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Stimulation of H'-transport activity of vacuolar H'-ATPase
by activation of H'-PPase in Kalanchoé blossfeldiana
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Abstract

In Kalanchoé blossfeldiana cv. Tom Thumb the initial rate of ATP-dependent
H'-transport into tonoplast vesicles was stimulated up to three times if the
H'-ATPase (EC 3.6.1.3) was energized a few minutes after pre- energlzanon of the
H'-PPase (EC 3.6.1.1), H'-PPase-activated ATP-dependent H'-transport was
observed in plants of K. blossfeldiana cultivated in short day (SD) or long day (1)
conditions expressing different degrees of crassulacean acid metabolism (CAM).
However, based on the higher activity and protein amount of H'-PPase and
H'-ATPasec present in the vacuolar membrane of SD plants the maximum
H ~transport activity in the stimulated mode of the H'-ATPase was significantly
higher in tonoplast vesicles of SD plants than of LD plants. Hence, a co-ordinated
action of the H™-PPasec and H™-ATPase at the tonoplast of Kalanchoé could allow a
higher transport capacity at the vacuolar membrane when plants perform high CAM.
Immunoprempltatlon experiments with an antiserum raised against the A-subunit of
the vacuolar H -ATPase of Mesembryanthemum crystallinum L. showed that in 5D
and LD plants of K. blossfeldiana the H'-PPase was co-precipitated with the
vacuolar H'-ATPase holoenzyme. The co-percipitation of the two transport proteins
indicates a close structural localization of the H'-PPase and the A-subunit of the
vacuolar H™-ATPase.
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Introducticn

The vacuolar H'-PPase (EC 3.6.1.1) is an important component of the tonoplast of
plant cells (for review sce Leigh er al. 1994). It has been reported to generate an
inside positive electrochemical proton gradient of similar magnitude as is established
by the vacuolar H'-ATPasc (EC 3.6.1.3) un the same membrane (Johannes and Felle
1990). Thus, beside the H'-ATPase the H'-PPasc may contribute to the
energetization of a broad range of H'-coupled and electrically coupled transport
processes at the vacuolar inembrane of higher plant cells. However, up to now it is
not clearly understood, why two independent H'-translocating enzymes, hydrolyzing
ATP or PP;, are needed at the tonoplast. According to one idea the H'-PPase may
indeed conserve the free encrgy of PP; generated in synthetic reactions in the form of

an clectrochemical proton gradient 2t the fonoplast, and henoe, may play an
important role in regulating the cytoplasmic PP; level (Wang et al. 1986, Hoffimann
and Bentrup 1989, Rea and Poole 1993}

The idea that the H'-PPase alternatively to the H'-ATPase might energize the
tonoplast could be of importance in plants performing Crassulacean acid metabolism
(CAM) where a high capacity tor the nocturnal secondary active transport of organic
acids, mainly malic acid, into the vacuole is required and the availability of ATP is
restricted (Liittge er ol 1981, Liittge 1987). However, for thermodynamic reasons
due to the steep H'-gradients established at the tonoplast during the night and the
lower free energy of PP, hydrolysis with respect to ATP it seems unlikely that the
H'-PPase contributes much to acid accumulation in CAM plants. Nevertheless, it was
shown for the CAM plant Kalanchoé¢ daigremontiana that the activation of the
H'-PPase by its substrate magnesium  pyrophosphate kinetically enhanced
H'-transport across the membrane of isolated tonoplast vesicles by the H'-ATPase if
the latter was activated by its substrate MgATP a few minutes later (Marquardt-
Jarczyk and Littge 1990). The stimulation of the H'-ATPasc by the H'-PPase
indicated a co-ordinated action of the two H'-translocating tonoplast proteins which
may be relevant in Kalanchoé species for the functioning of CAM.

