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Amino Acid Replacements at Seven Different Histidines in the Yeast Plasma
Membrane H—ATPase Reveal Critical Positions at His285 and Hig701
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ABSTRACT. The plasma membranetHATPase (Pmal) fronBaccharomyces cerisiae contains 14

histidine residues. The seven most highly conserv
directed, site-specific mutagenesis. Substitutions
of amino acid residues had no effect either on cell

ed of these were selected as targets for oligonucleotide-
at H240, H488, H614, H686, and H914 with a variety
viability or on temperature and pH growth sensitivity.

In contrast, substitutions at H701, located in the putative fifth membrane-spanning region, with Asp, GIn,

or Arg were dominant lethal, indicating that H701

is essential for-ATPase activity. The mutations

H285Q and H285R, but not H285E, located in the hydropfgiatranded domain, were tolerated in normal
growth conditions. Growth of H285Q mutants was sensitive to acid pH, indicating impaireido

ATPase activity. The H285Q and H285R mutants showed increiasegitto ATPase-specific activity,
increased vanadate resistance, increased proton competition of vanadate sensitivity, accelerated ATP
hydrolysis rates at a substrate concentration much lower thaiKthend slightly uncoupled proton
pumping. The most reasonable hypothesis which would take into account these observations is that H285
would not be involved in the Htransport process but rather in the t& E; transition step of the ATP

hydrolysis catalytic cycle.

The plasma membranetHATPase (Pmal) fronBac-
charomyces cetgsiae is a P-type ATPase (Pedersen &

residue is essential for Pmal-mediated catalysis of ATP
hydrolysis. Pmal frons cerevisiae contains 14 histidines

Carafoli, 1987) that generates a transmembrane protondistributed throughout the protein. To our knowledge, none

gradient and is essential for growth [see reviews by Goffeau

has yet been studied by site-directed mutagenesis and no

and Slayman (1981), Serrano (1989), Nakamoto and Slaymansystematic studies of the role of these residues have been

(1989), Scarborough (1992), and Rabal. (1993)]. It is

performed on any P-type ATPase. In this article, we present

generally accepted that, during turnover, the enzyme passegata obtained using an approach combining systematic site-

through two major conformational states, thedénforma-
tion, capable of binding ATP, and the,-Eonformation,
incapable of binding ATP but able to be phosphorylated by
P (Amory et al, 1982). Kinetic studies have shown that
yeast H—ATPase is reversibly inhibited when the pH is
raised from 6.0 to 8.0, the apparen( peing 6.8 (de Meis
etal, 1987) to 6.9 (Blanpaiet al., 1992) forSaccharomyces
pombeand 7.4 forS cerevisiae (Wach & Graer, 1991).
These K values may reflect protonation/deprotonation of a
histidine residue. However, none of the kinetic approaches
used has been able to provide information about the nature
number, location, and function of the histidine residues
involved. A more direct approach was used by Morjana and

Scarborough (1989), who reported that the histidine reagent

diethyl pyrocarbonate irreversibly inactivates Meurospora
crassaplasma membrane H-ATPase with a K of 7.5.
These data indicate that at least one unidentified histidine
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directed mutagenesis and kinetic analysis to identify those
histidine residues that are important for activity of the-H
ATPase inS cerevisiae plasma membranes.

MATERIALS AND METHODS

Materials Na—ATP, pyruvate kinase (rabbit muscle,
glycerol solution), phospho(enol)pyruvate (monoammonium
salt), and the ATP bioluminescence kit CLS were obtained
from Boehringer Mannheim, 5-fluoroorotic acid (5-FOA)
from PCR Inc. (Gainesville, FL), and sodium orthovanadate
from BDH Chemicals Ltd. (Poole, U.K.). All other chemi-
cals were of high-quality reagent grade.

