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Abstract

Highly purified plasma membranes were isolated by aqueous two-phase partitioning from rice (Oryza sativa)
seedling roots. The effects of lanthanum chloride (LaCl3) on the activities of lipid peroxidation, the redox system
and H+-ATPase, Ca2+-ATPase of plasma membranes were studied. The lipid peroxidation of plasma membranes
could be depressed by certain low concentrations of LaCl3 and enhanced by high concentrations of LaCl3, while the
lipid peroxidation was also dependent on the plasma membrane protein and incubation time. The relative activity
of O2 uptake of plasma membranes was inhibited by all tested LaCl3 concentrations. In contrast, the reduction
rate of Fe(CN)63− by plasma membranes was stimulated below 40µM of LaCl3, but was reduced above 60µM
of LaCl3. The relative activities of both H+-ATPase and Ca2+-ATPase increased constantly from control to LaCl3
of concentration 60µM where the activities of both enzymes were the maximum, but decreased remarkably at
80 µM LaCl3 concentrations various LaCl3 were added to culture solutions. In the other measurement case in
which various LaCl3 concentrations were added directly to reaction medium and the plasma membrane vesicles
only came from the control cultured rice seedling roots, the response of H+-ATPase activity to La3+ was similar
to the response in culture solution. However, the La3+ concentration was only 20µM when the activity of H+-
ATPase was the maximum. In contrast to the case of LaCl3 addition to culture solution, Ca2+-ATPase activity
was inhibited by all concentrations of La3+ which were added directly to the reaction medium. The above results
revealed that REEs inhibited electron transfer from NADH to oxygen in plant plasma membranes, depressed the
production of active oxygen radicals, and reduced the formation of lipid peroxides through plasma membrane lipid
peroxidation. REEs ions also enhanced the H+ extrusion by both standard redox system and H+-ATPase in plasma
membranes at certain concentrations. A possible role for the plant cell wall in REEs effects on plasma membranes
was also suggested.

Introduction

The rare earth elements (REEs) comprise a group of 17
trivalent metallic elements which have similar chem-
ical properties. In the periodic table, these elements
vary in relative atomic mass from 139 (Lanthanum)
to 175 (Lutetium). Scandium (45) and Yttrium (89)
are also commonly included in this group. Since the
1930s it has been known that the elements of this
group have some physiological effects on organisms.

Afterwards, there were lots of studies in the fields
of agricultural and medical applications (Laoet al.
1995). Some results of Chinese research suggest that
supplying these elements may have beneficial effects
on plant growth, crop productivity formation and fruit
or vegetable quality (Yu & Chen 1995). Unfortunately,
their physiological mechanism of action is unknown.

Some researchers have demonstrated that REEs
could not enter into the protoplast. These elements are
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excluded by the plasma membrane (Gaoet al. 1998).
This phenomenon indicates that the plasma membrane
might be the primary reaction site. Therefore, more
attention should be paid to the relationship between
REEs and plasma membrane.

The plasma membrane is involved in many phys-
iological processes in plants, such as iron reduc-
tion, electron transfer and signal transduction. Re-
cent research indicates that transmembrane electron
transport may play an important role in plant cell
growth (Misra 1991). During electron transfer, plant
plasma membranes are capable of oxygen consump-
tion with NAD(P)H as the electron donor (Moller &
Berczi 1986). Meanwhile, some active oxygen radi-
cals may be produced through the Fenton-reaction by
the plasma membrane (Vianelloet al. 1990). As a
result, lipid peroxidation of membranes occurs, and
finally leads to membrane damage (Osswaldet al.
1992). It is attractive to examine the influence of REEs
on the previously mentioned physiological processes
for plant plasma membranes.