In leaves of the CAM plant K. blossfeldiana cv. Tom Thumb the degree of CAM
expression is promoted by exposing plants to short day conditions (SD) with a
photoperiod of less than 10 h (Brulfert ef al. 1982). Thus, K. hlossfeldiana can serve
as- a model system to investigate the impact of CAM on the interaction of the
H'-PPase and H'-ATPase in the vacuolar membrane. The aim of our study was to
gain more information on a possible co-operative relationship of the two membrane
proteins in another Kalanchoé¢ species and the influence of the degree of CAM
expression on this relationship.

Materials and methods
Plants of Kalanchoé blossfeldiana ¢v. Tom Thumb were grown from seeds in the

glasshouse in soil (day/night temperature: 25 - 30/13 - 20 °C, 16-h photoperiod).
When plants were 2 month old, they were transferred to a phytotron and exposed for
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42 d to either SD conditions (8 h light/16 h darkness) to enhance CAM or LD
conditions (16 h light/8 h darkness) at an irradiance of 350 - 400 pmol(PAR) m?s!
and day/night temperature of 24/15 °C, and relative hutnidity of 60/80 %o,

Malate analysis: Leaf samples of SD and LD plants were collected from the 4™ and
5" leaf pair at the ends of light and dark phases, respectively. Leaves were numbered
from the apex. The malate concentration of the mesophyli cell sap was determined
according to Hohorst (1970).

Preparation of tonoplast vesicles: Tonoplast vesicles were prepared from
K. blossfeldiana leaves according to Fnscher—Schhebs et al. (1997), For membrane
isolation 30 g of fresh mass of the 4™ to 6 leaf pair were used.

Measurements of PP; and ATP hydrolysis: Pyrophosphate- and ATP-hydrolysis was
determined following the rate of P; released as described by Fischer-Schliebs et al.
(1997). The final reaction volume was 0.225 cm® including 1 to 2 pg membrane
protein. The PP-hydrolytic activity of the vacuolar H'-PPase refers to the
K -stimulated PP; hydrolysis. The ATP-hydrolytic activity of the H'-ATPase refers
to the NOy -sensitive ATP hydrolysis.

Measurements of H'-transport activity: The formation of a pH gradient across the
membrane vesicles was measured following the fluorescence quenching of the dyc
quinacrine (Marquardt-Jarczyk and Liittge 1990). Measurements were performed at
25 °C with a Sigma ZWS II photometer equipped with a fluorescence attachment
using an excitation wavelength of 427 nm. Emission was measured through an
interference filter at 530 nm. The standard reaction mixture (final volume: 1c¢m®)
contained: 25 mM Dbis-tris propane/MES, pH 8.0, 250 mM saccharose, 1.5 mM
dithiothreitol, 3 uM quinacrine, and 20 to 50 pg membrane protein. The initial rate
of H'-transport activity is given as the relative fluorescence quenching
[% Q pg’(protein) m'm'll.

Sodium dodecyl sulphate gel electrophoresis: SDS-PAGE was performed as described
by Ratajczak e al. (1994a) on a gradient gel containing 10 to 15 % total acrylamide
using a Laemmli buffer system (Laemmli 1970). Silver staining was performed
according to Qakley er al. (1980).

Immunoprecipitation: Solubilization of tonoplast protein with octyl glucoside and
immunoprecipitation was carried out as described by Ratajczak et al. (1994b) with
some modifications (Fischer-Schliebs e al. 1996). The immunoprecipitation
experiments were performed with a polyclonal antiserum directed against the
A-subunit of the tonoplast H'-ATPase of M. crystallinum (Ratajczak et al. 1994b).
The amount of total tonoplast protein used for immunoprecipitation was 200 pg.

