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The Two Major Types of Plant Plasma Membrane H™ -ATPases
Show Different Enzymatic Properties and Confer Differential
pH Sensitivity of Yeast Growth'

Hong Luo, Pierre Morsomme, and Marc Boutry*

Unité de Biochimie Physiologique, Université Catholique de Louvain, Place Croix du Sud 2-20,
B-1348 Louvain-la-Neuve, Belgium

The proton-pumping ATPase (H*-ATPase) of the plant plasma
membrane is encoded by two major gene subfamilies. To charac-
terize individual H*-ATPases, PMA2, an H*-ATPase isoform of
tobacco (Nicotiana plumbaginifolia), was expressed in Saccharomy-
ces cerevisiae and found to functionally replace the yeast H*-
ATPase if the external pH was kept above 5.0 (A. de Kerchove
d’Exaerde, P. Supply, J.P. Dufour, P. Bogaerts, D. Thines, A. Gof-
feau, M. Boutry [1995] J Biol Chem 270: 23828-23837). In the
present study we replaced the yeast H"-ATPase with PMA4, an
H*-ATPase isoform from the second subfamily. Yeast expressing
PMAA4 grew at a pH as low as 4.0. This was correlated with a higher
acidification of the external medium and an approximately 50%
increase of ATPase activity compared with PMA2. Although both
PMA2 and PMA4 had a similar pH optimum (6.6-6.8), the profile
was different on the alkaline side. At pH 7.2 PMA2 kept more than
80% of the maximal activity, whereas that of PMA4 decreased to
less than 40%. Both enzymes were stimulated up to 3-fold by 100
pg/mL lysophosphatidylcholine, but this stimulation vanished at a
higher concentration in PMA4. These data demonstrate functional
differences between two plant H*-ATPases expressed in the same
heterologous host. Characterization of two PMA4 mutants selected
to allow yeast growth at pH 3.0 revealed that mutations within the
carboxy-terminal region of PMA4 could still improve the enzyme,
resulting in better growth of yeast cells.

The plasma membrane H*-ATPase plays a pivotal role in
plant physiology. By extruding protons from the cell, an
electrochemical gradient is created across the plasma mem-
brane, providing the driving force for ion and nutrient
uptake, intracellular pH regulation, maintenance of cell
turgidity, and related phenomena such as cell growth,
organ and stomata movement, and salinity tolerance (for
review, see Serrano, 1989; Sussman, 1994; Michelet and
Boutry, 1995; Palmgren, 1998).

The plant H"-ATPase is encoded by a multigene family
of approximately 10 genes (Harper et al., 1990, 1994; Perez
et al., 1992; Ewing and Bennett, 1994). However, all of the
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H™"-ATPase genes that have been identified at the cDNA
level in several species can be classified into two subfam-
ilies according to their sequence identity. Divergence be-
tween these subfamilies that represent the most highly
expressed genes seems to predate the evolution of current
monocotyledonous and dicotyledonous species (Moriau et
al., 1993).

Biochemical characterization of individual H"-ATPase
isoforms and the unraveling of their possible differences in
structure, kinetics, and regulatory features will help us
understand the respective roles of the two major H'-
ATPase subfamilies. Unfortunately, this kind of study is
hindered in plants because of the simultaneous presence of
several isoforms within a single organ. However, the het-
erologous expression of individual H"-ATPases in the
yeast Saccharomyces cerevisiae has provided a way of over-
coming this difficulty. Three Arabidopsis H"-ATPase
genes, AHA1, AHA2, and AHA3, all belonging to the sec-
ond subfamily, have been expressed in yeast (Villalba et al.,
1992; Palmgren and Christensen, 1994). AHA1 and AHA3
did not allow growth and AHA2 permitted slow growth
when the yeast H'-ATPase gene, under the control of a
Gal-induced promoter, was turned off. Characterization of
the three gene products that accumulated in ER-derived
internal membranes revealed quantitative differences in
enzymatic properties (Palmgren and Christensen, 1994).

On the other hand, pma2, a Nicotiana plumbaginifolia H*-
ATPase gene from the first subfamily, complemented a
strain of S. cerevisiae deprived of its H"-ATPase genes if the
external pH was kept above 5.0 (de Kerchove d’Exaerde et
al., 1995). Therefore, this expression system made it possi-
ble to characterize biochemically a plant H"-ATPase in a
purified plasma membrane fraction devoid of contaminant
yeast H'-ATPase. It was thus important to test a N. plum-
baginifolia isoform of the second subfamily in the same
expression system.