Strains and Media A list of strains used is given in Table
1. Yeast was grown on completely synthetic media contain-
ing the following (per liter): 7 g of yeast nitrogen base (Difco
Laboratories), 1.1 g of drop out mix supplemented with all
amino acids (Treco, 1989) except those used for selection,
and 2% glucose (MGlu), 3% glycerol/2% ethanol (MGIyEt)
or 3% glycerol/2% ethanol/2% galactose (MGIyEtGal).
Solid media contained 2% agar (Difco Laboratories). For
selection of Ura3 strains, 1 g of 5-fluoroorotic acid was
added to 1 L of medium (Treco, 1989). For biochemical
analysis, the cells were grown in 1 L of 2% yeast extract
containing 2% glucose (YD) at 28C until mid-log phase.
For phenotypic analysis, mutant cells were plated on MGlu,
adjusted to pH 3.0 with 1 N HCI (MGlu, pH 3.0), MGlu
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Table 1: Yeast Strains and Plasniids

name relevant characteristics source
Saccharomyces cersiae

YPS229C MATa, pmalA::HIS3, pma2A:: TRP1, lys2-801 ade2-101 P. Supply
[Ppmaz:PMA2, URASJ lue2-d 2um]

YPS12-1 MATa, pmalA::HIS3, pma2A::TRP], lys2-801 ade2-101ura3-52 P. Supply
[Ppmaz:PMA2, LEU2, CENG ARSH4

YAWP:PMA1 MATa, pmalA::HIS3, pma2A::TRP], lys2-801 ade2-101ura3-52 this study
[PeaLi:PMAL, LEU2, CENG ARSH4

YAW2P:PMA1 MATa, pmalA::HIS3, pma2A::TRPY lys2-801 ade2-101ura3-52 this study

[Ppmaz:PMA2, URASJ lue2-d 2um]
[PeaLi:PMA1L, LEU2, CENG ARSH%
YAWPGpma1+ MATa, pmalA::HIS3, pma2A::TRP] lys2-801 ade2-101 this study
[Ppmaz:PMA2, URA3 leu2-d 2um]
[PeaLz:pmal*, LEU2, CENG ARSH4

YAWP ppmat+ MATa, pmalA::HIS3, pma2A:: TRP], lys2-801 ade2-101ura3-52 this study
[Ppmaz:pmal*, LEU2, CENG ARSH40
Plasmids
pSel-PMA1 pSelect-1 (Promega) containing the 46561yl —Xbd fragment ofPMAL this study
pSel-pmal pSel-PMA1 mutated by oligonucleotide-directed site-specific mutagenesis this study
pGallPMAlv pRS315, BAL1-10::PMA1C(promotor GAL1-10 from pBM150 and PMALC, (Figure 1)

Clal—EcaRV fragment from pPSPMA1C)

a Strains and plasmids constructed in this study are described in more detail in Materials and Methods. pmal* is the substitution nomenclature
for the differentpmalmutant alleles that were constructed by site-directed mutagenenis. Promotor sequences are indicated by a P followed by the
gene name from which it is derived (e.gsAP). A “:” indicates the fusion of two DNA fragments, andAafollowing a gene name means that
the corresponding gene has been deleted from the genome. Gene names in square brackets denote that these genes are present on a plasmid.
CEN/ARSsequences promote—R plasmid copies per cell, whereas a2 origin of replication or thdeu2-dallele produces 56150 plasmid
copies per cell.

containing 200 mM sodium acetate, adjusted to pH 5.0 with
1 N HCI (MGlu, pH 5.0 Ac), or MGlu containing 50 mM
Tris, adjusted to pH 7.5 with 1 N HCI (MGlu, pH 7.5).
Plasmid Constructions The plasmids used are listed in
Table 1. For site-specific mutagenesis, the 4656ioyll11 —
Xbd fragment ofPMAL(Serrancet al., 1986) was subcloned
into pSelect-1 (Promega Corp., Madison, WI), giving plasmid
pSel-PMAL. Plasmids obtained from the different mutagen-
esis reactions were named pSel-pmal?*, the asterisk indicating
the presence of a mutant allele. pPGAL1PMAlv was
constructed by ligation of the bluntdetoRI—BanH]| frag-
ment from pBM150, containing th&AL1-10 promoter
(Johnston & Davis, 1984), into thelal site, blunted byT4
DNA polymerase, from a pRS315 (Sikorski & Hieter, 1989) Ficure 1. Schematic description of the homologous recombination
construct already containing tial —EcaRV fragment from between two DNA fragments cotransformed into yeast. Regions