ATPase is considered the most important consti-
tutional enzyme in the plasma membrane (Hodges &
Leonard 1974; Serrano 1985). H+-ATPase is usually
named the ‘master enzyme’ in the plasma membrane
for plants (Serrano 1989). Its main physiological role
is to generate an electrochemical gradient of protons,
acidify the cell wall and maintain the relaxed state of
the cell wall. This allows for plant cell expansion and
division. To date there have been no detailed reports on
the effects of lanthanide on the activity of the plasma
membrane H+-ATPase. Ca2+-ATPase is another very
special type of ATPase in the plasma membrane. It
can drive the transmembrane transportation of cal-
cium. Due to the similarity (Evans 1990) between
calcium and lanthanum in ionic radius and chemical
properties, calcium could be substituted by lanthanum.
Therefore, lanthanum may interfere with the activ-
ity of Ca2+-ATPase. Such effects of lanthanum have
been demonstrated by many reports. Regretfully, most
of the evidence comes from studies using animal
materials (Hinghsmith & Head 1983).

In the present study, the effects of lanthanum
chloride on lipid peroxidation, redox system and H+-
ATPase activities for plasma membranes from rice
seedling roots were studied. To our knowledge, this
is the first report to analys the possible relation be-
tween REEs and plasma membrane lipid peroxidation,
the redox system and H+-ATPase activities for crop
plants. The changes of Ca2+-ATPase activity caused
by lanthanum chloride are also investigated.

Materials and methods

Plant materials

Rice (Oryza sativacv. Longtezao) seeds (purchased
from Tonan Seeds Co., Xiamen, P.R. China) were
sterilized by 0.5% sodium hyper-chlorite (NaOCl) so-
lution for 20 min, washed with flow water, then soaked
in water for 24 h and germinated in the dark at 25◦C
for 24 h. The germinated seeds were transferred to
quartz sand and irrigated with 0, 20, 40, 60, 80µM
LaCl3 solution, and grown under illumination for 12 h
every day with light intensity of 120µmol photons
m−2 s−1 for 7 days at 25◦C. The roots were harvested
for the experiments.

Plasma membrane isolation and purification

Plasma membranes were prepared by the two-
phase partitioning method following the procedure of
Sandelius & Morre (1990). Roots were washed by
water and were cut into pieces, and then immediately
homogenized in isolation buffer (1:3, w/v) containing
0.25 M sucrose, 3 mM EDTA, 2.5 mM DTT, 0.6%
PVP, 2.5 mM PMSF and 25 mM Tris-Mes (pH 7.5).
The homogenate was filtered through 240µM nylon
cloth and centrifuged at 10 000×g for 15 min. The su-
pernatant was then centrifuged for 30 min at 50 000×g
to obtain a microsomal pellet that was resuspended
in a buffer containing 0.25 M sucrose, 0.1 mM DTT
and 5 mM potassium phosphate (pH 6.8). The sus-
pension was then added to a 27 g phase mixture to
obtain a phase system consisting of 6.2% Dextran T-
500, 6.2% PEG 3350 in 5 mM potassium phosphate
(pH 7.8), with 0.25 M sucrose. The final upper phases
were collected, diluted at least twice with 5 mM potas-
sium phosphate (pH 6.8) and 0.25 M sucrose, and
centrifuged for 30 min at 100 000× g. The resulting
microsome was resuspended in 5 mM potassium phos-
phate buffer (pH 6.5) containing 0.25 M sucrose. All
the above operations were carried out at 4◦C.

The purity of the plasma membrane was estimated
using the method described by Widell & Larsson
(1990). Vanadate inhibition of ATPase activity was
over 69%. The inhibitions of ATPase activity by ni-
trate, azide and molybdate were less than 1%, 1.2%
and 3.2%, respectively.

Measurements of lipid peroxidation

The lipid peroxidation produced by the plasma mem-
brane was evaluated as thiobarbituric acid reaction
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(Fodor & Marx 1988). One mL plasma membrane
suspension containing 0.5 mg membrane protein and
2 mM NADH were combined in a 5 mM potassium
phosphate buffer (pH 6.0); then the mixture was incu-
bated at 37◦C. After 60 min, 2 mL thiobarbituric acid
(in 5% trichloride actate) was added thoroughly. After
heating at 100◦C for 30 min in a boiling water bath,
the tube was cooled with flow water, and the reaction
product was extracted with 4 mL ofn-butanol-pyridine
mixture (15:1, v/v). The absorbance atλ = 532 nm
was determined, and the values (A532) were used to
express the concentration of lipid peroxides.