Protein determination: The protein content was determined according to Peterson
(1977). Bovine serum albumin was used as a standard.
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Results

The curves of quinacrine fluorescence quenching duc tv PPi- or ATP-dependent
H'-transport activities of tonoplast vesicles of SD plants of K. blossfeldiana (Fig. 1)
showed that the sum of transport rates obtained with each substrate alone was in the
range of the rate obtained with both substrates added together at the same lime. Thus,
the initial rates of PP;- and ATP-dependent H'-transport into tonoplast vesicles were
additive. Conversely, the PP;- and ATP-dependent H'-transport activities were non-
additive in establishing the stcady state level indicating that the final steady state was
under control of a maximal attainable proton gradient determined through a balance
between the activity of the H'-transporting enzymes and the H'-permeability of the
membrane. The initial tates of the ATP-dependent H'-trausport were stimulated
significantly to about 300 % when ATP was added a few minutes after
pre-energization of vesicles with PP, Therefore, as in K. daigremontiana
(Marquardt-Jarczyk and Liuge 1990), in K. blossfeldiana an H'-PPase-activated
ATP-dependent H'-transport could be distinguished from the basal PPi-dependent
and the basal ATP-dependent H' -transport.

PP; + ATP 5 min
|

[
1C% O

Fig. 1. Characteristic PP,- and ATP-dependent quinacrine fluorescence quenching curves in the
presemce of 50 mM KCL at pH 8 and a temperatwe of 25 °C of oue membrane preparation of
Kalanchoé blossfeldiana cultivated under 8D conditions, Additions to the reaction medium were as
followed: ATP, 3 mM MgATP; PP, 0.2 mM Na,PP; + 2 mM MgSO,; PP, + ATP, 0.2 mM Na PP;
+ 2 mM MgS0O, + 3 mM MgATP. The dashed tangenis indicate the slopes of curves and the dotted
lines the maximal fluorescence quench attainable in one given membrane vesicle preparation.

The phenomenon of a H'-PPase-stimulated ATP-dependent H'-transport was
observed in plants cultivated either in SD conditions which enhances CAM
expression or LD conditions in which only a weak CAM is performed as indicated by
the day-night change of malate concentration in the leaf cell sap (Table 1, Fig. 2).
The relative stimulation of the ATP-dependent H'-transport by an activation of the
H'-PPase was independent of the degree of CAM expression with a stimulation by a
factor of 3.27 for SD plants and 2.94 for LD plants, respectively. In SD plants the
rate of ATP-dependent H'-transport obtained by addition of ATP after PP, was
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statistically significantly larger at the P = 0.05 % (Student’s #-test) than that obtained
with simultaneous addition of PP; and ATP, while in LD plants the difference was
not statistically significant. In SD and LD plants the hydrolytic activity of H"-PPase
and H'-ATPase were in the same order of magnitude (Table 1). However, shifting

Table 1. Rates of PPj and ATP hydrolysis, basal initial rates of PP;-dependent and ATP-dependent
H -transport activities of tonoplast vesicles, and day-night changes in malate levels (Amalate) in the
ccll sap of $D and LD plants of Kalanchoé blossfeldiana. Data represent results of four repetitions of
membrane preparations + standard deviation, Data obtained from SD and LD plants are statistically
different at the level of P < 0.003 (@) or P < 0.05 (b).

AMalate  H'-PPase H'-ATPase
[mM] [umol mg” [% Q pg” [umol mg' (% Q g’
(protein) min”]  (protein) min']  (protein) min™'} (protein) min™]
LDplants 329+6.7 0.039+0008 0019+0.004* 0041 £0.021° 0.026 +0,005"
(100 %) (100 %) (100 %) (100 %)
SDplants  78.1 +8.2° 0.178 +0.048° 0.096 £0.006°  0.182 + 0.056" 0.063 +0.022°
{456 ") (505 %) (444 %) (246 %)
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Fig. 2. Initial rates of H'-transport activity with different regimes of substrate addition to tonoplast
vesicles of Kalanchoé blossfeldiana from SD and the LD plants at day 42 after shortening the
photoperiod; means of four membrane preparations + standard deviation; for SD and LD plants
100 % was 0.U63 + 0.022 and 0.026 + 0.005 % Q pg'(protein) min”, respoctively.

