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Two 51-kD aluminum (Al)-induced proteins (RMP51, root membrane proteins of 51 kD) were recently discovered in an
aluminum-resistant cultivar of wheat (Triticum aestivum) cv PT741 (Basu et al., 1994a). These proteins segregate with the
aluminum resistance phenotype in a segregating population arising from a cross between Al-resistant cv PT741 and
Al-sensitive cv Katepwa (Taylor et al., 1997). The proteins have been purified by continuous elution electrophoresis and
analyzed by peptide microsequencing. Sequence analysis of the purified peptides revealed that they are homologous to the
B subunit of the vacuolar H"-ATPase (V-ATPase) and the a- and B-subunits of the mitochondrial ATP synthase (F,F,-ATPase).
To confirm that these ATPases are induced by Al, ATPase activity and transcript levels were analyzed under Al stress. Both
V-ATPase and F,F,-ATPase activities were induced by Al and responded in a dose-dependent manner to 0 to 150 um Al. In
contrast, plasma membrane H"-ATPase (P-ATPase) activity decreased to 0.5X control levels, even when plants were
exposed to 25 um Al. Northern analysis showed that the transcript encoding the B subunit of V-ATPase increased by 2.2X
in a dose-dependent manner, whereas levels of the transcript encoding the a-subunit of F,F,-ATPase remained constant. The
effect of Al on ATPase activity in other cultivars was also examined. The Al-resistant cultivar, cv PT741, was the only cultivar
to show induction of V- and F,F;-ATPases. These results suggest that the V-ATPase in cv PT741 is responding specifically
to Al stress with the ATP required for its activity supplied by ATP synthase to maintain energy balance within the cell.

A wide range of proteins are induced by Al stress
in wheat and other plant species. Al-induced proteins
include membrane-bound (Basu et al., 1994a; Cruz-
Ortega et al.,, 1997, Taylor et al.,, 1997), cytosolic
(Richards et al., 1998), cytoskeletal (Cruz-Ortega et
al., 1997), and exudate (Basu et al., 1994b, 1997) pro-
teins. Many of these have been implicated as general
stress response proteins (Snowden et al., 1995; Hamel
et al., 1998). Others have been associated with oxida-
tive and other stresses (Hamel et al., 1998; Richards et
al., 1998). The potential roles of others are still un-
clear. However, few have been functionally charac-
terized as to their possible roles in Al tolerance.

The majority of Al-induced gene products have
been identified at the RNA level. These include the
wali (wheat Al induced) and war (wheat Al regulated)
gene products (Snowden and Gardner, 1993; Rich-
ards et al., 1994; Hamel et al., 1998), B-1,3-glucanase
(Cruz-Ortega et al., 1997), glutathione S-transferase
(Richards et al., 1998), and a fimbrin-like protein
(Cruz-Ortega et al., 1997) from wheat. In Arabidop-
sis, transcripts encoding aldolase, peroxidase, gluta-
thione S-transferase, blue-copper-binding protein,
superoxide dismutase, and a reticuline:oxygen oxi-
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doreductase homolog are all induced by Al (Richards
et al., 1998). These gene products appear to be in-
volved in general stress response, since they are also
induced by oxidative stress (Richards et al., 1998),
other toxic metals, low calcium levels, and wounding
(Snowden et al., 1995; Hamel et al., 1998). Expression
of genes encoding the Arabidopsis blue copper-
binding protein and tobacco glutathione S-transferase,
peroxidase, and GDP-dissociation inhibitor recently
have been shown to confer resistance to Al in trans-
genic Arabidopsis (Ezaki et al., 2000).

Several gene products have been shown to be Al-
induced by analysis of their activity. These include
Glc-6-P dehydrogenase, 6-phosphogluconate dehy-
drogenase (Slaski, 1996), and vacuolar H"-ATPase
(Kasai et al., 1992, 1993). In contrast, plasma mem-
brane H'-ATPase (Matsumoto, 1988; Widell et al.,
1994; Sasaki et al., 1995) is inhibited by Al. Glucan
synthase 1II is inhibited by Al in vitro (Widell et al,,
1994), but synthesis of its end-product, callose, is
stimulated by Al stress in vivo (Zhang et al., 1994).

Another group of gene products have been shown
to be Al-induced by comparing protein profiles of
Al-sensitive and Al-resistant cultivars during Al
stress (Delhaize et al., 1991; Ownby and Hruschka,
1991; Picton et al., 1991; Cruz-Ortega and Ownby,
1993; Somers et al., 1996). Only three Al-induced
proteins have been shown to co-segregate with the
Al-resistance phenotype. One of these is a 23-kD root
exudate protein (Basu et al., 1997), whereas the other
two are b51-kD, tonoplast associated proteins
(RMP51), which are the focus of this study. These
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51-kD proteins are specifically induced by Al in root
tips of an Al-resistant cultivar of wheat (cv PT741).
They are newly synthesized once Al stress begins,
accumulate in a dose- and time-dependent manner,
and then decline to control levels with the removal of
Al stress (Basu et al.,, 1994). The identity of these
proteins remained to be determined.

