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Al-Induced, 51-Kilodalton, Membrane-Bound Proteins Are
Associated with Resistance to Al in a Segregating
Population of Wheat'

Gregory J. Taylor*, Atanu Basu, Urmila Basu, Jan J. Slaski, Guichang Zhang, and Allen Good

Department of Biological Sciences, University of Alberta, Edmonton, Alberta, Canada T6G 2E9

Incorporation of *S into protein is reduced by exposure to Al in
wheat (Triticum aestivum), but the effects are genotype-specific.
Exposure to 10 to 75 um Al had little effect on 3°S incorporation
into total protein, nuclear and mitochondrial protein, microsomal
protein, and cytosolic protein in the Al-resistant cultivar PT741. In
contrast, 10 um Al reduced incorporation by 21 to 38% in the
Al-sensitive cultivar Katepwa, with effects becoming more pro-
nounced (31-62%) as concentrations of Al increased. We previ-
ously reported that a pair of 51-kD membrane-bound proteins
accumulated in root tips of PT741 under conditions of Al stress.
We now report that the 51-kD band is labeled with S after 24 h
of exposure to 75 um Al. The specific induction of the 51-kD band
in PT741 suggested a potential role of one or both of these proteins
in mediating resistance to Al. Therefore, we analyzed their expres-
sion in single plants from an F, population arising from a cross
between the PT741 and Katepwa cultivars. Accumulation of 1,3-
B-glucans (callose) in root tips after 24 h of exposure to 100 um Al
indicated that this population segregated for Al resistance in about
a 3:1 ratio. A close correlation between resistance to Al (low
callose content of root tips) and accumulation of the 51-kD band
was observed, indicating that at least one of these proteins coseg-
regates with the Al-resistance phenotype. As a first step in identi-
fying a possible function, we have demonstrated that the 51-kD
band is most clearly associated with the tonoplast. Whereas Al has
been reported to stimulate the activity of the tonoplast H"-ATPase
and H*-PPase, antibodies raised against these proteins did not
cross-react with the 51-kD band. Efforts are now under way to
purify this protein from tonoplast-enriched fractions.

Cultivars of wheat (Triticum aestivum L.) vary dramati-
cally in their resistance to Al (Taylor and Foy, 1985a,
1985b). This differential resistance has been the focus of
numerous studies in recent years. From a physiological
perspective, a simple, well-defined genetic system can pro-
vide a powerful tool for investigating mechanisms of Al
resistance. Unfortunately, early investigations of the ge-
netic basis of Al resistance yielded contradictory results.
Several studies reported that resistance to Al might be
mediated by a single dominant gene (Kerridge and Kron-
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stad, 1968; Camargo, 1981; Delhaize et al., 1993a, 1993b),
whereas other studies indicated polygenic control of this
character (Campbell and Lafever, 1981; Aniol, 1984, 1990;
Aniol and Gustafson, 1984; Berzonsky, 1992; Bona et al.,
1994; Slaski, 1995). To some extent, differences in the pat-
terns of inheritance reported in the literature could reflect
the unique characteristics of germ plasm used in individual
experiments. Even if resistance is mediated by a suite of
adaptive traits, careful selection of genetic material may
provide a system in which a single component of Al resis-
tance behaves as a single dominant gene.

The possibility that Al resistance is mediated by an in-
tegrated suite of adaptive traits provides a powerful incen-
tive for the use of near-isogenic or isogenic plant material
(Taylor, 1995). With a truly isogenic system, in which dif-
ferences between genotypes are directly related to the pres-
ence or absence of a single gene, the task of identifying
resistance mechanisms is greatly simplified. Although sep-
arating cause and effect remains a concern, the experimen-
tal effort required to achieve this objective is considerably
less demanding (Taylor, 1995). Whereas a truly isogenic
Al-resistant system will be difficult to develop, genetic
material that segregates as a single gene can provide an
equally important experimental tool. If a specific physio-
logical trait fails to segregate with the resistance pheno-
type, that trait cannot play a role in mediating resistance.
For example, Delhaize et al. (1991) identified several Al-
induced polypeptides that were specific to an Al-resistant
genotype of wheat (Carazinho) under conditions of Al
stress. However, in F, progeny derived from a cross be-
tween the Al-resistant cv Carazinho and the Al-sensitive cv
Egret, none of the Al-induced polypeptides cosegregated
solely with the Al-resistant phenotype (Delhaize et al.,
1991). In contrast, Delhaize et al. (1993b) demonstrated that
enhanced exudation of malate from roots cosegregated
with resistance to Al in a similar segregating population.
This observation, plus the fact that malate present in root
exudates is specifically labeled upon exposure to Al and
'*C-acetate (Basu et al., 1994c), provides strong support for
the hypothesis that enhanced synthesis and export of
malate may play an important role in mediating resistance
to Al

