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NADH-Linked Electron Transfer Induces Cd>* Movement in Corn Root

Plasma Membrane Vesicles
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The rate of electron transfer from NADH to ferricya-
nide associated with corn root plasma membrane vesicles
was not significantly affected by the presence of Ca’*,
Cd**, Zn**, or Co**. However, unlike Ca?*, other tested
divalent cations induced an electron transfer-dependent
increase in light scattering by the vesicles. The efficacy in
inducing the light scattering increase followed the order
of Cd?*>Zn?* >Co®*. The extent of the light scattering
change increased as the concentration of added Cd>* in-
creased. Using phase contrast microscopy, the increase in
light scattering was related to an expansion of the vesicles.
Accompanying the volume increase, a decrease of Cd**
concentration in the external space was observed by the use
of Arsenazo III, a metallochromophore specific for diva-
lent cations. Under a specified electron transfer condition,
a similar percentage of decrease over a wide range of initial
Cd** concentration was detected. The presence of A23187
decreased the rate and extent of light scattering increase
and its associated Cd>* concentration change. However,
A23187 had no effect on scattering changes already estab-
lished by the electron transfer and Cd>*. These results sug-
gest that the NADH linked electron transfer reaction may
induce a Cd>* uptake by the vesicles of corn root plasma
membrane with inside-out orientation.

Key words: Cadmium transport — Corn (Zea mays) —
Electron transfer — NADH-linked redox — Root plasma
membrane.

The transport of metal ions by plant root cells has
been, in general, considered as driven by the proton elec-
trochemical potential associated with the plasma mem-
brane H*-ATPase (Hanson 1978, Pitman 1982, Spanswick
1981). The energy components of the potential are then uti-
lized to alter the properties of membranes to regulate the
concentration of a specific ion in cells. For example, the
outward proton pumping associated with the plasma mem-
brane H-ATPase and the inward proton pumping of tono-
plast HT-ATPase are essential to maintain the physiologi-
cal pH of cell cytosols (Sze 1985). To keep the cytosolic
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[Ca®*] low, energy is needed to activate the operation of
many efflux as well as influx Ca?* transporters (Bush 1993).

Based on a general concept of ion transport (Racker
1979), the transport of other divalent cations may share
some of the molecular arrangements for the movement of
Ca?*. The in vivo *'P NMR results that the uptake of Mn?*
is affected by Ca®*, are consistent with this concept (Pfeffer
1987). The inhibitory effects of Ca’" to the transport of
Cd** (Pawlik and Skowronski 1994) in plant cells provide
additional examples. Different types of energy-dependent
Ca?" efflux transporters in plant cells have been character-
ized (Evans et al. 1991, and refs. therein) and one of them
is a P-type Ca-translocating ATPase associated with the
plasma membrane. However, it remains to be established
whether other energy releasing processes, such as NADH-
linked electron transfer of the plasma membrane, are in-
volved in the efflux of divalent cations from cell cytosols.

The plasma membrane of higher plant cells is known
to contain a NADH-supported electron transfer system
which expresses activities of NADH-cytochrome ¢ reduc-
tase (Larsson 1985), flavin-NADH dehydrogenase (Ramirez
et al. 1984) and b-type of cytochrome (Leong et al. 1981).
Particles enriched with multiple NADH-linked redox ac-
tivities have been obtained from corn root plasma mem-
brane vesicles by detergent treatments (Luster and Buckout
1988). Both cytochrome c and ferricyanide have been exten-
sively used to investigate the NADH-linked electron trans-
fer. It has been previously determined (Askerlund et al.
1988) that the NADH oxidation and ferricyanide reduction
occur mainly on the cytoplasmic face of the plasma mem-
brane. Detailed kinetic analysis on the reduction of cyto-
chrome c¢ and ferricyanide (Tu et al. 1993) and the differ-
ential effects of poly(L-lysine) to the reduction of these two
acceptors (Tu et al. 1994), suggest that the reduction of
cytochrome ¢ and ferricyanide should occur at different
sites.