The aim of the present study was to identify and
characterize the RMP51 proteins to better understand
their role in the Al stress response. We have purified
these proteins from an endomembrane-enriched
membrane fraction isolated from an Al-resistant cul-
tivar of wheat (Triticum aestivum) cv PT741, grown in
the presence of Al and determined their identity
using peptide microsequence data. Purified peptides
were homologous to the B subunit of the V-ATPase
and to the a- and B-subunits of F;F,-ATPase (mito-
chondrial ATP synthase). Both V-ATPase and F,F,-
ATPase activities were induced by Al treatment in cv
PT741 and not in other cultivars tested. These results
suggest that up-regulation of ATPase activity in cv
PT741 may be an adaptive response involved in Al
resistance.

RESULTS
Purification of RMP51

The first step in the purification of RMP51 was
preparation of endomembrane-enriched membranes
from Al-treated seedlings of wheat cv PT741. Mem-
brane enrichment was confirmed using marker en-
zyme analysis (Briskin et al., 1987). Positive markers
for the tonoplast (bafilomycin A;- and nitrate-
sensitive ATPase activities) were enriched by 1.43X
and 3.35X, respectively, whereas negative markers
(vanadate-sensitive ATPase, glucan synthase II, and
cytochrome ¢ oxidase activities) were reduced to
0.45%, 0.69X, and 0.35X (Table I). Other endo-
membrane-associated proteins were then separated
from RMP51 by continuous elution electrophoresis
using the Miniprep Cell (Bio-Rad Laboratories, Her-
cules, CA). Separating conditions were optimized to
purify the RMP51 band in a single step (Fig. 1). The
optimized procedure was repeated five times with the
RMP51 proteins isolated as a single band each time.

To determine whether or not both RMP51 proteins
were present in the purified 51-kD band, aliquots were
analyzed by two-dimensional electrophoresis. Al-
though two RMP51 spots were visible in the crude
endomembrane fraction (Fig. 2A), only one spot was
visible in the purified sample (Fig. 2B). This may have
been caused by the presence of residual SDS (even
after detergent removal and addition of nonionic
CHAPS  {3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonic acid} or by loss of one of the RMP51
proteins during purification. Only one protein spot
was observed from every preparation. Total protein
yield from five independent preparations was approx-
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Table I. Enrichment of marker enzymes in endomembrane-en-
riched membrane fractions isolated from root tips of wheat cv
PT741

Endomembrane-enriched membranes were isolated from micro-
somal membranes using a two-step gradient of Dextran T70 (2% and
10%), from which the interface was collected. Data are representa-
tive of three independent membrane preparations. Values shown are
means * SE.

Enrichment in

Cellular Endomembrane
Marker Enzyme Location Fraction®
Mean SE

Bafilomycin A,-sensitive ~ Tonoplast 1.43 0.24
ATPase

Nitrate-sensitive ATPase ~ Tonoplast 3.35 1.15

Vanadate-sensitive Plasma membrane 0.45 0.19
ATPase

Glucan synthase Plasma membrane 0.69 0.21

Cytochrome ¢ oxidase Mitochondria 0.35 0.02

2 Enrichment in endomembrane fraction is calculated as endo-
membrane specific activity/microsomal specific activity.

imately 15 ug, sufficient for subsequent analysis by
tryptic digestion, and peptide microsequencing.

Peptide Microsequence Analysis

After tryptic digestion and fragment purification
by HPLC, four peptides were sequenced and subse-
quently identified using the BLAST sequence algo-
rithm (Altschul et al., 1997). Peptide 1 (QIYPPINV-
LPSLSR) was identical to amino acids 365 to 378 of
the V-ATPase B subunit from barley (Hordeum vul-
gare, accession no. Q40078). Peptide 2 (FVAQGAY-
DTR) also showed 100% identity to the barley
V-ATPase B subunit (accession no. Q40078, amino
acids 440-449). Peptide 3 (FTAQANSEVSALLGR)
showed 100% identity to amino acids 338 to 349 of
the F,F,-ATPase B-subunit from wheat (accession no.
P20858) but no significant homology to the V-ATPase
B subunit. Peptide 4 (TGSIVDVPAGK) showed 100%
identity to amino acids 93 to 103 of the F,Fj,-ATPase
a-subunit from wheat (accession no. P12862).