Determination of oxygen uptake

Oxygen uptake was monitored by a platinum electrode
of the Clark-type (Qiuet al.1995). The assay medium
contained 10 mM Tris-Mes (pH 6.0), 0.25 M sucrose,
10 mM NaCl, 5 mM MgCl2 and 0.25 mM NADH in
a final volume of 2.0 mL. The reaction was started by
purified plasma membrane containing 100µg protein.

Measurement of reduction rate of Fe(CN)3−
6

According to the procedures of Rubinsteinet al.
(1990) for measurements of Fe(CN)3−

6 reduction rate,
a medium which consisted of 50 mM KCl, 5 mM
MgSO4, 4 mM CaCl2, 50 mM Tris-HCl (pH 7.5),
0.25 mM NADH and 1 mM Fe(CN)3−6 was prepared.
The reaction was started by adding purified plasma
membrane containing 10µg protein. The reduction
rate of Fe(CN)3−6 was calculated from the extinction
coefficient of ferricyanide (ε = 1.0 mM−1 cm−1) and
the value of absorbance for mixture at 420 nm.

Assays of plasma membrane ATPase activity

The activities of plasma membrane ATPase were mea-
sured by the release of Pi according to the method of
Onishiet al.(1975). The values are presented as mmol
Pi released (mg membrane protein)−1 min−1. Mem-
brane protein contents were measured by the method
of Bradford (1976) with a modification. Triton X-100
in 0.01% was added in order to solubilize membrane
protein during the measurement.

Two kinds of ATPase, i.e., H+-ATPase and Ca2+-
ATPase activities were determined. The reaction
medium contained 3 mM MgSO4, 25 mM K2SO4,
0.02% Triton X-100, 50 mM Tris-Mes (pH 6.5) and
3 mM ATP-Na2 in final volume of 0.5 mL for H+-
ATPase activity measurement (Wang & Sze 1985). As

Fig. 1. Effects of protein concentration of plasma membrane on
vesicles lipid peroxidation.

for the measurement of Ca2+-ATPase activity, the re-
action medium consisted by 10 mM imidazole, 5 mM
MgCl2, 50µM CaCl2, 0.02% Triton X-100, 50 mM
Tris-Mes (pH 7.0) and 3 mM ATP-Na2 in final volume
of 1.0 mL (Li et al.1995).

Results

Effects of membrane protein contents, incubation time
and La3+ concentration on plasma membrane lipid
peroxidation

The lipid peroxidation of plasma membranes was de-
pendent on the protein concentration of vesicle mem-
branes (Figure 1). There were no products of lipid
peroxidation (A532 = 0) when no membrane protein
was added into the reaction medium. The contents of
lipid peroxides increased markedly when the plasma
membrane protein was increased by 0.25 mg. After
that, the increase of lipid peroxides content became
relatively small with an increase of membrane protein
from 0.5 mg to 1 mg. According to the curve in Fig-
ure 1, the protein concentration of 0.5 mg was used in
later experiments.

Further study showed that the production of lipid
peroxidation was strongly proportional to the incuba-
tion time (Figure 2). When the production of lipid per-
oxidation was determined immediately after plasma
membranes were added to the reaction medium, the
content of lipid peroxides (A532) was rather small.
With the increase of incubation time (from 10 to
50 min) the values ofA532 increased constantly. How-
ever, the changes ofA532 were very small when
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Fig. 2. Time course of lipid peroxidation for plasma membrane.

Fig. 3. Effects of different La3+ concentrations on lipid peroxida-
tion of plasma membrane from rice roots.

incubation time varied from 50 min to 60 min. There-
fore, the incubation time of 50 min was employed in
later measurements.

The absorbance of lipid peroxidation products was
around 25 for the control treatment, in which there was
no addition of lanthanum chloride. After increasing
La3+ from 20 to 40µM, the content of lipid per-
oxides reduced obviously (Figure 3). In contrast, the
absorbance of lipid peroxidation products increased
with the increase of La3+ concentration within the
range of 40 to 80µM. Particularly after adding 80µM
of La3+, the value ofA532 went dramatically up.