The exact physiological roles of this electron transfer
process are yet to be fully explored. Proposed involvements
include the reduction of Fe** to Fe?" for uptake (Moller
and Crane 1990), hormonal regulation of cell growth, and
maintaining the -SH groups of membrane proteins in a re-
duced state (Crane et al. 1985, Moller and Crane 1990). In
a previous study (Tu et al. 1995), we demonstrated that the
electron transfer induced a light scattering increase of iso-
lated corn root plasma membrane vesicles in the medium
containing Cd** but not Ca?*. In present work, we have



further characterized this light-scattering increase in iso-
lated corn root plasma membrane vesicles. The results sug-
gest that the NADH-linked electron transfer may induce
Cd** uptake by the plasma membrane vesicles with inside-
out orientation.

Materials and Methods

Isolation of corn root plasma membrane—The plasma mem-
brane vesicles were isolated between 0 to 4°C from corn roots (Zea
mays L. cv. W7551, Custom Farm Seed) as previously described
- (Brauer et al. 1988). The membrane had a protein content of 2 mg
ml~! determined by a modified Lowry method after precipitation
by tri-chloroacetic acid in the presence of deoxycholate. We have
shown in a previous study (Hsu et al. 1989) that the use of glycerol
and discontinuous sucrose density centrifugation yielded a root
plasma membrane preparation with about 80% of the total Mg-
ATPase activity sensitive to vanadate. Thus, the isolated plasma
membrane from the corn hybrid contained only a minimal con-
tamination of mitochondria, golgi, and tonoplast. The obtained
membrane fraction did contain significant molybdate-insensitive
phosphatase activity (about 50% of the vanadate sensitive ATP-
ase activity). Upon treating with 0.02% Triton X-100, the vana-
date-sensitive ATPase activity increased by about two thirds in-
dicating the presence of approximately 60% inside-out vesicles in
the plasma membrane fraction.

Measurement of NADH-linked electron transfer and light
scattering—The reduction of ferricyanide catalyzed by the mem-
brane was monitored at 22°C by absorbance decrease at 420 nm.
To quantify the reduction, difference in extinction coefficient be-
tween ferri- and ferrocyanides (—0.93 mM ! cm ') was used. The
light scattering change of the membrane vesicles induced by the
electron transfer from NADH to ferricyanide was monitored spec-
troscopically at 550 nm at 22°C. Typically 100 ul of plasma mem-
brane vesicles were diluted to 2 ml in a buffer containing 150 mM
KCl, 20 mM HEPES, pH 7.5, 10 ug of antimycin A, 50 or 100 uM
K;Fe(CN)g, and various concentrations of different divalent ca-
tions described in text. After acquiring a stable flat baseline, 200
uM NADH was added to initiate the reduction of ferricyanide.

Determination of Cd?* concentrations by Arsenazo III—The
concentrations of free Cd?* in the suspension media of the plas-
ma membrane vesicles (~100 ug) were determined by the use of
Arsenazo III. The reduction of ferricyanide by NADH, in the
absence of added divalent cations, in 2.0 ml of the plasma mem-
brane vesicle suspension described above was allowed to reach
completion (about 2 to 3 min). Aliquots of CdCl, solution were
then added to the suspension to make the final concentration rang-
ing from 0 to 100 uM. Samples each of 1 ml of the suspension
were then mixed with 1 ml of 35 uM arsenazo III in 150 mM KCl
and 20 mM HEPES, pH 7.5. Difference spectra were then record-
ed and the absorbance changes at 656 nm were used to construct a
linear standard curve.

Microscopic determination on the size and population of
the plasma membrane vesicles—The samples used for measuring
the electron transfer-induced, Cd**-related light scattering were
removed from the reaction mixture as soon as the scattering in-
crease reached a plateau along the time-course of scattering meas-
urement. The withdrawn samples were mounted onto slides and ex-
amined by phase contrast microscopy at a total magnification of
800. The video frames which contained approximately 25 plasma
membrane vesicles per frame, were captured and digitized using
IPPLUS software. The total time lapse between withdrawing sam-

ples to completing image digitization was less than 5 s, a time peri-
od of no significant change of scattering levels. The cross sectional
area of these vesicles was determined using NIH Image software.
From the dimensions of the vesicles and the video frames, the
population density of vesicle was also determined. Data reported
were the median size of vesicles within an image, plus or minus the
standard error determined from 5 replicates per sampling time.

