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beet discs incubated for different periods of time in 0.1 mm
aerated CaCl,, and solubilized PM proteins were subjected
to SDS-PAGE and western blotting with an antiserum
against a highly conserved N-terminal sequence of the PM
H"-ATPase. Figure 1 shows that the antiserum specifically
recognized a band of about 105 kD, both in the PM from
freshly isolated discs and in the PM from discs aged for 48
or 96 h. Within each PM sample, the signal increased with
the amount of PM loaded (1.5-6 pg protein per lane). For
an equal protein load, the signal increased with the length
of aging. The immunodecorated 105-kD band was quanti-
fied by densitometric analysis; concentration of immuno-
detectable PM H"-ATPase nearly doubled during the first
48 h, and further increased after 96 h of aging. The increase
of PM H"-ATPase activity assayed at the pH optimum of
the enzyme (pH 6.3; see Fig. 2) closely matched the increase
of immunodetectable PM H*-ATPase. Similar results were
obtained on three independent sets of PMs and also when
the blots were probed with an antiserum against the
C-terminal domain of the PM H"-ATPase (data not
shown).

Effect of Aging on the Dependence of the PM H*-ATPase
Activity on the pH of the Assay Medium

Figure 2 shows that aging of the discs not only increased
the PM H*-ATPase activity, but also modified its depen-
dence on the pH of the external medium; a slightly acidic
pH optimum (about pH 6.3) was evident both in the PM
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Figure 1. Effect of aging on the concentration of H"-ATPase in the
PM. SDS-PAGE, blotting immunodetection with an antiserum against
the N-terminal domain of the PM H*-ATPase, and quantification of
the immunodecorated bands (open bars in the histogram) were per-
formed as described in “Materials and Methods.” Densitometry was
performed on all of the lanes shown in the figure; bars represent sk.
The PM H*-ATPase activity (shaded bars) was assayed at pH 6.3.
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Figure 2. Dependence on the pH of the assay medium of the H™-
ATPase activity in PM isolated from beet discs immediately after
cutting (To) or after aging for 96 h. The PM H*-ATPase activity was
assayed at the specified pH values, as described in “Materials and
Methods.”

from freshly cut red beet discs and in the PM from discs
aged for 96 h, but the activity in the PM from discs aged for
96 h decreased much less sharply than that of the freshly
cut discs with the increase of pH of the assay medium
toward values more representative of the cytosolic pH: at
pH 7.0 the activity of 96-h PM was still one-half of that at
pH 6.3, whereas that of the freshly cut PM was only about
one-forth of that at pH 6.3.

The analysis of the PM H"-ATPase activity assayed at
different pH values, as a function of the length of aging
(Fig. 3), shows that the activity assayed at slightly alkaline
pH values (7.1 or 7.5) increased not only more steeply, but
also much earlier than that measured around the pH opti-
mum of the enzyme. When the ratio between the activity
measured at pH 6.3 and that measured at pH 7.1 or 7.5 was
calculated to eliminate the influence of the different con-
centration of enzyme in the PM, it was clear that the change
in pH dependence of the enzyme activity was nearly com-
plete during the first 24 h of red beet disc aging (Fig. 3B).

Effect of Trypsin Treatment and of LysoPC on the
Activity of the H"-ATPase in the PM from Freshly
Cut or Aged Red Beet Discs

The change in pH dependence of the PM H*-ATPase
activity induced by aging of red beet discs resembles that
determined in different plant materials by cleavage or dis-
placement of the autoinhibitory C-terminal domain
(Palmgren et al., 1991; Johansson et al., 1993; Rasi-Caldogno
et al., 1993; Regenberg et al., 1995).

We compared the effect of controlled tryptic treatment
on the activity of the PM H"-ATPase in PM isolated from
red beet discs immediately after cutting or after 96 h of
aging. Preliminary experiments showed that for both PM
fractions maximal activation was obtained by treatment
with 50 to 100 ug of trypsin per milligram of protein (data
not shown). Figure 4 shows that, in agreement with what
has been observed in other plant materials, in both PM
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Figure 3. Effect of aging on the pH dependence of the PM H™-
ATPase activity. PMs were isolated after different aging periods and
assayed for H*-ATPase activity at the specified pH values (A). Values
of H*-ATPase activity (nmol min™' mg™" protein) immediately after
cutting were 718 at pH 6.3 (open circles), 413 at pH 6.6 (open
triangles), 131 at pH 7.1 (closed circles), and 46 at pH 7.5 (closed
triangles). pH ratio in B indicates the ratio between activities mea-
sured at the indicated pH values. Data are the mean of three to five
independent experiments, in each of which pooled beet discs were
aged for two or three different periods of time before PM isolation.
Bars represent SE.