Effects of La3+ concentration on redox system
activity of plasma membrane

In our studies, the relative activity of O2 uptake and
the reduction rate of Fe(CN)3−

6 by plasma membranes
were used to measure the activity of the redox sys-
tem. Table 1 gives the effects of various concentrations
of La3+ on the relative activity of O2 uptake and the
reduction rate of Fe(CN)3−

6 by purified vesicles from
rice seedling roots. When La3+ concentrations varied
from 20 to 40µM, the reduction rate of Fe(CN)3−

6
by the isolated membrane increased in contrast to the
control treatment. The highest activity appeared at
40 µM of La3+ concentration. Afterward, the value
of reduction rate of Fe(CN)3−

6 decreased at higher
La3+ concentrations (60 to 80µM). In the result,
the reduction rate of Fe(CN)3−

6 at 80µM La3+ con-
centration was much lower than that of the control
treatment. In contrast to the changes of the reduction
rate of Fe(CN)3−6 , the responses of relative activity of
O2 uptake to La3+performed a simple tendency (Ta-
ble 1). The relative activity of O2 uptake decreases
constantly from 100% to 61.6% with the increase in
La3+ concentration.

Effects of La3+ concentration on H+-ATPase and
Ca2+-ATPase activities of plasma membrane

The activities of the plasma membrane ATPase, pu-
rified from rice seedling root, were dependent on the
concentration of lanthanum chloride in culture solu-
tion (Table 2). The relative activity of H+-ATPase
changed from 100% to 140.5% when the solution con-
centration of La3+ increased from 0 up to 60µM.
At same time, the relative activity of Ca2+-ATPase
also varied from 100% to 137%. With higher La3+
concentrations (80µM), the relative activities of H+-
ATPase and Ca2+-ATPase declined rapidly to 75.7%
and 74.1%, respectively. In this experiment, the max-
imal relative activities of both H+-ATPase and Ca2+-
ATPase appeared at 60µM of La3+ concentration.

Another activity measurement was carried out in
which the purified vesicles from control grown rice
seedling roots of the control treatment were used and
various concentrations of La3+ were added directly
into the reaction medium. The results showed that both
the relative activities of H+-ATPase and Ca2+-ATPase
with a series of La3+ additions were lower than that of
the control treatment, except at the condition of La3+
concentration of 20µM for H+-ATPase (Table 3).
This implied that the activity of H+-ATPase could be
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Table 1. Effects of various concentrations of La3+ on relative activ-
ity of O2 uptake and reduction rate of Fe(CN)3−

6 by purified plasma
membranes from rice seedling roots. The values are the mean±S.E.

[La3+] Relative activity of O2 Reduction rate of Fe(CN)6
3−

(µM) uptake (%) (µmol Mg−1 prot. min−1)

0 100 0.80± 0.03

20 93.1± 4 0.98± 0.02

40 82.6± 6 1.13± 0.02

60 70.2± 2 0.85± 0.04

80 61.6± 5 0.62± 0.01

Table 2. Effects of various concentrations (µM) of La3+ in culture solution on specific activ-
ities (expressed as mmol Pi mg−1Protein min−1) and relative activities (expressed as %) of
H+-ATPase and Ca2+-ATPase by purified plasma membranes from rice seedling roots.

[La3+] H+-ATPase Ca2+-ATPase

Specific activity∗ Relative activity Specific activity∗ Relative activity

0 3.7± 0.2 100.0 2.7± 0.2 100.0

20 4.5± 0.2 121.6 3.2± 0.1 118.5

40 4.3± 0.1 116.2 3.3± 0.2 122.2

60 5.2± 0.2 140.5 3.7± 0.2 137.0

80 2.8± 0.3 75.7 2.0± 0.3 74.1

∗ The values are the mean±S.E.

stimulated by low concentrations of La3+, but could be
depressed by high concentrations of La3+(≥ 40µM).
The activity variation ranges were 32.4% and 17.2%
for H+-ATPase and Ca2+-ATPase, respectively.