Results

Effects of divalent cations on the light scattering of
plasma membrane vesicle—In our previous work (Tu et al.
1995), we reported that the presence of Cd?* or Ca?* did
not significantly affect the rate of electron transfer from
NADH to ferricyanide. However, the electron transfer in-
duced an increase of the light scattering of the plasma mem-
brane vesicles in the medium containing Cd** but not Ca?*.
To determine whether any other divalent cations can cause
a similar increase in the light scattering, Mg?*, Fe?*, Ba’*,
Co?* and Zn?" were used to replace Cd>*. Like Ca®*, the
presence of Mg?t, Ba?* and Fe** (up to 0.1 mM) did not
cause any detectable light scattering change relating to
NADH-linked electron transfer. The presence of Co**,
Zn?>* and Mn** induced a light scattering increase similar
to that associated with Cd** (Fig. 1). In the same figure, we
also found that a replacement of NADH by NAD™ or
ferricyanide by ferrocyanide nullified the increase (Fig. 1,
trace D). This result indicated that the electron transfer was
essential for inducing the observed light scattering increase.
Among the tested cations, Cd?* appeared to be the most
effective one to induce a light scattering increase related to
the electron transfer. Thus, we have chosen this cation for
further study. It should be mentioned that we have no inten-
tion to generalize the following findings associated with
Cd?** to other cations.

With the initial concentrations of both NADH and fer-
ricyanide as 100 uM, the extent and the initial rate of light
scattering change increased as the concentration of Cd** in-
creased (Fig.2). At lower concentrations of Cd**, a lag in
response time was noted. As described in our previous
report (Tu et al. 1995), the light scattering ceased to in-
crease when the electron transfer reaction reached comple-
tion. Under the experimental conditions of Figure 2, the
electron transfer would stop once all added ferricyanide
was reduced (NADH in excess). To eliminate the possibility
of Cd*" interacting with produced ferrocyanide to affect
the scattering of the membrane vesicles, we have delayed
the addition of Cd?* until the redox reaction reached com-
pletion. No significant change in the light scattering of the
vesicles was noted.

Microscopic investigation on the origin of the light
scattering increase—A change in the light scattering usually
reflects a change in the size/volume of the scattering en-
tities. There are at least three possible mechanisms, namely
membrane fusion, vesicle aggregation, and a movement of
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Fig. 1 Light scattering increase of the plasma membrane vesicles
induced by the electron transfer and divalent cations. Plasma
membrane vesicles were incubated with 0.1 mM of specified
divalent cations in the electron transfer assay medium containing
100 uM ferricyanide for 10 to 15 min at 22°C. Aliquots of NADH
were then added (100 uM) at the indicated time to initiate the re-
duction of ferricyanide. The light scattering of the vesicles was re-
corded at 550 nm. Traces A, B, and C represent the electron trans-
fer-linked light scattering increase by Cd?*, Co*", and Zn",
respectively. In D, the membrane vesicles were treated as in A,
with the exception that NADH was replaced by NAD™ (100 uM).
A replacement of ferricyanide by ferrocyanide in A also failed to
induce any detectable light scattering increase after the addition of
NADH. The presence of 0.1 mM Ca®** or Ba®" failed to induce
the light scattering increase. The trace of dashed line is the time
course of the reduction of ferricyanide by NADH measured at
420 nm in the same buffered media without the addition of
divalent cations.

solvent into the internal aqueous space (swelling) to in-
crease the light scattering of the plasma membrane vesicles.
Membrane fusion should result in the formation of larger
vesicles. Vesicle aggregation should lead to the formation
of vesicle clusters in which the membrane separation of in-
dividual vesicle could be retained. If the electron transfer
from NADH to ferricyanide can somehow activate a vec-
torial ion transport across the membrane, then the non-
equilibrium distribution of solutes would induce a solvent
movement to minimize the osmotic pressure difference
across the vesicles.