Abbreviations: H*-ATPase, HT-translocating ATPase; H*-
PPase, H"-translocating pyrophosphatase; PE, pachyman equiva-
lents.
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We recently identified a pair of Al-induced, 51-kD,
membrane-bound proteins in roots of an Al-resistant cul-
tivar of T. aestivum, PT741, which was only weakly ex-
pressed in the Al-sensitive cv Neepawa (Basu et al., 1994a).
In cv PT741 these proteins were localized at the root tip (2
cm) and accumulated in a dose- and time-dependent fash-
ion. Accumulation of these proteins in the presence of Al
and their subsequent disappearance after removal of Al
from the growth medium, suggested a possible involve-
ment in Al resistance (Basu et al., 1994a). In the present
study we show that the 51-kD band in cv PT741 is specif-
ically labeled with *°S, despite a general reduction in pro-
tein synthesis. Furthermore, accumulation of the band is a
trait that cosegregates with the resistance phenotype in F,
progeny arising from a cross between cvs PT741 and
Katepwa. The 51-kD band is most clearly associated with
membrane material enriched in the tonoplast, and is not
observed in plasma membrane-enriched fractions. Al-
though assignment of a putative functional role awaits
identification of genes encoding these proteins, our results
suggest a possible role in limiting Al-induced injury within
the cytoplasm or in regulating the intracellular distribution
of Al

MATERIALS AND METHODS

An Al-resistant (PT741) and an Al-sensitive cultivar
(Katepwa) of wheat (Triticum aestivum L.) provided genetic
material for all of the experiments reported here. Based
upon its pedigree (cv PT741 = Toropi//Ciano “S”/
Noroeste 66/3/Bluebird/Ciano “S”/4/Grajo “S”; cv
Katepwa = Neepawa*6/RL2938/3/Neepawa*6/ /CI181542/
2*Frocor; Moroni et al., 1991), Al tolerance in cv PT741 could
arise from the Brazilian ¢v Frontana. In addition to these
cultivars, a population segregating for Al resistance was
prepared by selfing single F; plants arising from a cross
between cvs PT741 and Katepwa. The resulting F, seed was
used directly in physiological experiments.

In all experiments seeds were surface-sterilized in 1%
(w/v) sodium hypochlorite for 20 min and soaked for 24 h
in double-distilled water containing 0.005 g L' of Vitavax
(Uniroyal, Calgary, Alberta, Canada) to limit fungal
growth. Seedlings were then grown for 3 to 7 d on nylon
mesh suspended over 15 L of an aerated nutrient solution
containing (in wm) 2900 NO,~, 300 NH, ™, 100 PO,*~, 800
K, 1000 Ca, 300 Mg, 101 SO,*~, 34 Cl, 60 Na, 10 Fe, 6 B, 2
Mn, 0.15 Cu, 0.5 Zn, 0.1 Mo, and 10 EDTA (pH 4.3). Plants
were grown in a growth chamber with 16 h of light (23°C,
68% RH) and 8 h of darkness (16°C, 85% RH). For most
experiments, these seedlings were used directly for exper-
imentation (using the same exposure solutions described
below). In experiments with 54 single F, plants and their
parents, 8-d-old plants of uniform size were selected and
mounted on Plexiglas covers of 10-L polyethylene buckets
(1 plant per bucket), which contained an aerated solution
(pH 4.3) as described above. Plants were grown for 3 weeks
in a controlled-environment room with a 16-h photoperiod.
Air temperatures at leaf height ranged from 21 to 23°C
during the light period and from 15 to 16°C during the dark
period. Solution temperatures were maintained between 19
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and 21°C in light and darkness by standing all of the
buckets in a common water bath. RH varied from 58 to 66%
in the light period and from 92 to 96% in the dark period.
Light was provided by 25 cool-white fluorescent lamps
yielding a PPFD at the plant bases of 342.7 + 7.3 ymol m >
s7! (mean * sg). The pH of the growth solutions was
monitored throughout the treatment period. After 3 weeks
of growth plants were transferred to new buckets contain-
ing (in uM) 2900 NO, ™, 300 NH,*, 100 Ca, 300 Mg, and 100
M AICL,, and grown for another 24 h.

[**SIMet Labeling

After 3 d of growth as described above, seedlings were
transferred to fresh nutrient solutions containing 0, 10, 25,
50, or 75 um AlCl; (pH 4.5). After 24 h of treatment, 20 to
30 seedlings were transferred to each of a series of beakers
containing 5 to 10 mL of treatment solution in the presence
of 33 uL L™ [**$]Met (370 MBq mL~?, specific activity 37.0
TBq mmol ™', Amersham). After 3 to 6 h of labeling at 25°C,
seedlings were washed in 1 mm Met (pH 4.5) for 10 min,
and then collected and kept on ice in sealed plastic bags
during excision of root tips.

Root tips (5 mm) were excised from seedlings, blotted
dry, weighed, and homogenized in 5 mL of a homogeni-
zation buffer with a mortar and a pestle. The homogeniza-
tion buffer contained 50 mm Mops (pH 6.5), 1 mm EDTA, 2
uM PMSF, and 1 mMm DTT (Basu et al., 1994a). The homog-
enate was filtered through four layers of cheesecloth, and
the mortar and pestle were rinsed with 5 mL of the homog-
enization buffer that was filtered through the same cheese-
cloth. An aliquot (0.5 mL) of the crude filtrate was removed
for determination of total incorporation of [**S]Met, and
the remainder was centrifuged at 20,000¢ for 10 min. The
resulting pellet was collected as the mitochondrial and
nuclear pellet, and the supernatant was centrifuged at
100,000 for 45 min. The 100,000g pellet was collected as the
microsomal membrane fraction and the supernatant was
collected as the cytoplasmic fraction. The crude filtrate,
20,000g pellets, microsomal membrane pellets, and accom-
panying supernatants were processed for determination of
333 incorporation using TCA precipitation, according to the
method of Zhang et al. (1995). In experiments in which
further use of the microsomal membrane fraction was re-
quired (SDS-PAGE analysis), the microsomal membrane
fraction was resuspended in a dilution buffer containing 50
mM Mops (pH 6.5), 1 mm EDTA, 1 mmMm DTT, and 1 um
PMSF. Protein concentrations were determined by the
method of Lowry et al. (1951).