AR of homology on both fragments are indicated by an The
pPSPMALC (Supplet al, 1993). This ligation placed the | agyiction site€ccRV (ERV) andBgll allowing identification of

first 130 bp of thePMA1 structural gene, including its start  the recombinogenic event carried onteivo are shown in black.
codon, downstream of th@ AL1 promoter. See Materials and Methods and Table 1 for detailed descriptions

Olgonuclenide Diected, St Specic Mutagonete. e k> I P ocae seopeevsy on
specific mgtatlons were directed using synthetic oligode- chromosomes XVI and VII, have been deleted and sugstitutegwith
oxynucleotide primers complementary to the sense strandine His3 and TRP1 markers, respectively.
of the PMA1 gene. Primer length was 22 nucleotides
and 26-30 nucleotides when on mismatch or two/three mis- in the technical manual accompanying the Promega (Madi-
matches, repectively, were introduced. The sequences of theson, WI) mutagenesis kit, usini4 DNA polymerase to
12 primers used are as follows (the nucleotide changes in-synthesize the mutant stramdvitro. Successful mutagenesis
troduced in the mutagenic oligonucleotides are underlined): was first screened, where possible, by restriction site analysis
5'-ttggtcaccgtgtacttgtcgacagcc-or the mutation H240Y, or by dideoxynucleotide sequencing. For each mutagenesis
5'-aacttcagtgaicaccttgaccacc-3or the mutation H825E,'5 reaction, four independent clones were screened and one
cttcagtgattgaccttgacc-3for the mutation H825Q,'Ecaaaa- positive clone was selected for further experiments. At least
cttcagtgatctaccttgaccacc:3for the mutation H285R, '5 two of the four screened reaction products per mutagenesis
ccgottttgtggaacacaag-For the mutation D378N, 'Stct- reaction carried the introduced point mutation. A final check
gggattgga@tatcttcticgac-3for the mutation H488l, Bctgta- was made by sequencing the complete mutptedlgenes
tttatcttgtgggaa-3for the mutation H614D, 'Ssagagtacatia- as described below.
gaaaaaatttgtctg-3for the mutation H686S, 'Sttccaaatta- Recombination in YeastYeast recombinants, expressing
gagacaa-3for the mutation H701D, 'sgatttccastgtagagac- a plasmid harboring a mutant allele#MA1, were obtained
3 for the mutation H701Q, 'Egaagatttccdattagagacaaagc- by homologous recombination of two linear DNA fragments
3 for the mutation H701R, and-Bcttttcgtitgagtagag-3for (Maet al., 1987). A schematic illustration of the process is
the mutation H914N. All mutations were made as described presented in Figure 1. The homologous DNA regions,
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located at the extremities of both linear fragments, were with 450 uL of 10% w/v deoxycholate in buffer A, 1.05
provided on one side by tHacZ gene fragment and onthe mL of buffer A was then added, and the resulting solution
other side either by the fragment4 to +125 of thePMA1 was stored on ice. A total of 5 mg of protein of plasma
structural gene or by the-8erminal half of theamp gene. membranes was diluted with buffer A to a concentration of
Recombination in th@MALstructural gene yields a repaired 2.5 mg of protein/mL and kept on ice. A 3 mL amount of
plasmid carrying a mutant allele, whose expression is the liposome-deoxycholate dispersion was added to 2 mL
controlled by the inducibl&AL1promoter (FSALL::;pmak). of the plasma membrane suspension & 0and the resulting
Recombination in theamp gene gives a paired plasmid mixture was manually shaken every 30 s for 10 min. The
containing a constitutively expressed mutant allele, controlled mixture was centrifuged at 100 0§@38 000 rpm) for 1 h
by the constitutivePMAL promoter (PMA1::pmaZ). In- in a Beckman Ti50 rotor at 4C. The supernatant was
dependently of the recombination event, all the plasmids discarded, and the pellet was resuspended in 2.2 mL of buffer
produced contain the yeast selectable maikietJ2 and A and kept on ice until use.
the CEN6/ARSHA4cassette. The plasmid to be repaired  Measurement of ATP-Dependent Proton Transpért P-