In the present study we show that the plant pma4 also
successfully replaced the yeast H"-ATPase gene and sup-
ported yeast growth. However, in contrast to the strain
expressing pma2, which is unable to grow at an external pH
lower than 5.0, the yeast strain containing pma4 can grow at
a pH as low as 4.0. Biochemical characterization of PMA4
and PMA2 revealed differences in enzymatic properties,

Abbreviation: LPC, lysophosphatidylcholine.
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pH sensitivity, and LPC stimulation. In addition, we se-
lected two pma4 mutants with improved ATPase, which
allow yeast growth at an external pH of 3.0.

MATERIALS AND METHODS
Chemicals

5-Fluoroorotic acid was purchased from PCR, Inc.
(Gainesville, FL), Na,ATP from Sigma, protease inhibitors
from Boehringer Mannheim, yeast extract from KAT (Ohly,
Hamburg, Germany), and yeast nitrogen base amino acids
from Difco (Detroit, MI). All other reagents were of
analytical grade.

Plasmid Construction

The pma4 ¢cDNA from Nicotiana plumbaginifolia, cpma4
described by Moriau et al. (1993), was cloned as a 3363-bp
EcoRI restriction fragment in the plasmid vector PTZ19U
starting 105 bp upstream from the initiation ATG of the
PMA open reading frame and extending 353 bp beyond the
stop codon. Within the 5" untranslated region is a small,
5-codon upstream open reading frame located 83 nucleo-
tides upstream from the start of the PMA open reading
frame. To prevent any potential interference of the 5" and 3’
untranslated regions in the expression of the pma4 gene in
yeast, these were eliminated by PCR.

In the 5’ region we made use of a BamHI restriction site
in the plasmid and of a Pstl site 371 nucleotides down-
stream of the PMA4 initiation codon. Two oligonucleo-
tides, one corresponding to nucleotides —14 to +5 of the
PMA4 translation initiation codon (CGCGGATCCGTG-
GAGCAGAGATGGC; the introduced BamHI site is under-
lined), and the other complementary to nucleotides 445 to
427 downstream of the PMA4 translation initiation codon
(CGGCTTCCTGTTCACTCC), were synthesized to amplify
the corresponding region in between. This amplified frag-
ment, digested with BamHI and Pstl, was then used to
replace the corresponding original BamHI-PstI fragment,
producing a new 5’ region without the upstream open
reading frame.

The same strategy was applied for the removal of the 3’
untranslated region using a HindlII site in the plasmid and
an AfIII site 417 nucleotides upstream of the stop codon.
Two oligonucleotides, one corresponding to a sequence
upstream of the AfIII site (—369 to —351 upstream of the
stop codon; AGCATTATTTTCTACCTC) and the other
complementary to nucleotides +18 to +36 downstream of
the stop codon (CGCAAGCTTCCTCTCCCTTTCTTGTGT;
the introduced Hindlll site is underlined), were synthe-
sized for PCR amplification. The amplified fragment was
then introduced to replace the original Af/II-HindIII region.
The correct sequence of the modified pma4 cDNA was
verified by sequencing.

This modified pma4 was then released as a BamHI-
HindIII fragment and introduced into the yeast Yeplac181
plasmid (bearing the 2u origin of replication and the LEU2
marker) containing the promoter region of the yeast PMA1
gene (de Kerchove d’Exaerde et al, 1995). The
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transcription-terminator region of the yeast PMAI gene
was then released as a 1.2-kb Xbal fragment, blunted by
Klenow DNA polymerase, and inserted into the HindIIl
site (also blunted by the Klenow polymerase) of Yeplac181,
yielding 2up(PMA1)pma4.

Culture Conditions

Yeast was grown at 30°C in a rich medium containing 2%
(w/v) yeast extract and 2% Glu (YGlu medium) or Gal
(YGal medium), or in a synthetic medium containing 0.7%
yeast nitrogen base without amino acids, 0.11% drop mix
(Treco, 1989), all of the amino acids except those used for
selection (His, Leu, Ura, and Trp), and 2% Glu (MGlu-
His,Leu,Ura,Trp) or 2% Gal (MGal-His,Leu,Ura,Trp). Solid
media also contained 2% agar (Difco). These media were
supplemented with 20 mm K,HPO, and buffered to the pH
indicated using HCl or KOH.