Membrane Isolation and Purification

The plasma membrane, tonoplast, and intracellular
membranes were isolated from approximately 20 g of
1.0-cm root tips after exposure to 100 um Al for 72 h. Root
tips were homogenized immediately after harvest using a
polytron homogenizer in 30 mL of a homogenization buffer
containing 0.25 M Suc, 50 mM Mops-Tris (pH 7.5), 5 mm
EDTA, 3 mMm DTT, 1 mm PMSF, 0.2% BSA, and 5 mm
ascorbic acid. The homogenate was filtered through four
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layers of cheesecloth and centrifuged at 20,000g for 15 min,
and the supernatant was collected and centrifuged at
100,000g for 45 min. The resulting microsomal membrane
pellet was resuspended in 10 mL of a resuspension buffer
containing 0.25 M Suc, 5 mm phosphate buffer (pH 7.8), 2
mwm KCI, 1 mmM DTT, and 0.1 mm EDTA. Nine milliliters of
the microsomal membrane fraction was set aside for fur-
ther purification of membranes (see below). The remainder
(approximately 1 mL) was diluted 13-fold with a dilution
buffer containing 0.25 m Suc, 5 mM Mes-Tris (pH 7.0), 2 mm
DTT, 1 mM PMSF, and 5 mm EDTA, centrifuged at 120,000¢
for 45 min, and resuspended in the dilution buffer, and
100-pL aliquots were frozen at ~80°C.

Membrane fractions enriched in the plasma membrane
and intracellular membranes were prepared by aqueous
two-phase partitioning (Larsson et al., 1994). Nine millili-
ters of the microsomal membrane fraction was added to a
27-g phase mixture to give a phase system with a final
composition of 6.5% (w/w) Dextran T 500, 6.5% (w/w)
PEG, 0.25 M Suc, 5 mM phosphate buffer (pH 7.8), 2 mm
KCl, 1 mm DTT, and 0.1 mm EDTA. The plasma membrane-
enriched fraction (U, + U,) and an intracellular mem-
brane-enriched fraction (L,) were diluted 6 to 10 times with
the dilution medium and pelleted at 120,000¢ for 45 min.
The plasma membrane pellet was resuspended in dilution
medium and frozen at —80°C. The 120,000¢ pellet obtained
from the L, was resuspended in 10 mL of a gradient buffer
containing 0.25 m sorbitol, 5 mm Hepes-bis-Tris (pH 7.0),
and 1 mm DTT, and loaded on a two-step gradient com-
posed of 5 mL each of 2 and 10% (w/w) Dextran T70
prepared in the gradient buffer (Kasai et al., 1992). The
Dextran T70 gradient was centrifuged at 70,000¢ for 120
min, and the interface containing the tonoplast was col-
lected, diluted with gradient buffer, and spun at 120,000g
for 60 min. The resulting tonoplast pellet was resuspended
in the gradient buffer and frozen at —80°C.

Activities of the NO, -sensitive ATPase, the vanadate-
sensitive ATPase, Cyt ¢ oxidase, and NADH-Cyt ¢ reduc-
tase were used as markers for the tonoplast, plasma mem-
brane, mitochondria, and ER, respectively (Briskin et al.,
1987).

SDS-Gel Analysis and Immunoblotting

SDS-PAGE was performed according to the method of
Laemmli (1970) using an electrophoresis cell (Mini-Protean
II, Bio-Rad). Proteins were electrophoresed at 10 mA in the
stacking gel (4% total monomer concentration, 2.7% cross-
linking monomer solution), followed by 20 mA in the
separating gel (10% total monomer concentration, 2.7%
cross-linking monomer solution). Gels were stained with
Coomassie blue or silver stain and band intensity was esti-
mated using a densitometer (model FB910, Fisher Scien-
tific) and a data reduction system (GS365W version 3.02,
Hoefer Scientific Instruments, San Francisco, CA). Micro-
somal proteins separated by SDS-PAGE were electroblot-
ted onto a nitrocellulose membrane (0.45 um) for 2 h at 80
V (Mini Trans-Blot cell, Bio-Rad) with a transfer buffer
containing 25 mm Tris, 192 mm Gly (pH 8.3), 0.02% SDS
(w/v), and 20% (v/v) methanol. Nitrocellulose membranes

were blocked overnight, incubated for 1 h with primary
antibody, and washed five times (5 min each), with each step
using a blocking solution containing TBS (20 mm Tris, pH
7.5, 140 mMm NaCl), 0.05% Triton X-100, and 5% skim milk
(Difco, Detroit, MI). Membranes labeled with primary anti-
bodies were incubated for 1 h in horseradish peroxidase-
linked goat anti-rabbit IgG antibody (Amersham) in a 1:4000
dilution of a blocking solution. Blots were washed three
times in a blocking solution (15 min, 2 X 5 min), twice in TBS
(5 min), and developed using chemiluminescent detection
(Amersham ECL reagent) according to the manufacturer’s
instructions. Antibodies against the tonoplast H-PPase
(Maeshima and Yoshida, 1989) and the two largest subunits
(68 and 57 kD) of the tonoplast H"-ATPase from Vigna
radiata (Matsuura-Endo et al.,, 1992) were provided by M.
Maeshima at the Laboratory of Biochemistry, School of Ag-
ricultural Sciences, Nagoya University, Nagoya, Japan.