Results from the BLAST sequence comparison sug-
gest that the four tryptic fragments were derived
from the ATP-binding and catalytic subunits of re-
lated ATPases (V-ATPase and F,Fj,-ATPase). The
possibility that they are all derived from a single
protein was checked by aligning the four RMP51
peptide sequences with the B subunit of the
V-ATPase from barley and the «- and B-subunits of
the F,F,-ATPase from wheat. The three ATPase sub-
units share only approximately 25% identity, and the
peptide sequences are not derived from regions with
significant sequence homology between them. There-
fore, it is unlikely that any single protein could con-
tain all four peptides. The fact that more than one
protein is present in the RMP51 band was confirmed
by western analysis (Fig. 3). Antibodies raised
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Figure 1. Fractionation of endomembrane-associated proteins by
continuous elution electrophoresis. Total endomembrane proteins
were isolated from root tips of wheat cv PT741 after 48 h of
treatment with 100 um AICI;. Selected fractions (lanes 2-8) were
analyzed for the presence of RMP51 (arrow) by SDS-PAGE and
silver staining. Apparent molecular mass of protein standards are
given in kilodaltons. Fractions pooled for further analysis are indi-
cated by asterisks.

against the V-ATPase B subunit from mung bean
(Vigna radiata) and the F,F;-ATPase «- and
B-subunits from Brewer’s yeast (Saccharomyces cerevi-
siae) all cross-react with RMP51, suggesting that all
three proteins are present. It is interesting that this
contrasts with previous observations (Taylor et al.,
1997) that antibodies raised against the B subunit of
V-ATPase did not cross-react with RMP51. This in-
consistency is most likely due to the more stringent
binding conditions (37°C) used here or misalignment
of the blots with protein gels in previous experi-
ments, where alignment of cross-reacting species
with a single band in a complex mixture had to be
determined. The use of purified protein in the
present experiments eliminated this complexity. An-
other possibility is that the cross-reaction reported
here was due to lack of specificity in our antibodies.
To rule out this possibility, our antibodies were
tested against yeast strains with null mutations in the
respective ATPase subunits (data not shown). Non-
specific binding was not observed under the condi-
tions used.

V-ATPase and F,F,-ATPase Are Al Induced

Because RMP51 protein levels increase in a dose-
dependent manner with Al treatment (Taylor et al.,
1997), levels of V-ATPase and F,Fj-ATPase activity in
Al-treated and control seedlings were compared. Ac-
tivities were measured in total microsomal mem-
brane fractions isolated from 5-d-old seedlings of
wheat cv PT741 exposed to 0 to 150 um AICI; for 2 d
(Fig. 4). V-ATPase and F,Fj,-ATPase activities were
both induced during Al stress, although to different
extents. Vacuolar ATPase activity increased by 1.6X
as concentrations of AICl; increased from 0 to 100
uM, followed by a decline to 1.1X the control level at
150 uM. Mitochondrial F Fy-ATPase activity in-
creased by 7.3X as concentrations of AlICI; increased
from 0 to 75 um, followed by a decline to 5.6X the
control level. Plasma membrane ATPase activity de-
creased to 0.5X of the control level at 25 um AlCI,
and to 0.2X control at 100 um. Because both F;F,-
ATPase and V-ATPase were induced by Al in a dose-
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dependent manner, it remains possible that the Al-
induced RMP51 band initially identified by Basu et
al. (1994a) consisted of both vacuolar and mitochon-
drial components. This is supported by western anal-
ysis of Al-treated microsomal fractions, which
showed that protein levels of the V-ATPase B subunit
and F,F,-ATPase a- and B-subunits all increased in
response to Al (data not shown).

To determine whether or not there is a transcrip-
tional component to the induction of these ATPases,
northern analysis was performed on RNA isolated
from the same tissues used for ATPase assays (Fig. 5).
Levels of the transcript encoding the B subunit of the
V-ATPase showed an increase to 2.2X control from 0
to 100 um AlCl;. This increase, although relatively
small, was consistent in three independent experi-
ments and showed a pattern similar to that observed
for V-ATPase activity (Fig. 4). This suggests that
induction of V-ATPase activity by Al may be tran-
scriptionally mediated, although participation of
translational and post-translational mechanisms can-
not be excluded. In contrast, levels of the transcript
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Figure 2. Two-dimensional gel analysis of crude endomembrane
proteins (A) and purified RMP51 (B). Apparent molecular mass of
protein standards (kD) are indicated on the left and the pH scale is
shown on the top. RMP51 is indicated by solid arrows. Data shown
are representative of five independent trials.
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Figure 3. ldentification of RMP51 by immunoblotting. RMP51 and
crude microsomal proteins isolated from Al-treated root tips of wheat
cv PT741 were separated by SDS-PAGE, immunoblotted, and probed
with polyclonal antibodies specific to the V-ATPase B subunit (from
mung bean) and the F,F,-ATPase a- and B-subunits (from S. cerevi-
siae). Antibody labeling was detected using horseradish peroxidase-
conjugated secondary antibodies and chemiluminescent detection.
Apparent molecular mass of the cross-reacting bands indicated on
the right are estimates based on migration of prestained molecular
mass markers.

encoding the a-subunit of the F,F,-ATPase remained
constant over the entire range of Al concentrations
tested. Since F,Fj-ATPase activity levels increased
7.3X over this range, it appears that this increase may
be due to a translational or post-translational
mechanism.