Yeast Strains

Several yeast strains were used in this study. YPS14-4
(Supply et al., 1993) was the wild-type S. cerevisiae. YAK2
(de Kerchove d’Exaerde et al., 1995) was deleted from its
own H"-ATPase genes, PMA1 and PMA2, and survived
with the yeast PMAI under the control of the GALI
promoter in a centromeric plasmid PRS-316 (Sikorski and
Hieter, 1989). YAKpma2 (de Kerchove d’Exaerde et al.,
1995) corresponds to YAK2, in which the centromeric
plasmid bearing the yeast PMAI was replaced by a multi-
copy plasmid bearing the plant pma2 ¢cDNA under the
control of the yeast PMA1I promoter. The strain YAKpma4
was obtained as follows: YAK2 was transformed with
2up(PMAT)pma4 (see above) and was plated on MGal-
His,Leu,Trp,Ura. Transformants were replicated on MGlu-
His,Leu, Trp medium containing 0.1% 5-fluoroorotic acid to
delete the strain of the URA3 plasmid pRS-316 containing
the yeast PMA1 gene under the control of the GALI pro-
moter. Loss of this plasmid was verified by Southern-blot
analysis. Yeast cells were transformed after treatment with
lithium acetate and PEG according to the method of Ito et
al. (1983).

Selection of Mutants

Several single colonies of the YAKpma#4 strain were in-
oculated individually into 5 mL of YGlu medium, pH 5.5,
and grown until they reached the stationary phase. After
centrifugation and resuspension in 200 uL of water, the
yeast cells from each culture were plated onto solid YGlu
medium, pH 3.0. Spontaneous mutants growing under
these nonpermissive conditions appeared after 3 d at 30°C.

Sequencing of pma4 and Its Mutants

The 2up(PMA1)pma4 plasmid from both wild-type and
mutant yeast strains was retrieved and transferred to Esch-
erichia coli. The plasmid DNA was sequenced using a series
of synthetic primers scattered throughout the pma4 gene.
The wild-type and mutated 2up(PMA1)pma4 were finally
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reintroduced into the YAK2 strain to verify the phenotype
they conferred.

Plasma Membrane Preparation and Protein Determination

Plasma membranes were prepared according to the
method of Goffeau and Dufour (1988). Yeast cells were
grown in a 1.5-L culture (YGlu medium) and harvested at
a density of 80 X 10° to 100 X 10° cells/mL. The cell pellet
was then washed three times with ice-cold water and re-
suspended (1.5 mL/g fresh weight) in 250 mm sorbitol, 1
mm MgCl,, 50 mm imidazole, pH 7.5 (NaOH), 1 mm PMSF,
and 5 mm DTT. After disruption, subcellular fractionation,
and plasma membrane enrichment, the plasma membranes
were finally resuspended in 10 mm imidazole, pH 7.5
(NaOH), 1 mm MgCl,, and 1 mM PMSF, and then divided
into aliquots, frozen in liquid nitrogen, and stored at
—80°C. The protein concentration was determined using
the Bradford method (1976) with BSA as the standard.

ATPase Assays

ATPase activity was assayed at 30°C in 50 uL of a me-
dium containing 6 mm MgATP, 1 mm free Mg®" (MgCl,),
50 mm Mes-NaOH, pH 7.0, 10 mMm sodium azide (a mito-
chondrial ATPase inhibitor), 0.2 mm Na molybdate (a
phosphatase inhibitor), 20 mm KNO; (a vacuolar ATPase
inhibitor), and 4 ug of proteins. The reaction was stopped
after 12 min by the addition of 60 uL of 5% TCA, 30 uL of
50% NH, molybdate (in 4 N H,SO,), 30 uL of 1% amino-
naphthosulfonic acid, and 3% NaHSO;. A, was read after
15 min. K, and V., were determined using an ATP-
regenerating system (100 ug/mL pyruvate kinase and 5
mM PEP). The concentration of MgATP varied between 40
uwm and 10 mm. K, and V., were determined using
Eadie-Hofstee plots. The optimal pH was determined as
described above except that three buffers were mixed (50
mM Mes, 50 mm Mops, and 50 mM Tris) and adjusted to the
pH indicated with HCl or NaOH. The amounts of ATP and
Mg>* to be added to the reaction mixture at the pH indi-
cated were calculated as described by Wach et al. (1990) to
obtain the desired concentration of MgATP and Mg>". All
data presented in the figures represent the means = sp of
at least three independent experiments using two separate
membrane preparations.