Spectrofluorometric Estimation of Callose

Synthesis of 1,3-8-glucans (callose) was used as a marker
for Al-induced injury in both short- and long-term exper-
iments. At the end of Al treatments, five root tips were
harvested and weighed, and their callose content was mea-
sured according to the procedure of Zhang et al. (1994).
Pachyman (Calbiochem) was used as an external standard
and callose contents were expressed as milligrams PE per
gram root fresh weight.

RESULTS

We previously demonstrated that a pair of 51-kD,
membrane-bound proteins accumulated in microsomal
membranes isolated from root tips of the Al-resistant cv
PT741 under conditions of Al stress (Basu et al., 1994a).
These proteins, which can be separated using two-
dimensional SDS-PAGE, appear as a single band at 51 kD
in one-dimensional gels. In this study we have investigated
the effect of Al on synthesis of these proteins by labeling
roots with *°S. After exposing intact roots to Al (0 or 75 um)
for 24 h, the 51-kD band was strongly labeled after 3 and
6 h exposure to [**S]Met (Fig. 1). Enhanced synthesis of
proteins, however, was not a general response to Al stress.
Whereas a 67-kD protein was also more prominently la-
beled after exposure to 75 um Al all other proteins re-
solved on our gels were either not affected by Al or were
more clearly labeled under control conditions (Fig. 1). Re-
duced labeling of bands at 29 and 35 kD were the most
dramatic, although a general reduction in labeling was
apparent in all bands below 40 kD.

Analysis of *°S incorporation into a crude root filtrate
(total protein), a low-speed pellet containing nuclear and
mitochondrial proteins, a high-speed pellet containing mi-
crosomal proteins, and a high-speed supernatant containing
cytosolic proteins confirmed that enhanced protein synthe-
sis was not a general response to Al stress. The effect of Al
on protein synthesis, however, differed between genotypes
(Fig. 2). In the Al-resistant cv PT741 exposure to 10 um Al
had little effect on total *S incorporation. Increasing Al
concentrations to 25 and 50 uM increased >°S incorporation
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slightly (13 and 22%, respectively), whereas **S incorpora-
tion returned to control levels at 75 um Al (Fig. 2A). In
contrast, marked reductions in *°S incorporation were ob-
served in the Al-sensitive cv Katepwa at all concentrations
tested. Incorporation was reduced by 38 and 62% after ex-
posure to 10 and 25 uM, respectively. No further reduction
was observed with increasing Al concentrations (Fig. 2A).
Similar changes in *S incorporation (both qualitatively and
quantitatively) were observed in high-speed supernatants
containing cytosolic proteins (Fig. 2D).

Differential effects of Al on protein synthesis were also
observed in microsomal membrane fractions and in low-
speed pellets containing nuclear and mitochondrial pro-
teins, although the extent of change was not as dramatic as
that observed in the cytosolic and total fractions. In the
Al-resistant cv PT741 exposure to 10 to 50 um Al had no
significant effect on *”S incorporation into microsomal pro-
teins, whereas a 21% reduction was observed at 75 um (Fig.
2C). In the Al-sensitive cv Katepwa *°S incorporation was
reduced by 21% at 10 um Al. At 25, 50, and 75 pum, *°S
incorporation declined to 53, 47, and 38%, respectively, of
the control (Fig. 2C). Similar changes were observed in the
low-speed pellets containing nuclear and mitochondrial
proteins (Fig. 2B).

The results of our *S labeling studies indicated that Al
had a dramatic effect on protein synthesis in roots of the
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Figure 1. SDS-PAGE analysis of **S-Met-labeled microsomal mem-
brane proteins from cv PT741. Three-day-old seedlings were grown
in the presence (+Al) and absence (—Al) of Al (75 um) for 24 h and
labeled with L-[**S]Met for 3 and 6 h. Microsomal membrane frac-
tions were isolated, proteins (equal CPM per lane) were separated on
10% polyacrylamide gels, and gels were exposed to film (X-Omat,
Kodak). The molecular masses of marker proteins are indicated on
the left in kilodaltons. The 51-kD band, which is more prominently
labeled under conditions of Al stress, is indicated by the arrow.
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Figure 2. Incorporation of *?S-Met into a crude root filtrate (total
protein, A), a low-speed pellet containing nuclear and mitochondrial
proteins (B), a high-speed pellet containing microsomal proteins (C),
and a high-speed supernatant containing cytosolic proteins (D) in
5-mm root tips of the Al-resistant cv PT741 and the Al-sensitive cv
Katepwa of wheat in the presence of different concentrations of
AICl,. **S incorporation was calculated per unit of fresh weight and
expressed as a percentage of control (+Al/Al). Values represent
means * st of three replicates.