Cultivar Screen for ATPase Induction

If induction of V-ATPase and F,F),-ATPase activi-
ties are general responses to Al stress, then induction
should be observed in Al-resistant and Al-sensitive
cultivars of wheat under stress conditions. To test
this hypothesis, V-ATPase, F;F,-ATPase, and
P-ATPase activities were measured in three Al-
resistant and two Al-sensitive cultivars of wheat in
control (0 um AICl;) conditions, conditions stressful
to sensitive cultivars (20 um AlCl;), and conditions
stressful to resistant cultivars (100 um AICl;; Taylor
etal., 1997). In cv PT741, V-ATPase activity increased
by 2.1X, even at 20 um AICl; (Fig. 6A). Vacuolar
ATPase activities in cv Atlas-66 and cv Maringa (Al-
resistant) were unaffected at 20 um AICl; but re-
duced to 0.7X control at 100 um AICl,. In cv Scout-66
and cv Katepwa (Al-sensitive), a similar pattern was
observed with reductions to 0.7X and 0.6 X of control
observed at 100 um AICl;.

Cultivar PT741 also showed induction of F,F-
ATPase activity in this experiment (Fig. 6B). Control
levels of F,F,-ATPase activity were slightly greater in
cv PT741 than in the other cultivars tested, and ac-
tivity increased by 1.8X at 20 um AICl; and by 2.1X
at 100 um AICL;. In cv Atlas-66, F,Fy-ATPase activity
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increased to 1.4X at 20 um AICl;, but activity de-
clined to control levels at 100 um AICL;. All other
cultivars tested showed reduced F,F,-ATPase activi-
ties (cv Maringa, cv Scout-66, and cv Katepwa re-
duced to 0.1X, 0.6X, and 0.7X of control, respec-
tively) at 20 um AICl,.

In contrast to the above observations, decreased
activity of the plasma membrane ATPase was a gen-
eral effect of Al treatment in all cultivars tested (Fig.
6C). Activities decreased to near zero in all cultivars
even at 20 um AICl;. In summary, V-ATPase and
F,F,-ATPase activities were specifically induced in cv
PT741, whereas P-ATPase activity declined in all cul-
tivars tested.

DISCUSSION

Differential screening of mRNA and protein pro-
files between Al-treated and -untreated tissues or
between Al-resistant and Al-sensitive cultivars has
revealed that expression of many genes is induced
during Al stress (Snowden and Gardner, 1993; Rich-
ards et al., 1994; Snowden et al., 1995; Cruz-Ortega et
al., 1997; Hamel et al., 1998). However, only three
Al-induced proteins (Basu et al., 1994b; Taylor et al.,
1997) have been shown to cosegregate with the Al-
resistance phenotype. To better understand the role
of these proteins, their identities must be determined.

Al stress causes a general decline in protein syn-
thesis (**S-Met incorporation) in Al-sensitive culti-
vars of wheat, whereas there is little to no effect in
Al-resistant cultivars (Ownby and Hruschka, 1991;
Rincon and Gonzales, 1991; Basu et al., 1994a). Sim-
ilar results have been observed in Medicago sativa
(Campbell et al., 1994). Because pretreatment of Al-
resistant cultivars of wheat (cv Atlas-66 and cv
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Figure 4. The effect of Al on activity of the V-ATPase, F,F,-ATPase,
and P-ATPase. ATPase specific activity was measured in total micro-
somal membranes prepared from 1-cm root tips of the Al-resistant cv
PT741. Five-day-old seedlings were treated with different concentra-
tions of Al (0, 25 50, 75, 100, and 150 um) for 48 h. Values are
means =+ St of three biological replicates and are representative of
three independent trials.
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Figure 5. The effect of Al on transcript levels of V-ATPase and
F,Fo-ATPase subunits. RNA was isolated from the same tissues used
for ATPase activity measurements in Figure 4 and northern blotted.
A, Autoradiographs of northern blots probed with *2-P labeled cD-
NAs encoding the V-ATPase B subunit from barley and the F,Fg-
ATPase a-subunit from N. plumbaginafolia. To ensure equal RNA
loading and transfer, membranes were also probed with a cDNA
clone encoding the 25s rRNA from Glycine max. Results shown are
representative of three independent trials. B, Quantification of tran-
script levels shown in A. Transcript levels are expressed as the
density of each band relative to 255 rRNA on the autoradiograph.
Values are means = st of three independent replicates.

Grana) improves the resistance of plants to subse-
quent exposures, Aniol (1984) hypothesized that in-
duction of new protein synthesis was involved in Al
resistance. This hypothesis was supported by the
subsequent observation that Al pretreatment in-
duced Al tolerance in an Al-resistant cultivar of
Phaseolus vulgaris L. (Cumming et al., 1992). We pre-
viously reported that two tonoplast-associated pro-
teins are induced by Al stress in root tips of an
Al-resistant cultivar of wheat, cv PT741 (Basu et al.,
1994a) and that these proteins segregate with the
Al-resistance phenotype in a cross between cv PT741
and cv Katepwa (Taylor et al., 1997). In this work, we
used continuous elution electrophoresis to purify the
51-kD band containing these proteins from Al-
treated seedlings of wheat cv PT741 (Fig. 1). Se-
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quence analysis of purified peptides was then used to
identify RMP51. Of four peptides sequenced, two
were identical to the V-ATPase B subunit from bar-
ley, one was identical to the F,F,-ATPase a-subunit
from wheat and one was identical to the F;F,-ATPase
B-subunit from wheat. Although RMP51 was origi-
nally identified as two proteins, it was nonetheless
surprising that both mitochondrial and vacuolar pro-
teins were present in the 51-kD band, which had been
purified from an endomembrane-enriched fraction
(Table I). However, antibodies specific to the B sub-
unit of the V-ATPase and the a- and B-subunits of the
F,F,-ATPase all cross-reacted with the RMP51 band
(Fig. 3), suggesting that there were in fact at least
three proteins present in the purified band.