plants from weak to high CAM was accompanied by a higher activity of both
enzymes based on the presence of a higher amount of protcin in the vacuolar
membrane (Fischer-Schliebs ez al. 1997; see also staining intensities of the H'-PP;ase
and subunits of the H'-ATPase on the gel shown in Fig. 3) Therefore, although the
relative stimulation of the ATP-dependent H'-transport by activation of the H'-PPase
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was independent on the degree of CAM expressed the maximum absolute rate of the
H'-PPasc-activated ATP-dependent H' -transport activity related to total tonoplast
protein of tonoplast vesicles from SD plants was with 0.185 + 0.50 % Q pg(protein)
min” about two times higher than the maximum rate of the stimulated H'-transport
activity of the H'-ATPase [0.085 £ 025 % Q ug” (protein) min'] of tonoplast vesicles
of LD plants.
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Fig. 3. Immunoprecipitation of the vacuolar H*-PPasc and H'-ATPase of Kalanchoe blossfeldiana of
tanoplast fractions of LD and SD plants. Silver-stained polyacryamide gel (10 to 15 % total
acrylamide} of tonoplast polypeptides immunoprecipitated by polyclonal antibodies directed against
the subunit A of the tonoplast H'-ATPase of Mesembryanthemum crystallinum coupled to protein A-
Sepharose. Letters refer to subunits of the H'-ATPase. The experiment was carried out with 200 ug
octylglucoside-solubilized total tonoplast protein.

Immunoprecipitation of the holoenzyme of the vacuolar H'-ATPase from
octylgiucoside-solubilized total tonoplast proteins of K. blossfeldiana was carried out
with polyclonal antibodies raised against the subunit A of the H'-ATPase of
M. crystallinum. Subsequently performed SDS-PAGE showed that besides the
subunits of the H'-ATPase (as marked in Fig. 3) the 72 kDa polypeptide of the
vacuolar H'-PPase was co-precipitated revealing a close association of the two
H'-translocating merabrane proteins. The immunoprecipitation of the H'-PPase could
not have occurred by a direct reaction of the H™-PPase with the antibody since the
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antibody did not show any cross-reactivity with H'-PPase protein (data not shown).
The two prominent bands on the silver-stained gel represent the heavy and light chain
of the antibodics, Subunits of the H'-ATPase as well as the H'-PPase exhibited a
higher staining intensity in preparations of SD plants than LD plants confirming the
difference in the expression of two enzymes in plants cultivated under long or short
photoperiods as reported before (Fischer-Schliebs er al. 1997),

Discussion

The H'-PPase activated ATP-dependent H'-transport was observed in
K. blossfeldiana plants performing a low or high degree of CAM and confirmed data
published by Marquardt-Jarczyk and Liittge (1990) for the obligate CAM plant
K. daigremontiana. The promotion of CAM expression in XK. blossfeldiana cv. Tom
Thumb by shortening the photoperiod is accompanied by an increased abundance of
the vacuolar H'-PPase and H'-ATPase protein (Fischer-Schliebs er al. 1996)
compared to plants of the same age cultivated continuously under LD conditions and
performing only a weak CAM. A higher expression of the vacuolar H'-ATPase in
response to the transition of the metabolism to CAM can be explained by an
increased requirement for energization the nocturnal accumulation of organic acids in
the vacuoles of these plants. A direct role of the H'-PPase in transtonoplast
H-transport, at least in K. daigremontiana with its high nocturnal vacuolar malate
acidification, appears unlikely for thermodynamic reasons. Therefore Marquardt-
Jarczyk and Liittge (1990), who observed the effect of H -PPase stimulated
ATP-dependent H'-transport for the first time, hypothesized that the H™-PPase may
participate in the kinetic regulation of the H'-ATPase in CAM allowing adequate
responses to changing requirements of cell metabolism, especially to vacuolar malate
accumulation and remobilization. Although in K blossfeldiana the expression of
CAM as measured by the day-night changes of the malate concentration in the leaf
cell sap was less dramatic 1n comparison to K. daigremontiana even after cultivation
in SD conditions a stimulation of the ATP-dependent H -transport by a preceding
activation of the H'-PPase was observed. The relative stimulation was independent of
the shaft of the plant metabolism from weak to high CAM expression. Nevertheless,
the absolute rates of the H'-PPase-activated ATP-dependent H'-transport of
tonoplast vesicles of SD plants due to the higher abundance of the proteins in the
vacuolar membrane were more than twofold higher than the rates of LD plants. The
rates of H'-PPase-stimulated ATP-dependent H'-transport were also statistically
significantly larger than the rates obtained with both substrates added simultaneously
which was not the case in LD plants. Thus, a potentially higher capacity of the two
H'-translocating enzymes due to their co-ordinated action in energizing the vacuolar
membrane in plants of K. blossfeldiana performing a high degree of CAM remains an
infriguing possibility.