Al-sensitive cv Katepwa, whereas protein synthesis in the
Al-resistant cv PT741 was only slightly affected. Although
this pattern of response could be explained by a variety of
internal or external resistance mechanisms (Taylor, 1988,
1991, 1995), the specific induction of a 51-kD, membrane-
bound protein in the Al-resistant cv PT741 suggested a
possible role of this protein in mediating resistance to Al
(Basu et al., 1994a). This possibility was further tested by
analyzing Al-induced synthesis of 1,3-B-glucans (callose)
and Al-induced expression of the 51-kD band in an F,
population segregating for Al resistance. Synthesis of 1,3-
B-glucans provides an accurate and sensitive short-term
marker for Al injury that correlates well with the long-term
effects of Al on root growth (Zhang et al., 1994). Synthesis
of callose in both cv PT741 and cv Katepwa was stimulated
in 5-d-old seedlings after 24 h of exposure to Al, with the
Al-sensitive cv Katepwa producing approximately three to
four times more callose than the Al-resistant cv PT741 over
a broad range of Al concentrations (0-100 um, Fig. 3A). At
100 um Al the pattern of response was consistent through-
out the duration of a 24-h exposure (Fig. 3B).

Analysis of callose content in root tips from 54 single F,
plants (24-d-old) arising from a cross between cv PT741
and cv Katepwa yielded values ranging from 0.9 to 3.3 mg
PE g ! fresh weight (Fig. 4A), values somewhat higher
than those reported for the 5-d-old plants in Figure 3. The
frequency distribution of callose contents showed two dis-
tinct populations. A group of 40 plants had callose contents
below 1.7 mg PE g~ ! fresh weight (2-3-fold higher than
independent controls), whereas the remaining 14 plants
had callose contents in excess of 2.0 mg PE g ' fresh weight
(5-8-fold higher than independent controls; Fig. 4A). On
the basis of this distribution and the callose content of
parental plants (Al-resistant parents produced an average
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of 1.4 = 0.3 mg PE g ' fresh weight, Al-sensitive parents
produced 2.7 + 0.2 mg PE g~ fresh weight of callose), 40
plants were classified as Al-resistant and 14 as Al-sensitive.
Thus, this population segregated for Al resistance in about
a 3:1 ratio (Fig. 4A). When the relative abundance of the
51-kD protein in these same plants was estimated by den-
sitometric analysis of SDS-PAGE gels (Fig. 4B), the 40
plants classified as Al-resistant also showed show the high-
est levels of the 51-kD protein (ranging from 1.1-2.5 arbi-
trary units). The 14 plants classified as Al-sensitive showed
relative abundance values ranging from 0.3 to 0.8 arbitrary
units. Thus, enhanced production of the 51-kD, membrane-
bound protein(s) is a trait that cosegregates with the Al-
resistance phenotype.

Although the close association between resistance to Al
and accumulation of the 51-kD, membrane-bound pro-
tein(s) suggests that one or both of these proteins cosegre-
gates with the Al-resistance phenotype, it remains possible
that enhanced expression might reflect a general Al-stress
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Figure 3. The effect of increasing concentrations of Al (A) and in-
creasing time of exposure (B) on synthesis of 1,3-B-glucans (callose)
in root tips of the Al-resistant cv PT741 and the Al-sensitive cv
Katepwa. Five-day-old seedlings were treated with different concen-
trations of Al (0, 1, 5, 10, 15, 25, 50, 75, and 100 um) for 24 h, or
with 100 um Al for 0, 3, 6, 10, 18, and 24 h. Values represent
means * st of three replicates. f wt, Fresh weight.
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Figure 4. The frequency distribution of root tip callose content, a
sensitive marker for Al injury (A), and the effect of Al on callose
content and accumulation of the 51-kD band in 5-mm root tips (B)
from 54 single F, plants arising from a cross between the Al-resistant
cv PT741 and the Al-sensitive cv Katepwa. Individual seedlings were
grown for 24 d in a complete nutrient medium without Al and were
then transferred to solutions containing 100 um Al. After 24 h of
exposure to Al, five root tips from each plant were harvested for
callose estimation and the remaining ones were used for isolation of
microsomal membranes, SDS-PAGE, and estimation of band inten-
sity by densitometric analysis. Under these conditions parental ge-
notypes produced an average of 1.4 = 0.3 mg PE g~ fresh weight
(Al-resistant) and 2.7 = 0.2 mg PE g~ ' fresh weight (Al-sensitive) of
callose. The inset in B provides representative gels from three resis-
tant (R) plants and one sensitive (S) plant. The molecular mass of a
66-kD marker protein is indicated. The 51-kD band is indicated with
an arrow. f wt, Fresh weight.

response that is only observed under conditions of mild
(perceived) Al stress. If this were true, enhanced expression
may not be observed in Al-sensitive plants under the con-
ditions used in our assay. To examine this possibility,
expression of the 51-kD band was investigated over a
broad range of Al concentrations and at times 0 to 24 h after
exposure (Figs. 5 and 6). In the Al-resistant cv PT741 en-
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hanced expression of the 51-kD band was observed at
concentrations as low as 25 um for 24 h (Fig. 5), or as early
as 6 h after exposure to 100 um Al (Fig. 6), and continued
through to exposure to 100 um Al for 24 h. In the Al-
sensitive cv Katepwa the intensity of the 51-kD band re-
mained unchanged, irrespective of the level of Al stress
applied (Figs. 5 and 6). Our data on Al-induced synthesis of
1,3-B-glucans (Fig. 3, A and B) suggest that exposure of the
Al-sensitive cv Katepwa to 1 to 5 um Al for 24 h or 100 um
Al for 3 h should have provided a similar level of perceived
stress as exposure of cv PT741 to 50 to 100 um Al for 24 h.
At equal levels of perceived stress, enhanced expression of
the 51-kD band was not observed in cv Katepwa. Since
mild or moderate Al stress failed to induce the expression
of the 51-kD band, we conclude that one or both of the
51-kD proteins cosegregates with the Al-resistance pheno-
type.