Discussion

Our experimental results showed that the products of
lipid peroxidation of plasma membranes were depen-
dent on the protein content of plasma membranes and
the incubation time when the reaction medium con-
tained NADH, which is the most common electron
donor in a cell (Figures 1 and 2). These results agreed
very well with the conclusion of Qiu & Liang(1995).
Our data suggested that the redox system of plasma
membranes could cause the peroxidation of mem-
brane lipid. It is attractive to elucidate the roles of
REEs in these lipid peroxidation processes. Although
Wang et al. (1998) and Fenget al. (1995) proved
that Ce3+ could scavenge superoxide radicals and
hydroxyl radicals in chemical solution systems, no
further direct information is available on the effects
of REEs on lipid peroxidation in biological systems.

Our further studies revealed that the existence of La3+
could obviously depress such lipid peroxidation of pu-
rified plasma membrane vesicles at below 60µM of
La3+ (Figure 3). This implies that, within a certain
concentration, La3+ has some physiological activi-
ties and functions as a free radical scavenger, such as
superoxide dismutase and peroxidase, for example.

Oxygen is the natural acceptor of electrons in re-
dox systems (Rubinstein & Luster 1993). If there
are no exogenous electron acceptors the electron of
NADH would transfer along the redox component
to oxygen, and active oxygen free radicals could be
generated. This process was observed directly by the
research of Vianelloet al.(1990) and Qiuet al.(1995)
using ESR methods. Therefore, the relative activity
of O2 uptake reflects the activity of the redox sys-
tem and the formation capacity of radicals. The results
in Table 1 indicate that the presence of La3+ inhib-
ited the relative activity of O2 uptake. Compared to
the results showing in figure 3 that a certain con-
centration of La3+ depressed the formation of lipid
peroxides, it could be concluded that REEs inhib-
ited the electron transfer from NADH to oxygen, then
depressed the production of active oxygen radicals,
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Table 3. Effects of various concentrations (µM) of La3+ in reaction medium on specific
activities (expressed as mmol Pi mg−1Protein min−1) and relative activities (expressed as
%) of H+-ATPase and Ca2+-ATPase by purified plasma membranes from rice seedling roots.

[La3+] H+-ATPase Ca2+-ATPase

Specific activity∗ Relative activity Specific activity∗ Relative activity

0 3.7± 0.1 100.0 2.9± 0.2 100.0

20 3.8± 0.1 102.7 2.8± 0.2 96.6

40 3.0± 0.2 81.1 2.8± 0.1 96.6

60 2.8± 0.2 75.7 2.7± 0.2 93.1

80 2.9± 0.1 78.4 2.5± 0.1 86.6

100 2.6± 0.2 70.3 2.4± 0.1 82.8

∗ The values are the mean±S.E.

and reduced the formation of lipid peroxides through
plasma membrane lipid peroxidation.

Another important redox system is the standard
system which exists widely in plant plasma mem-
branes (Rubinstein & Stern 1986). In this system, the
electron donor is NAD(P)H, and the electron accep-
tor is Fe(CN)3−6 . In our experiment, when Fe(CN)3−

6
was provided in a reaction medium the reduction rate
of Fe(CN)3−6 by purified plasma membrane vesicles
performed a very different change in comparison to
the relative activity of O2 uptake (Table 1). Since the
main role of the standard system is the reduction of
Fe3+ to Fe2+, such differences may reflect the influ-
ences of REEs on the uptake of iron by plant roots.
From the results of our studies, low concentrations
of La3+(≤ 60 µM) can stimulate the reduction of
Fe(CN)3−6 , but high concentration of La3+(80 µM)
can depress the reduction of Fe(CN)3−

6 . Thus, REEs
are beneficial to plant uptake of iron. Further detailed
mechanistic processes are awaiting elucidating.

H+ extrusion is one of the most important func-
tions of the plasma membrane. It establishes an elec-
trochemical gradient across the membrane, which pro-
vides energy for the transport of ions and metabolites
in and out of the plant cells (Reinhold & Kaplan 1984;
Sze 1985). And furthermore, the acidification of the
plant cell wall provides for the possibility of cell ex-
pansion and plant growth. There are two opinions on
the H+ extrusion by plasma membranes. Some re-
searchers considered that the H+ extrusion was the
result of electron transport along the redox system to
Fe(CN)3−6 (Rubinstein & Stern 1986). Many studies
support another opinion that the H+ extrusion was
driven by H+-ATPase (proton pump) on the plasma
membrane (Barr 1988). The results of our experi-
ments showed that the effect of La3+ on the activity