To determine whether the V-ATPase and the F,F,-
ATPase are Al induced, ATPase activities were mea-
sured at various Al concentrations. Basu et al. (1994a)
showed previously that RMP51 protein levels in-
creased in an Al dose-dependent manner. If RMP51 is
in fact a subunit of the V-ATPase or F,F,-ATPase,
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Figure 6. The effect of Al on ATPase specific activity in total micro-
somal membranes prepared from 1-cm root tips of cv PT741, cv
Atlas-66, and cv Maringa (Al resistant), and from cv Scout-66 and cv
Katepwa (Al sensitive). Five-day-old seedlings of each cultivar were
exposed to 0, 20, or 100 um Al for 48 h. Values represent means =
st of three independent replicates.
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then activities of these enzymes should show a sim-
ilar response to Al. Our data showed that V-ATPase
and F,F,-ATPase activities increased by 1.6X and
73X, respectively, with Al treatment, whereas
P-ATPase activity decreased to 0.2X control levels
(Fig. 4). This parallels increases in protein levels of
the V-ATPase B subunit and the F,;F,-ATPase a- and
B-subunits (data not shown). Induction of V-ATPase
(and H"-PPase) by Al has been previously demon-
strated in tonoplast-enriched membrane vesicles
from barley roots by Kasai et al. (1992, 1993). These
authors observed a 40% to 53% increase in V-ATPase
activity upon Al exposure, depending upon the
external Ca®* concentration. These results were con-
firmed by Zhang et al. (1998). Inhibition of P-ATPase
activity has also been previously reported. Matsu-
moto (1988) observed a 50% decrease in P-ATPase
activity in barley roots treated with 100 um AICl; at
pH 6.5, and a 45% decrease after treatment with 1 mm
AlCl; at pH 5.5 (Matsumoto et al., 1992). In subse-
quent experiments, Sasaki et al. (1995) showed that
P-ATPase activity in wheat declined by 13% to 19%
after treatment with 50 um AICl; at pH 4.5. Widell et
al. (1994) observed a similar effect in Picea abies and
wheat.

The effect of Al treatment on F,F;-ATPase activity
has not previously been investigated. We were ini-
tially surprised by the induction of F;F,-ATPase ac-
tivity since localization experiments showed no en-
richment of the RMP51 band in mitochondrial
fractions (Taylor et al., 1997). However, western anal-
ysis of Al-treated wheat root microsomal fractions
showed that band intensities corresponding to the a-
and B-subunits do in fact increase (data not shown).
It is possible that F,Fy-ATPase activity is being mod-
ulated at the post-translational level (Stevens and
Forgac, 1997). This is consistent with our observation
that steady-state transcript levels remained constant,
whereas activity increased by 7.3X (Figs. 4 and 5).
Since Al induces F,F,-ATPase activity, increased ATP
synthase activity may be required to support
V-ATPase induction and other energy-dependent
processes involved in Al resistance.

If induction of V-ATPase and F,F),-ATPase activi-
ties is a general effect of Al stress, then a similar
response should be observed in all cultivars, whether
Al-resistant or Al-sensitive. If induction is involved
in mediating a general Al-resistance mechanism, in-
duction should occur only in Al-resistant cultivars.
Alternatively, induction may be a cultivar-specific
resistance mechanism in cv PT741. To differentiate
between these hypotheses, ATPase activities were
measured in two additional Al-resistant cultivars (cv
Atlas-66 and cv Maringa) and two Al-sensitive culti-
vars (cv Scout-66 and cv Katepwa). Our data show
that Al-induction of V-ATPase and F,Fj,-ATPase is
unique to cv PT741 (Fig. 6). In all other cultivars,
V-ATPase and F,F,-ATPase activities remained con-
stant or declined with Al treatment.
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It is interesting that this phenomenon was ob-
served only in cv PT741 and not in the other two
Al-resistant cultivars tested, neither of which showed
increased levels of RMP51 protein (data not shown).
The lack of an effect in cv Maringa is perhaps not
surprising since research on this cultivar has corre-
lated exudation of a 23 kD, Al-binding polypeptide
with Al resistance, and Al-resistance is controlled by
a single dominant gene (Basu et al., 1997). In cv Atlas
66, Al resistance has also been correlated with en-
hanced exudation of malate during Al stress (Basu et
al., 1994c).