In addition to the changes in levels of the 51-kD band,
several other Al-induced changes were observed in the
Al-resistant cv PT741. In Figure 5 bands migrating at 35, 43,
and 45 kD are observed to increase after exposure (24 h) to
Al, an effect that was clearly dose-dependent (Fig. 5). These
bands, however, were not consistently expressed in all of
our experiments. Enhanced expression of the 35- and 45-kD
bands were not as pronounced in the time-course experi-
ment, and the intensity of the 43-kD band declined between
6 and 24 h of exposure (Fig. 6). None of these bands was
observed in previous experiments reported by Basu et al.
(1994a), so more work is required before we can confi-
dently conclude that these are also Al-induced proteins.

As a first step in identifying a possible function for the
51-kD protein, we have attempted to determine if it is
associated with a specific membrane system. Microsomal
membrane material from cv PT741 was used to isolate
membrane fractions enriched in the plasma membrane,
tonoplast, and intracellular membranes. Marker analysis
of our membrane fractions (Table I) showed that activity
of the plasma membrane-bound, K"-stimulated, Mg>*-
dependent ATPase was enriched more than 6-fold in
plasma membrane preparations, whereas the NO; -sen-
sitive ATPase was enriched 1.9-fold in tonoplast fractions.
Intracellular membranes were enriched 2-fold in Cyt ¢
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‘ -66
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Aluminum concentration (M)

Figure 5. The effect of increasing concentrations of Al on the
polypeptide profile of microsomal membrane fractions from root tips
of the Al-resistant cv PT741 (A) and the Al-sensitive cv Katepwa (B).
Five-day-old seedlings were treated with different concentrations of
Al (0, 5, 10, 25, 50, 75, and 100 um) for 24 h. Polypeptide bands
were visualized by silver-staining. The 51-kD band is shown with an
arrow.
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Figure 6. The effect of time of exposure on the polypeptide profile of
microsomal membrane fractions from root tips of the Al-resistant cv
PT741 (A) and the Al-sensitive cv Katepwa (B). Five-day-old seed-
lings were treated with 100 um Al for 0, 3, 6, 10, 18, and 24 h.
Polypeptide bands were visualized by silver-staining. The 51-kD
band is indicated with an arrow.

oxidase activity (a marker for the mitochondria), but
showed no enrichment in NADH-Cyt ¢ reductase activity
(a marker for the ER). Electrophoretic analysis of protein
profiles from membranes isolated from root tips of 3-d-
old seedlings showed that the 51-kD band was most
clearly associated with the tonoplast fraction (Fig. 7). The
51-kD band was also observed in the intracellular mem-
branes, but not in the plasma membrane fraction. Analysis
of purified mitochondrial fractions showed no enrichment
of the 51-kD band under Al stress (data not presented).
Although the 51-kD band was most clearly associated
with the tonoplast, it did not cross-react with antibodies
raised against the 57- and 68-kD subunits of the tonoplast
H"-ATPase or the tonoplast H*-PPase from V. radiata
(Fig. 8).

DISCUSSION

Surprisingly little quantitative information about the ef-
fects of Al on protein synthesis in plants is available, and
that which is available is somewhat contradictory. Aniol
(1984) reported that treatment with moderate to high con-
centrations of Al increased incorporation of *C-Val into a
TCA-insoluble fraction isolated from root tips of an Al-
resistant (Atlas 66) and an Al-sensitive (Grana) cultivar of
T. aestivum. Higher concentrations (>600 uMm in cv Atlas 66,
>74 um in cv Grana) reduced incorporation of "*C in both
cultivars. In contrast, Rincon and Gonzales (1991) reported
that concentrations as low as 4 um reduced incorporation
of S into a TCA-insoluble fraction isolated from root tips
of the Al-sensitive cv TAM 105. Although experimental
data were not provided to support their claim, observa-
tions by Rincon and Gonzales (1991) are in accord with
severa] qualitative reports of reduced protein synthesis in
T. aestivum (Ownby and Hruschka, 1991) and Medicago
sativa (Campbell et al, 1994), as well as a quantitative
report of reduced protein export to the apoplasm in T.
aestivum (Basu et al., 1994b). The results presented here
provide the first quantitative report, to our knowledge, of
decreased protein synthesis over a broad range of stress
conditions. Analysis of ?°S incorporation into TCA-
insoluble fractions isolated from a crude root filtrate (total
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Table 1. Distribution of specific activities and enrichments of marker enzymes in membrane fractions isolated from root tips of T. aestivum

Plasma membrane and intracellular membranes were isolated from microsomal membrane preparations using aqueous two-phase partitioning
(6.5% Dextran T500 and 6.5% PEG). The tonoplast was isolated from intracellular membranes using a two-step Dextran T70 gradient (2 and
10%). Data are representative for six independent membrane preparations from control and Al-treated plants. Although absolute values varied
among preparations, triplicate analysis within one experiment deviated less than 10% from the mean value.