of H+-ATPase is similar to the effect of La3+ on the
reduction of Fe(CN)3−6 in rice seedling root (Tables 1
and 2). That is, both the activities of H+-ATPase and
the standard system of redox were stimulated by low
concentrations of La3+ and were inhibited by high
concentrations of La3+. We can conclude from our
experimental results that REEs ions could enhance the
H+ extrusion by plasma membranes at certain concen-
trations. This conclusion agrees well with the results
of Yu & Chen (1995), in which low La3+ concentra-
tions improved the growth of plant and yield of crops
as well, but high La3+ concentrations depressed both
those processes.

Because there exists a cell wall in plant cells, the
response processes of plasma membranes to REEs
ions may be more complicated. In order to elimi-
nate the influences of cell wall a further study was
carried out, in which only the purified plasma mem-
brane vesicles from the control treatment were used
for H+-ATPase activity measurement, while various
concentrations of La3+ were added directly into the
reaction medium (Table 3). Although the responses of
H+-ATPase activity to La3+ in this case are similar
to the responses in culture solution case, the La3+
concentration was smaller when the activity of H+-
ATPase was the maximum. These La3+ concentrations
are 20µM and 60µM for the reaction medium case
and culture solution case respectively. This difference
may be due to most of the La3+ being absorbed by the
cell wall.

It is well known that Ca2+ is the second messenger
in plant cells. The Ca2+ channel and Ca2+-ATPase
in plasma membranes are the most important way to
control the Ca2+ in and out of plant cells. It has
been proven that the Ca2+ channel could be blocked
by La3+ (Rengel 1994; Lewis & Spalding 1998).
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Although some researchers have studied the relation
between La3+ and Ca2+-ATPase activity in animals, it
is not clear whether La3+ inhibits the activity of Ca2+-
ATPase in plant plasma membranes. The results listed
in Table 2 and Table 3 reveal that the effects of REEs
ions on Ca2+-ATPase activity are differentin vivoand
in vitro conditions of La3+ treatments. The activity of
Ca2+-ATPase was inhibited by all treatments of La3+
where REEs ions were added directly into the reaction
medium. In contrast, the activity of Ca2+-ATPase was
stimulated at certain La3+ concentrations where La3+
was varied in the culture solution. Such differences
are interesting, and also imply that the physiological
mechanism of La3+ in vivo is sophisticated and that
some unclear factors might be involved.

Acknowledgements

This work was financially supported by the National
Natural Science Fund of China (No. 39970438) and
the Natural Science Fund of Fujian Province (No.
C97002).

References

Barr R. 1988 The effect of inhibitors of plasma membrane redox
reactions on proton excretion by plant cells.Physiol Plant73,
194–199.

Bradford M. 1976 A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of
protein-dye binding.Anal Biochem72, 248–254.

Evans CH. 1990Biochemistry of the LanthanidesNew York:
Plenum Press.

Feng ZX, Zhang SG, Liu QM, Yang KY, Ni JZ, Miao J, You SH.
1995 Interactions of rare earth ions with bovine blood Cu(Zn)-
superoxide dismutase.Chem J Chin Univ16, 993–996.

Fodor I, Marx JJM. 1988 Lipid peroxidation of rabbit small intes-
tine microvillus membrane vesicles by iron complexes.Biochem
Biophys Acta961, 96–102.

Gao XY, Guo YS, Wu DS. 1998 The study on distribution of lan-
thanum in the rice seedling using the method of cryo-fixation
and cryo-substitution equipment.Commun Plant Physiol34,
270–273.

Hinghsmith SR, Head MR.1983 Terbium (3+) binding to calcium
and magnesium binding sites on sarcoplasmic reticulum ATPase.
J Biol Chem258, 6858–6862.

Hodges TK, Leonard RT. 1974 Purification of a plasma membrane-
bound adenosine triphosphatase from plant roots.Methods Enzy-
mol32, 392–406.

Lao XR, Tang SX, Ma YZ, Liu CS, Li XH, Zhang MM. 1995
Research and forecast for using rare-earth in agriculture.J
Shandong Agric Univ26,257–262.