Several observations suggest that induction of
V-ATPase and F,Fy,-ATPase could be involved in me-
diating Al resistance in wheat cv PT741. First, sub-
units of these enzymes are newly synthesized upon
Al treatment and RMP51 protein accumulates in an
Al dose-dependent manner (Basu et al., 1994a). Sec-
ond, accumulation of V-ATPase and F,F,-ATPase
subunits (RMP51) segregates with the Al-resistance
phenotype (Taylor et al., 1997). Third, V-ATPase and
F,F)-ATPase activities increase in an Al dose-
dependent manner only in the Al-resistant cv PT741.

Induction of V-ATPase activity has been linked to
salt tolerance in several species (Ballesteros et al.,
1996; Kirsch et al., 1996). Induction of V-ATPase ac-
tivity is thought to be a homeostatic mechanism re-
quired to provide energy for Na®/H" antiport,
which delivers Na™* to the vacuole (Matsumoto and
Chung, 1988; Reuveni et al., 1990; Nakamura et al.,
1992; Colombo and Cerana, 1993). Kasai et al. (1992)
suggested that a similar mechanism could be respon-
sible for Al resistance in wheat with an Al"/H"
antiport system driving sequestration of Al in the
vacuole. This suggestion should be taken with cau-
tion, however, since there is no direct evidence for an
Al"/H™ co-transporter. Increased V-ATPase activity
could also be required as a homeostatic mechanism
to maintain the cytoplasmic pH near neutrality. We
have shown that Al exposure decreases plasma mem-
brane ATPase activity in agreement with results re-
ported previously (Matsumoto, 1988; Matsumoto et
al., 1992; Widell et al., 1994; Sasaki et al., 1995). This
could cause a decrease in cytoplasmic pH with ad-
verse physiological effects. Increased activity of
V-ATPase, with energy balance maintained by in-
creased ATP synthase activity, could counteract these
changes by transporting protons into the vacuole. A
similar phenomenon has been observed in Lactobacil-
lus acidophilus, which expresses a pH-inducible F,F,-
ATPase to extrude protons and maintain cytoplasmic
pH (Kullen and Klaenhammer, 1999).

In summary, we have purified the Al-induced
RMP51 proteins from the Al-resistant cultivar of
wheat, cv PT741 and shown that the RMP51 band
consists of the B subunit of the V-ATPase and the a-
and B-subunits of the F,F,-ATPase. Vacuolar ATPase
activity increased by 1.6 to 2.1X, while levels of the
transcript encoding the B subunit increased by 2.2X,
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from 0 to 100 um AlCl,. Mitochondrial F,F,-ATPase
activity increased by 2.1 to 7.3X with a constant level
of the transcript encoding the a-subunit over the
same range of Al concentrations. Increased V-ATPase
and F,F,-ATPase activities are observed only in cv
PT741, suggesting that induction of V-ATPase and
F,F,-ATPase activities is not simply symptomatic of
stress. These results allow us to put forward the
hypothesis that induction of the V-ATPase and the
F,F,-ATPase plays a role in Al resistance. We are now
testing this hypothesis using transgenic Arabidopsis
expressing the V-ATPase B subunit gene in the anti-
sense orientation to determine whether lack of these
activities causes hypersensitivity to Al. Moreover, the
demonstration that tolerance to Al in cv PT741 is
mediated by a different mechanism than is observed
in other varieties of wheat (e.g. cv Maringa) suggests
the possibility of combining these traits genetically to
produce a cultivar with enhanced Al tolerance.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Seeds of Al-resistant (cv PT741, cv Atlas-66, and cv
Maringa) and Al-sensitive (cv Scout-66 and cv Katepwa)
cultivars of wheat (Triticum aestivum) were surface steril-
ized in 10% (v/v) sodium hypochlorite for 15 to 20 min and
germinated overnight in a 0.005 g L™' solution of the
antifungal agent Vitavax (Uniroyal Chemical Ltd, Calgary,
AB, Canada) in double distilled water to limit fungal
growth. Seedlings were grown for 5 d on nylon mesh
floating over 15 L of an aerated mineral nutrient solution
(pH 4.30) containing: 2,900 um NOj, 300 um NH,, 100 um
PO,, 800 uMm K, 1,000 um Ca, 300 um Mg, 101 um SO,, 34
uM Cl, 60 um Na, 10 um Fe, 6 um B, 2 um Mn, 0.15 um Cu,
0.5 uM Zn, 0.1 uM Mo, and 10 um EDTA. For Al exposure,
5-d-old seedlings were transferred to solutions containing:
1,000 um Ca, 300 um Mg, 300 um NH,, 2,900 um NO;, and
0 to 150 um AICl; at pH 4.30 (Taylor et al., 1997). The
seedlings were grown in a growth chamber (16-h light,
20°C, 68% relative humidity and 8-h darkness, 16°C, 85%
relative humidity) for 2 d. Taylor et al. (1997) demonstrated
that 100 um AICL; is optimal for induction of the proteins of
interest in cv PT741. After 2 d of Al exposure, 1-cm root tips
were harvested for isolation of endomembranes and sub-
sequent purification of the 51-kD proteins (RMP51).