Measurement of Glu-Induced Acid Efflux from Yeast Cells

Yeast cells were grown in a 100-mL culture (YGlu me-
dium at pH 5.5 [YAKpma4] or 6.5 [YAKpmaZ2]), harvested
at the late-exponential phase, washed four times with ice-
cold water, and stored on ice. For each assay 10° cells were
incubated in 10 mL of 250 mwM sorbitol at 30°C in a vial with
a magnetic barrel and a pH electrode of a microprocessor
pH meter (Wissenschaftlich-Technische Werkstétten,
Weiheim, Germany). Once a stable pH baseline was estab-
lished (after about 5 min), 250 mM Glu was added as an
energy source and the external pH was recorded over time.

SDS-PAGE

Proteins (30 pg) were suspended in a buffer containing
60 mm Tris-HCI, pH 6.8, 5% (w/v) glycerol, 1% (w/v) SDS,
10 mm DTT, 1 mm PMSF, 2 pg/mL each of leupeptin,
aprotinin, antipain, pepstatin, and chymotrypsin, and
0.005% bromphenol blue. The samples were kept on ice for
15 min and centrifuged at 12,000¢ (15,000 rpm) for 1 min
(Biofuge 15, Heraleus Sepatech GmbH, Hanau, Germany).
The supernatant was loaded onto a 10% SDS-
polyacrylamide gel using the Bio-Rad Mini-Protean II sys-
tem (Laemmli, 1970).

RESULTS
pma4 Supports Yeast Growth at Low pH

A cDNA clone for the N. plumbaginifolia pma4 gene was
placed on a yeast 2u-derived multicopy plasmid under the
control of the strong and constitutive transcriptional pro-
moter of PMA1, the major S. cerevisine H"-ATPase gene.
The plasmid was introduced into the yeast strain YAK2
deleted from its own two H'-ATPase genes, PMAI and
PMA2, and surviving on Gal medium with a centromeric
plasmid carrying the yeast PMA1 controlled by the GAL1
promoter. Independent transformants obtained in a Gal
medium were still able to grow when shifted to a Glu
medium, indicating that the plant H"-ATPase allowed
yeast growth. To eliminate the potential residual expres-
sion of yeast PMA1 under control of the GALI promotor
and any recombination between the yeast PMAI and the
plant pma4, we induced the loss of the plasmid bearing the
yeast PMA1 by spreading the transformants on a Glu me-
dium containing 5-fluoroorotic acid, which becomes toxic
in the presence of the URA3 gene present in the latter
plasmid. Colonies (YAKpma4) growing in the presence of
the drug lost the URA3 plasmid containing the yeast PMA1
gene, as confirmed by Southern-blot analysis (data not
shown).

The plant H"-ATPase PMA4 isoform was thus able to
sustain growth of cells devoid of yeast H*-ATPase. More-
over, it allowed yeast growth at a pH as low as 4.0 (YAK-
pma4; Fig. 1A), whereas PMA2, a N. plumbaginifolia isoform
belonging to the first subfamily, could replace the yeast
H"-ATPase only if the pH medium was kept above 5.0
(YAKpma2; Fig. 1A). However, at a more alkaline pH (7.0)
PMA?2? still allowed yeast growth, whereas PMA4 barely
allowed growth. These observations were confirmed by
measurement of the duplication time in liquid cultures
(Fig. 1B). At the optimal pH (6.0), YAKpma2 and YAK-
pma4 grew 3.4- or 5.3-fold slower, respectively, than a
wild-type yeast. At a lower pH, however, YAKpma4 grew
better than YAKpma2, confirming its capacity to better
sustain a low pH.

Single Mutations of pma4 Conferred Growth at Low pH

We recently showed that point mutations in various
domains of N. plumbaginifolia pma2 expressed in yeast im-
proved the H"-pumping activity and conferred growth at
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A
40 50 60 7.0 5.5

pH 3.0 +
20 mM HAc

YPS14-4
YAK2
YAKpma?2
YAKpmad
T86IN

Q882ochre

B Duplication time

pH| 40| 50| 6.0]7.0
YPS14-4 ND | ND | 1h44| ND
YAKpma2 oo |10h19| 6h05| 6hll
YAKpma4 17h33| 9h25 | Sh17| 14h4
T861IN ND | ND | 4h00| ND