Lewis BD, Spalding EP. 1998 Non-elective block by La3+ of ara-
bidopsision channels involved in signal transduction.J Mem Bio
162, 81–90.

Li XM, Ni JZ, Wang PY, Chen JW, Hwang F. 1995 Effects of rare
earths on the activity of sarcoplasmic reticulum Ca2+-ATPase.
Chin Biochem J11,281–285.

Misra PC. 1991 Transplasma membrane electron transport in plants.
J Bioenerg Biomembr14,191–205.

Moller IM, Berczi A. 1986 Salicylhydroxamic acid-stimulated
NADH oxidation by purified plasmalemma vesicles from wheat
roots.Physiol Plant68, 67–74.

Ohnishi T, Gall RS, Mayer LM. 1975 An improved assay of
inorganic phosphate in the presence of extractable phosphate
compounds: application to the ATPase assay in the presence of
phosphocreatine.Anal Biochem69, 261–267.

Osswald WFR, Hippeli S, Benz B, Volpert R, Elstner EF. 1992
Comparison of the enzymatic activities of dehydroascorbic acid
reductase, glutathione reductase, catalase, peroxidase and su-
peroxidase and superoxide dismutase of healthy and damaged
spruce needles (Picea abies(L.) karst.). J Plant Physiol139,
741–748 .

Qiu QS, Liang HG, Zheng HJ, Chen P. 1994 Ca2+-calmodulin-
stimulated superoxide generation by purified plasma membrane
from wheat roots.Plant Sci101, 99–104.

Qiu QS, Liang HG. 1995 Lipid peroxidation caused by the redox
system of plasma membranes from wheat roots.J Plant Physiol
145, 261–265.

Reinhold L, Kaplan A. 1984 Membrane transport of sugars and
amino acids.Ann Rev Plant Physiol35, 48–83.

Rengel Z. 1994 Effects of Al, rare earth elements, and other met-
als on net45Ca2+ uptake byamaranthusprotoplasts.J Plant
Physiol143, 47–51.

Rubinstein B, Luster DG. 1993 Plasma membrane redox activities:
components and role in plant processes.Ann Rev Plant Physiol
Plant Mol Biol 44, 131–155.

Rubinstein B, Stern AI, Chalmers JDC. 1990 Measurements of
redox activity at the plasmalemma.Physiol Plant80,479–486.

Rubinstein B, Stern AI. 1986 Relationship of transplasmalemma re-
dox activity to proton and solute transport by roots ofZea mays.
Plant Physiol80, 805–811.

Sandelius AS, Morre DJ. 1990 Plasma membrane isolation. In:
Larsson C., Moller IM (Eds.):The Plant Plasma Membrane.
Berlin: Springer-Verlag, 44–75.

Serrano R. 1985Plasma membrane ATPase of plants and Fungi.
Boca Raton: CRC Press, 80–129.

Serrano R. 1989 Structure and function of plasma membrane AT-
Pase,Ann Rev Plant Physiol40, 61–94.

Sze H. 1985 H+ translocating ATPase: advances using membrane
vesicles.Ann Rev Plant Physiol36, 175–208.

Vianello A, Zancani M, Macri F. 1990 Hydrogen peroxide forma-
tion and iron ion oxidation linked to NADH oxidation in radish
plasmalemma vesicles.Biochem Biophys Acta1023, 19–24.

Wang JS, Guo CR, Cheng YX. 1998 Mechanism of cerium ions
scavenging superoxide radicals.J Rare Earths16, 46–50.

Wang YZ, Sze H. 1985 Similarities and differences between the
tonoplast-type and the mitochondrial H+-ATPase of oat roots.
J Biol Chem206, 10434–10443.

Widell S, Larsson C. 1990 A critical evaluation of markers used in
plasma membrane purification. In: Larsson C, Moller IM(Eds.):
The Plant Plasma Membrane. Berlin: Springer-Verlag, 16–44.

Yu ZS, Chen MB. 1995 Rare Earth Elements and Their Applica-
tions. Beijing: Metallurgical Industry Press, 169–181.