fractions the stimulation of the H™-ATPase activity by
tryptic treatment of the PM strongly increased with the
increase of the H"-ATPase assay pH. The extent of stimu-
lation of the PM H"-ATPase following trypsin treatment
was very different in the two PM fractions, with the H™-
ATPase in the freshly cut PM being much more stimulated
than that in the 96-h PM. As a consequence, the ratio
between the activity measured at pH 6.3 and those mea-
sured at pH 7.1 or 7.5, which was much higher in freshly
cut PM than in the 96-h PM, became very similar in the two
PM fractions after trypsin treatment.

Figure 5 shows that the stimulating effect of lysoPC on the
PM H"-ATPase activity assayed at an alkaline pH, which
depends on lysoPC-induced displacement of the autoinhibi-
tory C-terminal domain (Palmgren et al, 1991; Rasi-
Caldogno et al., 1993; Regenberg et al., 1995; De Michelis et
al., 1997), was much stronger in the freshly cut PM (up to
500% at pH 7.1) than in the 96-h PM (less than 150% at the
same pH). In both PM fractions the extent of stimulation
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induced by optimal lysoPC concentrations (80-130 pg mL™"
under the conditions of the experiment) was similar to that
induced by controlled proteolysis on the PM H*-ATPase
assayed at the same pH (compare Figs. 4 and 5).

Effect of NAI on the Activity of the H*-ATPase in
PM from Freshly Cut or Aged Red Beet Discs

NAI which selectively reacts with the hydroxyl group of
Tyr residues in proteins to form the O-acetyl derivative
(Riordan and Vallee, 1972), has been shown to inhibit the
plant PM H*-ATPase activity (Ho and Briskin, 1992; De
Michelis et al., 1995, 1997). The PM H"-ATPase activity of
freshly cut PM or 96-h PM pretreated with increasing con-
centrations of NAI is shown in Figure 6. When the PM
H*-ATPase was assayed at pH 6.3, the two PM fractions
behaved similarly, 50% inhibition being determined by
about 20 mM NAI, similar to what has already been ob-
served in beet (Ho and Briskin, 1992) and radish (De Mi-
chelis et al., 1995, 1997). A completely different pattern was
evident at pH 7.1. In the 96-h PM inhibition of the PM
H"-ATPase activity was similar to that observed at pH 6.3,
as already observed in the PM from germinating radish
seedlings (De Michelis et al., 1995, 1997). In contrast, in the
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Figure 4. Effect of controlled proteolysis on the H*-ATPase activity
in PM isolated from beet discs immediately after cutting (To) or after
aging for 96 h. PM were treated with (closed bars) or without (open
bars) 100 ug of trypsin mg™" protein as described in “Materials and
Methods.” H™-ATPase activity was assayed at the indicated pH
values. Values above the bars represent the ratio between the activity
measured at pH 6.3 and that measured at the indicated pH.
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Figure 5. Effect of increasing concentrations of lysoPC on the H*-
ATPase activity in the PM isolated from beet discs immediately after
cutting (To) or after aging for 96 h. H*-ATPase was assayed at pH
7.1, in the presence of 10% (v/v) glycerol (De Michelis et al., 1996);
Brij 58 was omitted in the plus-lysoPC samples.

freshly cut PM inhibition of the PM H"-ATPase activity at
pH 7.1 was much less than at pH 6.3, with 50% inhibition
being reached only for NAI concentrations greater than 50
mM. As a consequence, in freshly cut PM the ratio between
the H"-ATPase activity assayed at pH 6.3 and that assayed
at pH 7.1 (Fig. 6, inset) increased with the increase of NAI
concentration and became similar to that of the 96-h PM,
which was nearly unaffected by NAL

DISCUSSION

The results reported in this paper show that aging of red
beet parenchyma discs in an aerated medium determines,
in parallel with the hyperpolarization of the transmem-
brane potential difference and with the increased ability to
take up and accumulate ions, an increase of H"-ATPase
concentration in the PM. A similar increase occurs during
aging of excised sugar beet leaves, where it has been shown
to reflect aging-induced synthesis of PM H"-ATPase pro-
tein (Noubhani et al., 1996).