Figure 1. Growth at different pH levels of yeast cells expressing
wild-type and mutant plant plasma membrane H*-ATPases. A, The
wild-type YPS14-4 strain (yeast PMAT under its own promoter), the
recipient strain YAK2 (yeast PMAT under the GALT promoter), YAK-
pma2, YAKpma4, and the mutants T861N and Q882ochre were
grown in YGlu medium at pH 6.5 and spotted onto solid YGlu
medium at pH 3.0, 4.0, 5.0, 6.0, and 7.0, and at pH 5.5 in the
presence of 20 mm acetic acid (HAc). B, The indicated strains were
inoculated in liquid YGlu medium at pH 4.0, 5.0, 6.0, and 7.0, and
the cell number was scored periodically. The duplication time was
calculated during the exponential phase. ND, Not determined; «, no
division.

pH 4.0 (Morsomme et al., 1996, 1998). Because the wild-
type N. plumbaginifolia pma4 already allowed yeast growth
at pH 4.0, we searched for mutants able to grow at pH 3.0.
When independent colonies were cultured at a permissive
pH (5.5) and streaked on selective plates at pH 3.0, five
spontaneous mutants were obtained. The plasmid contain-
ing the pma4 gene from YAKpma4 and each of the selected
mutants was retrieved and reintroduced into E. coli. The
coding sequence of pma4 in the wild type and each of the
mutants was then determined using a series of synthetic
primers. In three cases, no modification of the pma4 gene
was found, indicating that genetic modification occurred
elsewhere in the plasmid or in the host genome (extragenic
mutation). However, a single nucleotide change within the
pma4 gene did occur in another two mutants (intragenic
mutation). In the mutant T861N, a point mutation (C to A)
transformed the amino acid Thr-861 (ACT) into Asn (AAT),
whereas in the mutant Q882ochre, a point mutation (C to T)
created a stop codon at codon 882 (CAG to TAG), resulting
in an H'-ATPase shortened of the last 71 amino acids.
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To determine whether the two mutations detected in the
plant pma4 were indeed responsible for improved growth,
the retrieved plasmids containing wild-type or mutant
plant pma4 genes were reintroduced into the YAK2 strain,
which was then depleted of the centromeric-URA3 plasmid
containing the yeast H"-ATPase gene, as described above.
The yeast strains containing wild-type and mutant PMA4
were tested for growth at various pH levels. Unlike YAK-
pma4, the two mutants grew at pH 3.0 and 7.0 (Fig. 1A). A
preliminary interpretation of these data suggested that the
mutations that had occurred in T861N and Q882ochre im-
proved H"-ATPase functioning. To test this hypothesis, we
grew the different strains at pH 5.5 in the presence of 20
mM acetate. This weak acid is thought to acidify the cytosol
and prevent the growth of cells containing partially defec-
tive H"-ATPase that is unable to create a strong electro-
chemical H* gradient across the plasma membrane (Mc-
Cusker et al., 1987). Only YPS14-4, a wild-type yeast strain
expressing its own H'-ATPase genes, and the two mutants
T861N and Q882ochre were able to grow in the presence of
acetate (Fig. 1A), suggesting that their H"-ATPases func-
tion better.

We have seen so far that the plant pma4 allows yeast
growth at a lower pH than pma2 and that two pma4 mu-
tants allow growth at an even lower pH. These different
growth properties could be attributed to distinct amounts
of H"-ATPase assembled in the plasma membrane or to
distinct intrinsic enzyme properties. To clarify this point,
plasma membranes were purified from the various trans-
formants and the proteins were analyzed by SDS-PAGE
(Fig. 2). Plant H"-ATPases appeared as the major band in
the plasma membrane fraction. Their identity was con-
firmed by western-blot analysis (data not shown). The

Figure 2. Electrophoretic analysis of plasma membrane proteins of
yeast cells expressing wild-type and mutant plant plasma membrane
H*-ATPases. Purified plasma membranes (30 ug) prepared from
YAKpma2, YAKpma4, and the two mutants Q882ochre and T861N
were analyzed by electrophoresis on a 10% polyacrylamide gel and
stained with Coomassie brilliant blue. Molecular mass markers (MW)
are shown on the left in kilodaltons.
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Q8820chre H"-ATPase had a lower apparent M, (approx-
imately 90,000), in agreement with the nonsense mutation
identified. The pattern shown by this mutant also indicated
that the major band observed in the other strains integrally
represents the H"-ATPase. Considering the H*-ATPase
amount, no large difference could be identified between
the strains, except for a slightly larger quantity for YAK-
pma2 and Q882ochre. Therefore, better growth perfor-
mances could not be explained by a larger amount of
H™"-ATPase in the plasma membrane. Therefore, we com-
pared the kinetic properties of the H"-ATPase isoforms.