Membrane Fractions

Marker Enzyme (Cellular Location) Plasma Membrane Intracellular Membranes Tonoplast
Microsomal Activity
Activity Enrichment Activity Enrichment Activity Enrichment
wmol mg™" protein min~'

K*, Mg?*, ATPase (plasma 0.021 0.14 6.6 0.02 0.9 0.024 1.3

membrane)
Cyt ¢ oxidase (mitochondria) 0.031 0.0032 0.1 0.063 2.0 0.0045 0.1
NADH-Cyt ¢ reductase (ER) 0.025 0.018 0.7 0.026 1.0 0.022 0.9
NO, -sensitive ATPase (tonoplast) 0.011 0.001 0.1 0.015 1.4 0.021 1.9

protein), a low-speed pellet (containing nuclear and mito-
chondrial proteins), a high-speed pellet (containing micro-
somal proteins), and a high-speed supernatant (containing
cytosolic proteins) demonstrated that 10 um Al was suffi-
cient to reduce protein synthesis in the Al-sensitive cv
Katepwa. In the Al-resistant cv PT741, *°S incorporation
was unaffected by treatment with 10 um Al, and little or no
effect was observed at 75 um Al (Fig. 2).

Despite the general lack of information about the effect
of Al on protein synthesis, Aniol (1984) speculated that
resistance to Al in T. aestivum might be mediated by Al-
induced proteins that are encoded by nuclear genes. Un-
fortunately, experimental support for the existence of such
resistance proteins is lacking. The appearance of Al-
induced or Al-enhanced proteins is a common feature of
several recent studies (Ownby and Hruschka, 1991; Picton
et al.,, 1991; Rincon and Gonzales, 1991; Cruz-Ortega and
Ownby, 1993; Basu et al., 1994a, 1994b; Campbell et al.,
1994); however, many of these changes in protein expres-
sion are probably a consequence of Al toxicity. Although it

+Al -Al +Al -Al +Al -Al +Al ‘Al

MF ICM TON PM

Figure 7. Polypeptide profiles of the microsomal (MF), intracellular
membrane (ICM), tonoplast (TON), and plasma membrane (PM)
fractions from root tips of T. aestivum grown in the presence (+Al)
and absence (—Al) of Al. Three-day-old plants were treated with 100
uMm AICl; for 72 h. The plasma membrane and intracellular mem-
branes were isolated using an aqueous two-phase system (6.5%
Dextran T500 and 6.5% PEG). The tonoplast was isolated from the
ICM using a two-step gradient (2 and 10%) of Dextran T70. SDS-
PAGE was performed as described in “Materials and Methods.”
Polypeptide bands were visualized by silver-staining. The molecular
masses of marker proteins are given in kilodaltons.

is possible that enhanced expression of the 51-kD proteins
also reflects the toxic effects of Al, several characteristics of
these proteins suggest a potential role in mediating resis-
tance. Basu et al. (1994a) demonstrated that these proteins
are strongly induced in the Al-resistant cv PT741, but only
weakly expressed in the Al-sensitive cv Neepawa. They are
localized at the root tip (2 cm), the region of the root most
sensitive to Al stress (Ryan et al., 1993), and accumulate in
a dose- and time-dependent fashion. After removal of Al
from the growth medium, the proteins return to control
levels over a period of 72 h (Basu et al., 1994a). We now
report that these proteins are enhanced only in resistant
progeny of an F, population segregating for resistance to
Al (Fig. 4), the first report to our knowledge of a protein
that cosegregates with the resistance phenotype. Induction
is not observed in the Al-sensitive cv Katepwa over a broad

H*-ATPase
(57 kD)

H*-ATPase
(68 kD)

H*-PPase

80 kD -

49.5 kD -

- + - + - +

Figure 8. Western blots of microsomal membrane proteins from
roots of T. aestivum cv PT741 grown in the presence (+) or absence
(—) of Al. Microsomal proteins (30 pg) were separated by SDS-PAGE
and electroblotted onto a nitrocellulose membrane. Proteins were
probed with rabbit anti-tonoplast H*-PPase, anti-tonoplast H*-
ATPase (68-kD subunit), and anti-tonoplast H*-ATPase (57-kD sub-
unit), followed by goat anti-rabbit 1gG conjugated horseradish per-
oxidase. Blots were developed with a chemiluminescent detection
reagent. The molecular masses of marker proteins are given and the
position of the 51-kD band is indicated by an arrow.
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range of concentrations (Fig. 5) and times of exposure (Fig.
6). Although enhanced expression of the 51-kD band has
only been detected after 6 h of exposure, the possibility
remains that more sensitive techniques for detection would
show more rapid induction. Furthermore, reports of in-
duced resistance to Al (Aniol, 1984; Cumming et al., 1992)
suggest that a period of acclimation during which growth
rate is reduced may be required before full resistance is
achieved. The fact that the 51-kD band is specifically la-
beled with short-term exposure of plants to [**S]Met (Fig.
1), and the observation that cycloheximide caused the dis-
appearance of the 51-kD band under conditions of contin-
uous Al exposure (Basu et al., 1994a), indicates that protein
accumulation reflects de novo synthesis rather than Al-
induced degradation. This enhanced synthesis of the 51-kD
protein (Fig. 1) occurs despite a general decline in total
membrane protein (Fig. 2).