Isolation of Endomembrane-Enriched Membranes

All steps involved in endomembrane preparation were
carried out at 4°C. Root tips (1 cm) were finely chopped
and immediately homogenized in a Proctor-Silex blender
in homogenization buffer (0.25 m Suc, 50 mm MOPS [3-(N-
morpholino)propanesulfonic acid]-Tris, pH 7.5, 5 mm
EDTA, and 5 mm ascorbic acid), 1 mL g~ ' root tissue. The
homogenate was then filtered through miracloth (Calbio-
chem, San Diego) and centrifuged at 20,000¢ for 15 min.
The supernatant was collected and centrifuged at 100,000
for 1 h. The microsomal membrane pellet was resuspended
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in gradient buffer (0.25 m sorbitol, 5 mm HEPES-BTP, pH
7.0) and loaded onto a two-step gradient of 5 mL each of
2% and 10% (w/w) Dextran T-70 prepared in gradient
buffer (Kasai et al., 1992). The gradient was centrifuged at
70,000¢ for 2 h, and the interface containing endomem-
branes was collected, diluted with gradient buffer, and
centrifuged at 120,000¢ for 1 h. The endomembrane-
enriched membrane pellet was resuspended in 10 mm Tris-
acetate, pH 7.9, 10% (v/v) glycerol and either frozen at
—80°C for marker enzyme analysis, or used immediately
for further purification.

Membrane Marker Assays

To ensure that the isolated membrane fraction was en-
riched for endomembranes, marker enzyme analysis was
carried out according to Briskin et al. (1987). Activities of
the NO; - and bafilomycin-sensitive ATPases, vanadate-
sensitive ATPase and glucan synthase II (GSII), and cyto-
chrome c oxidase were used as markers for tonoplast,
plasma membrane, and mitochondria, respectively. Aden-
osine triphosphatase activity was assayed in a reaction
mixture containing 30 mm Tris-MES (pH 8.0), 3 mm
MgSO,, 0.2% (v/v) Triton X-100, 50 mm KCl, and 3 mm
ATP-Tris, in the presence or absence of 250 um NazVO,
(P-Type ATPase activity), 1 mm NaNj; (F,F,-type ATPase
activity), 100 nm bafilomycin A; or 50 mm KNO; (V-type
ATPase activity). Phosphatase activity was measured as
described by Ames (1966).

Purification of RMP51

Separation of the 51-kD proteins (RMP51) from other
endomembrane-associated proteins was achieved by con-
tinuous elution electrophoresis (Miniprep Cell, Bio-Rad
Laboratories). Total endomembrane protein (up to 500 ug
per run), was prepared for electrophoresis by adding an
equivalent volume of SDS-PAGE loading buffer (0.125 m
Tris-HCl, pH 6.8, 4% [w/v] SDS, 20% [v/v] glycerol, 10%
[v/v] B-mercaptoethanol, 0.002% [v/v] bromphenol blue)
and heating at 95°C for 5 min. Separating conditions for
SDS-PAGE were as follows: 1.5 cm (4%) stacking gel, 10 cm
(10%) separating gel. Electrophoresis/elution was carried
out at 4°C at a constant current of 5 mA. Fractions (200 uL)
were collected after the dye front had run off the gel and
analyzed for the presence of RMP51 by SDS-PAGE (Mini
Protean II, Bio-Rad Laboratories). Fractions containing
RMP51 were pooled and desalted using Sephadex G-50 gel
filtration chromatography (Nick Column, Amersham-
Pharmacia Biotech, Uppsala). Desalted samples were then
analyzed for purity using two-dimensional electrophoresis
(Mini Protean II 2D Cell, Bio-Rad Laboratories) according
to the manufacturer’s directions.

SDS-PAGE

Samples were prepared for SDS-PAGE by adding an
equivalent volume of SDS-PAGE loading buffer and heat-
ing at 95°C for 5 min. Running conditions for SDS-PAGE
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(Laemmli, 1970) were: 4% (w/v) stacking gel (at 12.5 mA)
and 10% (w/v) resolving gel (at 25 mA).

Two-Dimensional Electrophoresis

First-dimension isoelectric focusing gels (4% [w/V]
acrylamide, 9.2 m urea, 2.0% [w/v] CHAPS, 1.6% [v/v]5/7
ampholyte [Bio-Rad Laboratories], and 0.4% [v/v] 3/10
ampholyte [Bio-Rad Laboratories]) were prefocused at 200
V/10 min, 300 V/15 min, and 400 V /15 min. Microsomal
membrane samples were extracted and precipitated as de-
scribed by Hurkman and Tanaka (1986). Approximately
250 ng of purified protein or 20 pg of crude protein was
then mixed with isoelectric focusing sample buffer (9.5 m
urea, 2.0% [w/v] CHAPS, 5% [v/v] B-mercaptoethanol,
1.6% [v/v] 5/7 ampholyte [Bio-Rad Laboratories], 0.4%
[v/v] 3/10 ampholyte [Bio-Rad Laboratories]) and heated
at 70°C for 20 min. After changing electrolytes and sample
loading, isoelectric focusing was run at 500 V for 10 min
and 750 V for 3.5 h using the Mini Protean II 2D Cell
(Bio-Rad Laboratories). Second dimension electrophoresis
was carried out as described above.