PMA2 and PMA4 H*-ATPases Have Distinct
Enzymatic Properties

The apparent K, for MgATP and V,,, for ATP hydro-
lysis were determined on a purified plasma membrane
fraction (Table I). We observed a higher V. for PMA4
compared with PMA2, whereas their K, values were not
significantly different. Because the amount of PMA4 was
slightly lower in the plasma membrane fraction (Fig. 2), we
conclude that the molecular activity for the PMA4 H™-
ATPase was clearly increased. A decrease of K, and a
further increase of V., was observed for the two mutants
derived from YAKpma4 (Table I).

The pH dependence of H'-ATPase activity provided
another means of distinguishing the isoforms. Both PMA2
and PMA4 had a similar pH optimum (around 6.6-6.8; Fig.
3). However, sensitivity to alkaline pH was much more
acute in PMA4. For example, at pH 7.4 the activity of PMA2
was still around 80% of the optimum, whereas that of
PMAA4 decreased to less than 25%. The pH optima for both
PMA4 mutants were not modified but their activity did not
decrease as sharply as that of PMA4 at alkaline pH.

LPC is a phospholipid that specifically stimulates plant
H"-ATPase (Palmgren et al., 1988). Maximal stimulation
for PMAZ2 (about 3-fold) was obtained at 200 ng/mL LPC
(Fig. 4). Stimulation of PMA4 occurred at a lower LPC
concentration but decreased above 50 ug/mL LPC. A more
dramatic effect was observed for both mutants; their H*-
ATPase was only slightly increased at low LPC concentra-
tions and became almost completely inhibited at 200
png/mL LPC.

PMA2 and PMA4 H*-ATPases Confer Different Rates of
External Acidification

Acidification of the external medium of a yeast suspen-
sion has usually been interpreted as a reflection of H"-

Table I. Kinetics of the wild-type and mutant plant H"-ATPases
expressed in S. cerevisiae

Strain K Vinax
um MgATP wmol Pi min~" mg~'
YAKpma2 312 = 101 0.43 £0.14
YAKpma4 246 = 57 0.75 £ 0.15
T861N 189 = 41 0.94 * 0.05
Q882ochre 118 = 21 1.47 = 0.30

ATPase activity (Foury et al.,, 1977; Serrano et al., 1986).
Therefore, we recorded the rate of acidification of the ex-
ternal medium induced by the addition of an energy source
(Glu). Although Glu might also operate as a regulator of
the yeast H*-ATPase (Eraso and Portillo, 1994), this is
unlikely for the plant enzymes expressed in yeast, because
sequences involved in Glu regulation in the yeast pump are
not present in the plant enzymes. Despite the similarity in
their initial rate, the steady-state level of acidification by
the YAKpma4 strain exceeded that of YAKpma2 (Fig. 5).
The mutants T861N and Q882ochre performed even better.
These in vivo observations are in agreement with the phe-
notypes observed on solid media at different pH values

(Fig. 1).

DISCUSSION

All of the ¢cDNA encoding for plasma membrane H"-
ATPases cloned so far from various organs of plant species
fall into two subfamilies according to their predicted amino
acid sequence identity. Therefore, we can assume that
throughout the whole plant these subfamilies account for
the major part of the expression of the H"-ATPase. It was
not possible to determine directly by means of plasma
membranes prepared from plant material whether the H™ -
ATPases encoded by these two subfamilies had similar
enzymatic properties. Indeed, in N. plumbaginifolia (Perez et
al., 1992; Moriau et al., 1993), as in tomato (Ewing and
Bennett, 1994), transcripts for members of the two subfam-
ilies were found in all of the organs analyzed. However,
within an organ, expression might have been restricted to
particular cell types, as has already been shown for several
genes in Arabidopsis (De Witt et al., 1991; Harper et al.,
1994) and N. plumbaginifolia (Michelet et al., 1994; L. Mo-
riau, B. Michelet, P. Bogaerts, and M. Boutry, unpublished
data). Heterologous expression in the yeast S. cerevisiae
appeared to be an alternative method for comparing the
basic properties of plant H"-ATPases.

The pma2 gene, as the most highly expressed from the
first N. plumbaginifolia subfamily (Perez et al., 1992), had
already been characterized in this way (de Kerchove
d’Exaerde et al., 1995). Here we have shown that PMA4,
the unique member of the second subfamily in N. plumbag-
inifolia, like PMA2, is able to replace the yeast H"-ATPase.

