umol-h~'.g~! FW (Table III) with
100 uM Fe-EDTA; at 300 uM Fe-EDTA the rate is near V., and
about 5 umol-h~'.g™! FW (4). The measured capacity and that
of the ‘malate route’ differ therefore with a factor of at least 15.

Tipton and Thowsen (31) reported a strong stimulation of
ferric reduction by added malate or glucose after prolonged
incubation (5 h). We have similar results and assume that in
prolonged incubations glucose and malate affect ferric reduction
indirectly, by being taken up by the root cells and thereby
influencing overall metabolism. This may lead to elevated levels
of NADPH, increased potential fluxes of reducing equivalents to
NADPH, or both.

We conclude that a pathway for electrons via malate leaching,
NAD* reduction by malate and reoxidation by O,, yielding O,
which reduces ferric chelates can only make a minor contribution
to ferric reduction by iron-deficient bean roots at pH below 6.
At high pH values, more favorable for the reduction of NAD*
by malate, the ‘malate route’ might have a bigger share in the
ferric reduction process.

Role of Superoxide Radicals in Ferric Reduction. The stimu-
lation, by NADH, of Fe-EDTA reduction by isolated roots of
Fe-deficient plants was more than 100% reversed by SOD (Fig.
2A). This indicated that also in ferric reduction which was
independent of added NADH O,~ participates. This was indeed
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the case (Fig. 4), although the rate of ferric reduction was the
same in the presence or absence of O, (Table IV). Apparently,
Fe-EDTA alone can get hold of all the available electrons in the
absence of O,; but in its presence, O, scavenges at least part of
the electrons, and the O,™ formed can then pass them to Fe(III)
if SOD is not added. The reaction kinetics are complicated by
the fact that ferrous ions may be reoxidized by O, and thus give
rise to O, (19). A high BPDS concentration is needed to chelate
all the ferrous iron which is formed, but is also deleterious to the
roots. By careful titration with BPDS and extrapolation of the
curves obtained (Fig. 3) it became apparent that when Fe reoxi-
dation was minimal, SOD inhibited about 30 to 35% at 100 uM
Fe-EDTA in the pH range tested.

From results we obtained earlier we must conclude that O,
cannot accept electrons from the induced ‘Turbo’ ferric chelate
reducing system in the absence of added ferric chelate or ferri-
cyanide: (a) The redox poise of NADP in aerobic roots of Fe-
deficient plants was shifted to a more oxidized state within 2
min after addition of ferricyanide (27); (b) The potential differ-
ence over the plasma membrane of aerobic root epidermis cells
was lowered only after addition of Fe-EDTA or ferricyanide (28).

A simple mechanism for ferric reduction by the Turbo system
in bean roots, which accommodates the present and previous
observations is the following (Fig. 5). In the plasma membrane
of the Fe-deficient epidermal cell a two-electron carrier is present
(XH,). This carrier can donate an electron to Fe-EDTA or
ferricyanide, but not to oxygen. After donation of one electron,
XH. results. XH- can donate an electron to Fe-EDTA or ferri-
cyanide but also to oxygen. After this reaction the resulting X
can accept 2 electrons from cytosolic NADPH, and the system
is regenerated. X might, most likely, be a flavin or a quinone
(20).

Roots of many plant species excrete riboflavin when suffering
from Fe shortage (32, 33). Under the same conditions microor-
ganisms including the green alga Chlorella may synthesize fla-
voproteins called flavodoxins, believed to replace Fe-S proteins
(18). Replacement of an Fe containing compound normally
present in a plasma membrane redox chain, such as the Standard
reductase (3), by a flavodoxin could change the properties of the
redox system such that it can reduce extracellular ferric chelates.
However, in flavodoxins the rate constant for the one-electron
transfer from the fully reduced FH, to O, is characteristically
higher than for the reaction with the halfreduced FH-; the E,;
of the flavin group for the second electron transfer of known

FiG. 5. Electron donation to ferric chelates and oxygen at the plasma
membrane of epidermal cells in Fe-deficient bean roots. X is a two-
electron carrier. PM, plasma membrane; CW, cell wall.
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flavodoxins is at least 0.17 V more positive than for the first (18).
This property is not in accordance with an increased capacity for
XH- to reduce O, to O, as proposed in Figure 5.

In free flavins and flavin-containing oxidases the reaction of
O, with the fully reduced compound is equally fast, yielding
directly H,O, (5). However, the half-reduced form of free flavin,
once reduced, is more reactive with O, (13). A role for a flavin
as X, in which all forms are more or less equally stabilized by
protein binding, thus without changes in the E,; values but with
sufficiently lowered rate constants for oxidation by O,, can
therefore not be excluded.

The quinones are plausible candidates for the function of X.
In contrast to flavins which are permanently fixed to a protein
in each of the three redox states, quinones present in the redox
states XH, and X diffuse freely in the membrane both in the
lateral and the transmembrane direction. They are therefore
ideally suited to transfer reducing equivalents, with or without
protons, across the membrane. The values for E,, of naturally
occurring quinones vary between 0 and +0.1 V, suitable to
reduce ferric-organic complexes such as Fe-EDTA (E,;; 0.12 V)
(25). Assuming a moderate stabilization of the semiquinone, the
one-electron redox couples X- /XH; (first oxidized in Fig. 5) and
X/XH. (second oxidized) will have values of E,; that are about
0.1 V higher and lower, respectively, than the E,; of the two-
electron couple. This makes the semiquinone a better one-
electron donor to oxygen than the fully reduced quinol (21, 34,
35). On the other hand, if the shift is not too strong, the fully
reduced form will not be seriously hampered in its capacity to
reduce ferric chelates.

The proposed mechanism differs from the one active in the
plasma membrane of leucocytes. There, a one-electron carrier,
Cyt bsso, receives electrons from NADPH via a flavin and a
sulfide group, reducing O, to O, (12). A quinone is not involved
(16).

In conclusion, the involvement of O, radicals in the electron
transfer to extracellular ferric chelates might be of considerable
importance for the acquisition of iron by roots of dicotyledonous
species in substrates of low Fe availability, calcareous soils in
particular. In contrast to the experimental conditions using rel-
atively high concentrations of chelated Fe in combination with

a scavenger (BPDS) for the reduced Fe(Il), in Fe-deficient soils .

such scavengers are absent and the concentrations of chelated
Fe(IIl) is very low. It has been shown in the present paper that
the contribution of O, radicals to the overall process of ferric
reduction is remarkably augmented by decreasing concentrations
of chelated Fe(III) and BPDS, and also by increasing pH values.
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