Recently an interaction of H'-PPase and H'-ATPase was also observed in
tonoplast vesicles of Acer pseudoplatanus suspension cells (Fraichard et al. 1994).
These authors found an inhibition of the PPi-dependent H'-transport when the
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H'-transport activity of the H'-ATPase was blocked by inhibitors which did not
affect the H'-PPase itself. Since there is some evidence that the H'-PPase rather
acting merely as an H'-translocating enzyme may catalyze both, H'- and K'-transport
at the tonoplast (Davies e al. 1991), the authors argued that H'/K -stoichiometry of
the H'-PPase could have been modified by the inhibition of the H'-ATPase in favour
of the transport of potassium. However, in Kalanchoé an involvement of potassium
ions in the stimulation of the H™-ATPase by the H'-PPase was ruled out since the
potassium forming ionophore valinomycin did not affect the H'-PPase-activated
ATP-dependent H -transport (Marquardt-Jarczyk and Liittge 1990). Also other direct
effects of PP; on the H'-ATPase (e.g Jault e al. 1994) can be excluded since the
PP;-dependent stimulation of the H™-ATPase is only observed under conditions when
the H'-PPase is active.

Support for the idea of a direct functional linkage of the two vacuolar
H'-translocating enzymes in K. blossfeldiana comes from the co-immuno-
precipitation of considerable amounts of the H'-PPase from solubilized tonoplast
proteins of K. blossfeldiana with the H™-ATPase when antibodies directed against the
subunit A of the tonoplast H'-ATPase of M. crystallinum were used. The close
association of the H'-PPase with the H"-ATPase was found in tonoplast fractions of
SD and LD plants of K. blossfeldiana and thus, it seems not to be correlated with the
degree of CAM expression in these plants.

Interestingly, in another C;-CAM intermediate plant, M. crystallinum, the
H'-PPase disappears during the induction of CAM by salt stress or plant ageing
{Rockel ef al. 1994). In C;-plants where the H™-PPase is present in high amounts in
the vacuolar membrane a stimulation of thc H'-ATPasc by thc H'-PPasc was not
observed (Marquardt-Jarczyk and Liittge 1990). However, the basal ATP-dependent
H'-transport rates in tonoplast vesicles of M. crystallinum were already in the range
of the high H'-PP;ase-stimulatcd ratcs obscrved in K. daigremontiana. Ilence, high
rates of ATP-dependent H'-wransport are required in CAM but they may be
established by different mechanisms, ie., by a co-operation of H'-ATPase and
H™-PPiase as in Kalanchoé or by changes in subunit composition of the II'-ATPasc
as shown for M. crystallinum (Littge er al. 1995). Further research is required to
resolve a possible regulatory interaction of the two H'-translocating enzymes at
molecular level in the tonoplast of different plant gencra.
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