The present study provides several lines of evidence
demonstrating that PMA2 and PMA4 possess distinct en-
zymatic properties. Kinetic differences were previously re-
ported for three Arabidopsis H"-ATPases, AHA1, AHA?2,
and AHAS3, which were also expressed in yeast (Palmgren
and Christensen, 1994). The K, for ATP varied between
0.15 and 1.5 mm, and the V,_, varied between 1.25 and 2.45
pmol Pi min~! mg~'. Their pH optimum was similar (6.4—
6.5), but AHA3 was more sensitive to inactivation at lower
pH values, whereas AHA2 showed a slightly more rapid
decrease of activity on the alkaline side of the peak. AHA2
was stimulated by LPC to a larger extent (160%) than
AHA1 (60%) or AHA3 (50%) (Palmgren and Christensen,
1994). The differences observed between N. plumbaginifolia
PMA2 and PMA4 are also related to kinetics, pH profile,
and LPC activation. An important observation was that
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Figure 3. pH dependence of ATP hydrolysis by 1252
purified plasma membrane fractions prepared 1284
from YAKpma2, YAKpma4, Q882ochre, and
T861N measured as descrlbeq |n-”Mater|a|s and § 100 ~ 100 Q882ochre
Methods” at the pH values indicated. ATPase g =
activity is expressed as the percentage of maxi- £ ol 2 '
mal activity observed for each strain. The mean 5 PMA2 2 754
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(PMA2), 0.60 (PMA4), 0.69 (T861N), and 1.01 & s0 8 )
(Q8820chre) wmol Pi min~™" mg™". o & Vel
< =
25 _— < Ll T861N
r'd
0 T T T T T T T 1 0 U T T T T T T l
4550556.0657.0758.085 45 5055 606570758085
pH pH

PMA4, like AHA1, AHA2, and AHA3 (all four belong to
the same subfamily), showed a sharp decline in activity
above pH 7.0, whereas PMA2 had a much broader profile.

At the cellular level, the capacity to allow yeast growth
seems to be a major difference between the Arabidopsis
and N. plumbaginifolia H"-ATPases. Among the three AHA
genes, only AHA2 was able to allow yeast growth (to a very
low degree) when the yeast H"-ATPase controlled by a
Gal-induced promoter was silenced by shifting the cells
from a Gal to a Glu medium (Palmgren and Christensen,
1993, 1994). On the contrary, both N. plumbaginifolia pma2
and pma4 complemented well enough to allow definitive

400 |
&’\i 300+
S
=
2
©
& 2004
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©
o
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T861N
'A//Q88200hre
O T T k4 hd
0 100 200 300 400
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Figure 4. Effect of LPC on H"-ATPase activity. ATP hydrolysis was
measured as described in “Materials and Methods” on purified
plasma membrane fractions prepared from YAKpma2, YAKpma4,
Q882ochre, and T861N in the presence of the LPC concentrations
indicated, and is expressed as the percentage of activity observed in
the absence of LPC. Mean specific activities in the absence of LPC
were: 0.44 (PMA2), 0.61 (PMA4), 0.65 (T861N), and 1.14
(Q8820chre) wmol Pi min~" mg™".

removal of the yeast H"-ATPase gene. The origin of this
functional difference is not clear. It does not seem to be
explained by differences in ATPase activity, because the
Arabidopsis H"-ATPases displayed a 2- to 3-fold higher
specific ATPase activity than the N. plumbaginifolia PMA2
or PMA4. However, a direct comparison has to be made
with care because the Arabidopsis H"-ATPases were char-
acterized in the ER-derived membranes where they accu-
mulate, whereas PMA2 and PMA4 were analyzed in a
plasma membrane fraction. A more appropriate compari-
son would thus require a quantitative analysis of H'-
ATPase in the same membrane fraction. A different poten-
tial in H"-ATPase isoforms to be directed to the plasma
membrane might have a direct consequence on their ability
to allow yeast growth. Finally, we cannot exclude the pos-
sibility that more trivial factors such as minor differences in
the expression system or growth media are responsible for
the differences in behavior between the Arabidopsis and N.
plumbaginifolia H"-ATPases.

The data clearly suggest that PMA4 performs better as an
enzyme than PMA2: the V,, at the optimum pH is higher
and this is probably reflected at the cell level by the faster
and higher acidification of the external medium. The phys-
iological consequence of this is that pma4 still allowed yeast
growth at pH 4.0, whereas pma2 did not. This begs the
question of whether differences between PMA2 and PMA4
are linked to kinetic or thermodynamic properties. To an-
swer this, H" pumping and the H":ATP ratio should be
measured. For example, we might consider the possibility
that PMA2 and PMA4 differ in their H":ATP ratios. A ratio
of 1.09 H* pumped per ATP hydrolyzed was found for the
red beet plasma membrane H*-ATPase (Briskin et al.,
1995). However, this ratio might have been an average of
data provided by several isoforms expressed in the same
organ.