It is interesting that, differently from what happens in
sugar beet leaves (Noubhani et al., 1996), aging of red beet
parenchyma discs also influences the catalytic activity of the
enzyme, by strongly increasing the activity at the slightly
alkaline pH values typical of the cytosol compared with the
activity measured at the acidic pH optimum of the enzyme.
As a consequence, the aging-induced increase of PM H™-
ATPase activity measured at an acidic pH closely correlates
with the amount of the immunodetectable enzyme (see Fig.
1), whereas the activity measured at slightly alkaline pH
values increases much more steeply. The change of pH
dependence occurs much earlier than that of H*-ATPase
concentration in the PM, being virtually maximal after 24 h,
whereas the amount of immunodetectable H*-ATPase in-
creases throughout the time tested, up to 96 h.

The PM H*-ATPase from dormant beet discs is activated
by controlled trypsin treatment or by lysoPC much more
than that from aged discs. Notably, after trypsin treatment
the pH dependencies of the PM H*-ATPase from dormant

and aged discs become very similar. The decreased sensi-
tivity to activation by tryptic treatment or by lysoPC of the
PM H™"-ATPase from the aged beet discs does not depend
on cleavage of the autoinhibitory C-terminal domain, since
the molecular mass of the enzyme is unaffected by aging
(see Fig. 1), and the enzyme from aged beet discs is recog-
nized by an antiserum against the C-terminal domain as
well as that from dormant discs (data not shown). Rather,
these results suggest that aging of the beet discs determines
an early modification of the interaction between the
C-terminal autoinhibitory domain and the catalytic site. To
our knowledge, this is the first evidence for a role of such
a regulatory interaction in the physiological modulation of
the H*-ATPase activity in higher plants.

In yeast it has been shown that carbon nutrition influences
the activity of the PM H*-ATPase by modulating the inter-
action of the C-terminal domain with the catalytic site,
through a change of the phosphorylation state of one or a
few Ser residues (Chang and Slayman, 1991). Both the mech-
anism through which the interaction between the C-terminal
domain and the catalytic site of the PM H*-ATPase of red
beet parenchyma cells is modified by aging, and the sig-
nal(s) involved, wait to be elucidated. The observation that
the change of pH dependence of the PM H*-ATPase activity
induced by aging can be mimicked by the Tyr modifier NAI
suggests that the modification (phosphorylation?) of a Tyr
residue in the PM H*-ATPase itself, or in another PM pro-
tein, may be involved in the aging-induced activation of the
PM H"-ATPase. Work is currently in progress in our labo-
ratory to verify this hypothesis.

Taking into account the increase of H*-ATPase in the
PM and the increase of its catalytic activity at cytosolic pH
values, the rate of H" pumping in vivo can be estimated
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Figure 6. Effect of increasing concentrations of NAl on the H-
ATPase activity in PM isolated from beet discs immediately after
cutting (To) or after aging for 96 h. PMs were pretreated with the
specified NAl concentrations as described in “Materials and Meth-
ods.” The PM H* -ATPase activity was assayed at pH 6.3 orat pH 7.1.
Values of the H*-ATPase activities of the controls {(nmol min™" mg™’
protein) at pH 6.3 and 7.1 were 766 and 143 for freshly cut PM and
1566 and 505 for 96-h PM. The values of the ratio between the
H*-ATPase activity at pH 6.3 and 7.1 are shown in the inset.
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to increase about 4-fold during 96 h of aging. Such an
increase is of the same order of that of the capability to
take up K¥ (Poole, 1974). Also, the time course of the
increase of the rate of H* pumping is similar to that
reported for K™ uptake or for the hyperpolarization of the
transmembrane potential difference. Moreover, a compar-
ison between the effects of aging on the PM H*-ATPase
activity and on the hyperpolarization of the transmem-
brane potential difference with those of fusicoccin on the
same parameters (for review, see Marre, 1979; Marré et al.,
1993; Aducci et al., 1995) indicate that the increase of H*
pumping by the PM H*-ATPase may well account for the
hyperpolarization of the transmembrane potential differ-
ence induced by aging in beet discs (Poole, 1974), thus
substantiating the early proposal that aging-induced K*
uptake is driven by the activity of an electrogenic H*
pump (Poole, 1974).
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