As a first step in identifying a possible function for these
proteins, we have demonstrated that the 51-kD band is
most clearly associated with membranes enriched in the
tonoplast. Although our tonoplast preparations show an
1.9-fold enrichment of NO, -sensitive ATPase activity
(tonoplast marker) and a 90% loss of Cyt c oxidase activity
(mitochondria marker), the activities of the K*-stimulated,
Mg“-dependent ATPase (plasma membrane marker), and
NADH-Cyt c reductase (ER marker) were similar to micro-
somal preparations (Table I). The enrichment of the 51-kD
band in tonoplast preparations, coupled with the loss of
Cyt ¢ oxidase activity, suggest that these proteins are not
located in mitochondrial membranes. Furthermore, the
lack of a clearly identifiable 51-kD band and the strong
enrichment of K*-stimulated, Mg?*-dependent ATPase ac-
tivity in plasma membrane preparations suggests that
these proteins are not located at the plasma membrane.
Although the greatest enrichment of the 51-kD band and
the unique enrichment of NO, -sensitive ATPase activity
in tonoplast preparations suggest that these proteins are
most likely located at the tonoplast, it remains possible that
one or more of these proteins is associated with endomem-
branes other than the tonoplast.

The possibility that one or both of our 51-kD proteins
might be localized at the tonoplast is interesting in light of
several recent reports. Matsumoto (1991) and Kasai et al.
(1992, 1993) demonstrated that treatment of intact plants
with Al increased the ATP-dependent and pyrophosphate-
dependent proton-pumping activity of microsomal mem-
brane and tonoplast-enriched vesicles isolated from roots of
Hordeum vulgare. The inward-directed proton-pumping ac-
tivity of the tonoplast is mediated by a proton-translocating
ATPase (H"-ATPase) and a proton-translocating inorganic
pyrophosphatase (H*-PPase; Rea and Sanders, 1987; Taiz,
1992). Thus, these data suggest that the activities of these
transport proteins are increased by treatment with Al in vivo
(although a supply of Al in vitro inhibits proton pumping
activity; Matsumoto, 1988, 1991). Matsumoto (1991) and Ka-
sai et al. (1992, 1993) speculated that enhanced proton
pumping activity of the tonoplast may be an adaptive re-
sponse designed to (a) maintain pH in the cytoplasm, which
could decline with an Al-induced decrease in proton pump-
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ing across the plasma membrane, or (b) sequester Al within
the vacuole via an unspecified H™ / Al-exchange mechanism.

Sequestration of metals in the vacuole as complexes with
malate, citrate, and phosphate has been proposed as a mech-
anism of resistance to a number of different metals, although
evidence that Al may be immobilized in the vacuole is still
limited (Taylor, 1988, 1991). Because uptake of ions across
the tonoplast is driven by the electrochemical gradient es-
tablished by the vacuolar H*-ATPase and H"-PPase (Taiz,
1992), the link between Al exposure, increased proton-
pumping activity at the tonoplast, and induction of a
membrane-bound protein at the tonoplast provides concep-
tual support for the possible role of the vacuole as a sink for
symplastic Al. This possible role, however, is not supported
by the results of our immunoblotting analysis. Although the
subunit composition of the purified enzyme from different
plant materials shows some variation (Sze et al., 1992), the
H"-ATPase is now believed to consist of 10 different
polypeptides with molecular weights ranging from 12 to 70
kD (Ward and Sze, 1992). Antibodies raised against the 57-
and 68-kD subunits of the tonoplast H"-ATPase from V.
radiata failed to cross-react with the 51-kD band. These data
suggest that our Al-induced polypeptides are not a compo-
nent of this multimeric enzyme, although this is still a pos-
sibility. In contrast to the H*-ATPase, the H*-PPase appears
to be a homomultimer of three to five identical subunits of
approximately 66 kD (Britten et al., 1989; Maeshima, 1990;
Rea and Poole, 1993), considerably higher than the 51-kD
Al-induced proteins reported here. Perhaps not surpris-
ingly, antibodies raised against the H"-PPase from V. radiata
also failed to cross-react with the 51-kD band, suggesting
that our Al-induced proteins are not a component of the
H*-PPase.

Snowden and Gardner (1993) and Richards et al. (1994)
identified a total of seven different cDNA clones (walil-
wali7) with transcript levels induced by Al in an Al-
resistant and an Al-sensitive cultivar of T. aestivum. Se-
quence analysis of these cDNAs demonstrated sequence
homology to genes encoding for a plant metallothionein-
like protein (walil), Phe ammonium lyase (wali4), and a
class of proteinase inhibitors (wali3, wali5, and wali6). The
two remaining cDNAs (wali2 and wali7) showed little ho-
mology to any known sequences. At this point, it may be
premature to speculate whether any of the wali genes might
encode our 51-kD proteins; however, the fact that the wali
genes are expressed in both resistant and sensitive geno-
types argues against this point. Snowden et al. (1995) also
demonstrated that transcript levels of walil, wali3, wali4,
and wali5 increased in root tips after treatment with excess
Cd, Fe, Zn, Cu, Ga, In, and La. Low levels of Ca and
wounding also increased transcript levels of wali3, wali4,
and wali5. Thus, Snowden et al. (1995) envisioned that the
wali genes might encode a series of general stress response
genes. We previously reported that excess Cd and Ni were
mildly effective in increasing levels of our 51-kD proteins;
however, excess Cu, Mn, and Zn, along with heat shock
and cold stress, were ineffective elicitors (Basu et al.,
1994a). Thus, at first sight, our proteins appear to be dis-
tinct from those encoded for by the wali genes.
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