The cells expressing PMA4 grew more slowly at pH 7.0
than at pH 6.0, which was not the case for PMA2. If we
assume that in the yeast transformant the pH of the growth
medium exerted some influence on the internal pH (Smith
and Raven, 1979), the difficulty that YAKpma4 had in
growing at pH 7.0 might be explained by the sharp de-
crease in ATPase activity above pH 6.6 observed for PMA4,
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Figure 5. Acidification of the external medium by yeast cells ex-
pressing plant H"-ATPase. Cells of YAKpma2, YAKpma4, T861N,
and Q882ochre were grown in YGlu medium, washed, and incu-
bated at 30°C for 5 min, and then Glu (250 mm) was added and the
pH was recorded.

whereas the activity-versus-pH profile was much broader
for PMA2.

A detailed examination of pma2 and pma4 expression at
the cell level is being developed by means of a reporter
gene. Our current observations are that both are expressed
in various plant cell types, some of them common to both
genes (L. Moriau, B. Michelet, P. Bogaerts, and M. Boutry,
unpublished data). If this was confirmed at the protein
level, it would indicate that two different isoforms might
be found in the same cell. Such a situation might be inter-
esting if a large H'-ATPase activity is required for activat-
ing intense transport, and also if different H"-ATPase iso-
forms must respond to separate regulatory systems. It has
been proposed, and in some cases shown, that H"-ATPases
are involved in many physiological functions, such as in-
ternal pH regulation, nutrient uptake, turgor control, and
cell elongation, and are regulated by various endogenous
or external factors (Serrano, 1989; Sussman, 1994; Michelet
and Boutry, 1995; Palmgren, 1998).

An enzyme such as PMA4, which has a sharp alkaline
pH profile, might be well adapted to the regulation of the
cytosolic pH (Smith and Raven, 1979). The difference in
sensitivity to LPC observed for PMA2 and PMA4 might be
another sign of differential regulation. LPC is considered to
be a natural regulator because its presence within the
plasma membrane may result from the activity of phos-
pholipase A, (Palmgren et al., 1988). Phospholipases act
within regulatory pathways such as that resulting in the
wound response (Lee et al.,, 1997), and thus might also
intervene in the regulatory signaling leading to H"-ATPase
activation. The reduced stimulation (PMA4) or even the
strong inhibition (T861N and Q882ochre) found after in-
creasing the LPC concentration has not been observed for
Arabidopsis wild-type or mutant H"-ATPase (Palmgren

and Christensen, 1993, 1994). The physiological implica-
tions of this are not clear, although it might be an indica-
tion of differential regulation of ATPase isoforms. For ex-
ample, although a low LPC concentration might be
involved in displacing the C-terminal region (Palmgren
and Christensen, 1993), a high LPC concentration might
disrupt some interactions in the hydrophobic region of
PMAA4 and consequently reduce its activity.

We previously characterized PMA2 mutants that allow
yeast to grow at pH 4.0 (Morsomme et al., 1996). Although
the YAKpma4 strain could already grow at this pH, the
discovery of two pma4 mutants that grew at pH 3.0 showed
that there was still room for improvement. Like the major-
ity of the mutants derived from YAKpma?2, the two YAK-
pma4 mutants were modified in their C-terminal regions.
We previously showed that the mutations in pma2 effec-
tively changed the H"-ATPase into an activated conforma-
tion, possibly moving away from the C-terminal domain
(Morsomme et al., 1998). This presumably also applies to
the PMA4 mutants, because the mutation T861N in PMA4
is localized in one residue adjacent to the mutation R865T
identified in PMA2 (Morsomme et al., 1996). Moreover,
mutants of both enzymes lead to similar changes (e.g.
increased enzyme activity, reduced LPC stimulation, and
faster acidification of the external medium).

The improved activity of wild-type PMA4 compared
with PMA2 could be explained by a change in conforma-
tion similar to that suggested for the mutants. Thus, com-
pared with PMA2, PMA4 would be at a more active stage,
but would still be subject to improvement by point muta-
tions. The activity difference between PMA2 and PMA4
might also reflect differences in intrinsic properties be-
tween these enzymes that are not necessarily relevant to
the regulatory C-terminal region.
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