To determine the origin of observed light scattering in-
crease, we have examined the size/shape of the plasma
membrane vesicles before the occurrence and after the com-
pletion of Cd?*-related light scattering increase. As shown
in Figures 3A, B, C and D, the scattering increase is accom-
panied by a volume increase of the vesicles. The population
density determined by the same imaging technique, averag-
ed about 4+ 1 x 10° vesicles per ml independent of the pres-
ence of Cd*" or the length exposure to Cd?*. Thus, under
the experimental conditions, there is no evidence for signifi-
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Fig. 2 Dependence of the light scattering increase on [Cd**].
The plasma membrane vesicles were incubated with various
[Cd?**] in the same electron transfer assay medium containing 100
uM ferricyanide as described in Fig. 1. The light scattering in-
creases after the addition of NADH (100 uM), in the presence of
0.2, 0.12, 0.08 and 0.04 mM of Cd?** are shown as traces A, B, C
and D, respectively.

cant fusion or aggregation of the vesicles. It appears that
the volume increase may be, to a great extent, due to swell-
ing of the vesicles.

Change of the Cd?* concentration in the media—As
shown in Figure 2, the light scattering increase is closely
related to the volume increase of individual vesicles (swell-
ing). If the electron transfer induces an uptake of Cd’",
then to decrease the osmotic effects, solvent should be trans-
ported into the internal space of the vesicles. The solvent
movement would then result in a swelling of vesicles.

To test this possibility, we measured the effects of the
electron transfer on the Cd?>" concentration in the media.
As described in Material and Methods, we have chosen
arsenazo III, a divalent cation metallochromophore, to
measure the concentration of Cd?>*. In a control experi-
ment, we found that arsenazo III inhibits the electron trans-
fer from NADH to ferricyanide. Thus, it is not possible to
follow the time course of the change of Cd?* in the sus-
pending media, if any, by this indicator.

Using the arsenazo III method, we determined the con-
centration of Cd*" in the media when the electron transfer
ceased or the light scattering increase reached a plateau
stage. We found that the Cd?>" concentration in the media
substantially decreased at the end of the electron transfer
(Table 1). The decrease indicated that Cd** was tightly ad-
sorbed by and/or transported into the plasma membrane
vesicles. Both the adsorption and the transport of Cd**
must be activated by the electron transfer process. To ac-
count for the swelling of the vesicles (Fig. 3), the decrease
in free Cd** concentration must involve transporting the ca-
tion from external to internal aqueous space of the vesicles.
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Fig. 3 Light microscopic determination on the size/shape of the plasma membrane vesicles. The light scattering of the plasma
membrane induced by the electron transfer and 50 uM Cd** was followed as described in Fig. 2 except that the wavelength is different
(656 nm). Aliquots (10 ul) of the vesicle suspension were rapidly withdrawn from the sample at indicated time intervals as shown in (A).
The vesicles were placed on microscopic slides and viewed by a phase-contrast microscope and the images digitally recorded. The images
were then processed as described in Materials and Methods. The size distribution of the vesicles at specified time intervals were shown in
(B). The actual images of the vesicles obtained at time intervals 1 and 4 were shown in (C) and (D), respectively.

Table 1 Electron transfer induced [Cd?>*] change in the external media

[Ferricyanide], mM Initial [Cd?**], uM Final [Cd**], uM 9 of Cd** taken*
0.1 15.0 9.0 40
0.1 25.0 14.3 43
0.1 37.5 19.3 49
0.1 50.0 21.5 57
0.1 75.0 31.5 58
0.05 15.0 9.9 34
0.05 50.0 25.0 : 50
0.05 75.0 32.3 56

The plasma membrane vesicles were incubated in the electron transfer media containing different concentrations of Cd** and potassium
ferricyanide for 15 min before the addition of NADH. Arsenazo III was added when the light scattering increase reached the maximum
to determine the residual [Cd?*] in the external aqueous media.

? The readings of arsenazo-Cd?* complex obtained from samples without the addition of NADH were used to represent the initial

[Cd?**] in the external media. The percentage of change was the average of three independent measurements with a relative error of
+5%.