Protein Quantitation and Visualization

Quantitation of protein present in membrane samples
was performed using either the Bradford assay (Bradford,
1976) or comparing the band density of samples and
known quantities of a standard protein (chicken egg
ovalbumin: model A5503, Sigma, St. Louis) of similar mo-
lecular mass (45 kD) on denaturing polyacrylamide gels.
Proteins present in polyacrylamide gels were visualized
using either a modified Morrissey silver stain procedure
(Merril et al., 1981; Morrissey, 1981) or staining with Coo-
massie Brilliant Blue R-250 (CBB R-250 Staining Kit, Bio-
Rad Laboratories).

Immunoblotting

Microsomal proteins and RMP51 were separated by
SDS-PAGE and electroblotted onto nitrocellulose (0.45 wm,
Bio-Rad Laboratories) membranes using the Mini Trans-
Blot Cell (Bio-Rad Laboratories) with a transfer buffer of 25
mwM Tris, 192 mm Gly (pH 8.3), and 20% (v/v) methanol.
Transfer was performed at 100 V at 4°C for 1 h. Membranes
were blocked overnight in Tris-buffered saline plus Tween
20 (TBST; 20 mm Tris, pH 7.5, 140 mm NaCl, 0.1% [v/v]
Tween 20) and 5% (w/v) skim milk powder. Membranes
were incubated with primary antibodies diluted in TBST at
37°C for 1 h, followed by three 15-min washes in PBST (80
mwm Na,HPO,, 20 mm NaH,PO,, 100 mm NaCl, 0.1% [v/v]
Tween 20). Membranes labeled with primary antibody
were incubated with horseradish peroxidase-conjugated
secondary antibodies (A6154, Sigma) diluted 1:15, 000 in
PBST at 4°C for 1 h, followed by three 15-min washes.
Chemiluminescent detection (Kirkegaard and Perry Labo-
ratories, 54—61-00) was carried out according to the man-
ufacturer’s directions.
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Peptide Microsequence Analysis

A 10-pg sample of purified RMP51 was excised from a
denaturing polyacrylamide gel and sent to the Harvard
Microchemistry Facility (Cambridge, MA) for tryptic diges-
tion, peptide separation, and microsequence analysis. Se-
quence analysis of the isolated peptides was performed
using the BLAST algorithm (Altschul et al., 1997).

RNA Isolation, Northern Hybridization, and Analysis

RNA was isolated from 1-cm root tips using the RNeasy
Plant Mini Kit (Qiagen USA, Valencia, CA) according to the
manufacturer’s directions. Each 100 mg of tissue sample
yielded approximately 50 ug of RNA. RNA concentration
was estimated by measuring A,q, and checked by running
aliquots on non-denaturing 1% (w/v) agarose gels. Size
standards ( RNA ladder, Gibco-BRL, Cleveland) were in-
cluded on all gels. Northern transfers were carried out
using GeneScreen Plus (DuPont-Dow Elastomers L.L.C.,
Wilmington, DE) membranes according to the manufactur-
er’s directions.

Probes for northern blots were prepared from cDNA
fragments isolated from pHTB1 (Berkelman et al., 1994)
and pAH (Chaumont et al., 1988) plasmids (V-ATPase B
subunit from barley (Hordeum vulgare) and F,F,-ATPase
a-subunit from Nicotiana plumbaginafolia, respectively).
Plasmids were digested with appropriate restriction en-
zymes (Amersham-Pharmacia Biotech) and the released
cDNA inserts were isolated from agarose gels using the
QiaQuick gel extraction kit (Qiagen, USA). Probes were
then prepared by random priming (Sambrook et al., 1989)
using 100 ng of each DNA template. Unincorporated nu-
cleotides (including [**P]dCTP) were removed using Seph-
adex G-50 size exclusion chromatography (Nick Column,
Amersham-Pharmacia Biotech). Membranes were prehy-
bridized at 42°C with 100 ug/mL denatured, sheared, her-
ring sperm DNA (Sigma) for 4 h. Hybridization was carried
out overnight at 42°C and washed twice with 2X sodium
chloride/sodium phosphate/EDTA (1X SSPE: 0.15 ™
NaCl, 0.01 m NaH,PO,-H,0, 0.001 m EDTA-Na,, pH 7.4)
for 15 min at room temperature, twice with 2X SSPE, 2%
(w/v) SDS for 45 min at 65°C, and twice with 0.1 X SSPE for
15 min at room temperature. Membranes were exposed to
X-OMAT x-ray film (Kodak, Rochester, NY) at —80°C.
Transcript levels were measured by densitometry of auto-
radiographs using an Alphaimager 2000 Documentation
and Analysis System (Version 5.1, Alpha Innotech, San
Leandro, CA). For figure preparation, representative lanes
of triplicate samples were selected from the same exposure
of the same blot and compiled using Adobe Photoshop®
version 5.5.
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