Table 2 Effects of A23187 on the electron transfer in-
duced [Cd?**] change

A23187 added, 9% of external [Cd?*]
ug (ug of protein)~! decrease, 2% ¢
0.000 100.0
0.033 95.1
0.067 88.3
0.100 84.1

The plasma membrane vesicles in the electron transfer assaying
medium were incubated with 0.1 mM Cd?* and various concentra-
tions of A23187 for 10 minutes at 22°C before the addition of
NADH. The [Cd**] in the external media at the maximum of light
scattering was determined by the use of Arsenazo III.

“ The extent of [Cd*"] decrease in the absence of A23187 was
assigned as 100% . The values represent the average of 3 independ-
-ent measurements.

It should be emphasized that tightly bound Cd** would not
contribute to the osmotic pressure and thus would not in-
duce swelling of the membrane vesicles.

Effects of calcimycin (A23187) on Cd?* movement—
Calcimycin (A23187) is a carboxylic ionophore specific for
electric neutral exchange of divalent cations or with pro-
tons (Pressman 1976). The ionophore has been used to
study ATPase-related Ca?* transport in plant membrane
systems (Brauer et al. 1990, Giannini et al. 1987). We have
investigated the effects of this ionophore on NADH-linked
electron transfer and its associated light scattering increase
by Cd** and the concentration changes of Cd?*. Although
the presence of calcimycin did not affect the electron trans-

fer from NADH to ferricyanide (data not shown), it did '

slow down the rate and the extent of light scattering in-
crease (Table 2). Furthermore, the presence of the iono-
phore also lowered the extent of [Cd?*] decrease associated
with the electron transfer. Thus, the data indicate that the
electron transfer process must induce a transport of Cd>*
from the external to the internal space of the vesicles. How-
ever, the obtained results do not exclude the possible in-
volvement of tight-binding of Cd?*, induced by the elec-
tron transfer, to either the interior or exterior or both of
the vesicle membrane surfaces.

Discussion

The data reported in this study showed that the pres-
ence of Cd**, Mn**, Co** and Zn?* caused a light scatter-
ing increase of corn root plasma membrane vesicles under
the conditions of active electron transfer from NADH to
ferricyanide. Detailed study indicated that the increase
caused by Cd** was a result of size increase of individual
vesicles without detectable involvements of vesicle aggrega-
tion and/or membrane fusion. Measurements on the con-

centrations of Cd** in the external aqueous space showed a
decrease in [Cd**] was accompanied by an increase in light
scattering. These results suggested a movement of Cd?*
from the external to the internal aqueous spaces of the vesi-
cles. The entry of Cd** would increase the concentration of
osmolites in the internal aqueous space. To minimize the
osmotic difference, the permeable solvent (water) would
then move in and thus, increased the size of the vesicles.
Possibility of Cd*>* movement was further supported by
the inhibitory effects of calcimycin (A23187) to the light
scattering increase of the vesicles and the concentration
changes of Cd?*.

It should be emphasized that NADH-linked electron
transfer reaction, an energy releasing process, is essential to
induce the observed effects associated with Cd?>*. Thus, de-
tected movement of Cd?** should be at least an energy facili-
tated process. Based on vanadate-sensitive ATPase activity
measurement, the isolated plasma membrane vesicles con-
tained both inside-out (~60%) and right-side-out orienta-
tions. Because both NADH and ferricyanide are consid-
ered as membrane impermeable, only the inside-out vesicles
may express the electron transfer activity under the ex-
perimental conditions. Transmembrane electron transfer
could be observed only in vesicles pre-loaded with NADH
(Askerlund and Larsson 1991). The uptake of Cd*>" ob-
served in this report would then be equivalent to an extru-
sion of the cation in intact root cells. In an in vivo NMR
study (Pfeffer et al. 1987), we have described that the entry
of Cd** to excised roots may be slowed down by Ca?*. The
observation suggests that the divalent cations may share
the same mechanisms for entering intact root cells. Since
the cation movement described in current study was not
shared by Ca’*, the NADH-linked electron transfer pro-
cess could be a mean for root cells to specifically export cer-
tain divalent cations such as Cd**. Whether such a process
operating in intact cells remains to be determined.
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