(PPGAL1PMA1v) was linearized biyst/Sad digestion, and dependent proton translocation was measured by recording
the insert, containing themaZX mutant allele, was extracted the fluorescence quenching of ACMA. Fluorescence mea-
by Bgll. The restriction fragments, separated by agarose surements were carried out with a Bio-Logic Co. (Zirst,
gel electrophoresis (Heesgt al,, 1990), were then introduced  Meylan, France) fluorimeter. The excitation wavelength was
into yeast cells by cotransformation using the lithium acetate set at 410 nm, and emission was detected after passage
method (Itoet al., 1983). ThePMA1wild type allele from through a Balzers K 50 broad-band filter (500 nm) and a
pSel-PMAL was used as control for successful recombina- Corning 3-72 cutoff filter to reduce light scattering. The
tion. assay medium at 3TC contained 2.45 mL of buffer A, 450
Analysis of the in Wio Growth Characteristics of the  uL of sealed plasma membrane suspension (approximately
PMA1 Mutant Alleles For each mutant allele, four yeast 400 ug of protein), and SuL of ACMA (0.5 mM stock
recombinants were analyzed for growth on different media solution in ethanol). All assay ingredients except MgATP
(see legend to Figure 3 for detailed description). From those were preincubated for 7 min at 3@. The fluorescence
recombinant strains showing significant growth differences intensity obtained, after correcting for light scattering by the
as compared to the wild type control, one clone was selectedvesicles, by full-scale reading on the recorder was taken as
for mutant allele sequencing and biochemical analysis. 100%. A 30uL aliqguot of MgATP solution (150 mM
Mutant Allele SequencingThe total DNA of the yeast MgSQ,, 150 mM ATP, 10 mM MES/KOH, pH 6.0) was
strain was transformed int&scherichia coli and PMAI- added to start the reaction.
containing plasmids were extracted framp colonies. The Kinetic Studies of Plasma Membrane HATPase All
PMAZ1 allele was then entirely sequenced by double-strand data were obtained in duplicate from three different mem-
dideoxynucleotide sequencing, using primer walking to check brane preparations isolated from independent cultures.
the presence of the introduced mutation and to exclude anyStandard ATPase activity was measured at@5n 1.0 mL
inadvertent second-site change that might have been intro-of reaction mixture, containing 1 mg of protein/mL, 50 mM
duced duringn vitro mutagenesis dn vivo recombination. MES, 50 mM MOPS, 50 mM TRIS, adjusted with HCI or
Isolation of Plasma MembranesFor each strain, three  KOH to the pH indicated, 6 mM (MgATR), and 10 mM
different preparations of plasma membranes were made fromNaN;. Other conditions were as described by Dufetal.
independent cultures as described by Dufeual (1988) (1988). The concentration of free Mfgwas 1 mM. The
with the following modifications. When glucose incubation amounts of MgS@and Na—ATP to be added to the reaction
(Serrano, 1983) was used, yeast cells were harvested, washehixture to produce the required final concentrations of free
three times in cold double-distilled water, and then incubated Mg?" and (MgATP¥~ were calculated as described by Wach
for 30 min at 30°C in 0.1 M MES/TRIS: pH 6.5. After et al. (1990). Measurements of appardf and specific
addition of 1 M glucose (1:10 v:v) (activated cells) or 1 M activity were performed in 50 mM MES/KOH, pH 6.0, 1
sorbitol (1:10 v:v) (deactivated cells) to the cell suspension, mg of protein/mL, and the concentration of (MgA®Pas
incubation was continued for another 15 min prior to isolation varied between 0.1 and 6.0 mM, as indicated. An ATP
of plasma membranes. Cells were then disrupted with glassregenerating system [1Q8y of pyruvate kinase and 5 mM
beads in 50 mM TRIS/CECOOH, pH 7.5, 1 mM MgGJ, 1 phospho(enol)pyruvate] was added to the reaction mixture.
mM PMSF, and either 250 mM glucose (activated cells) or ATPase activity at low substrate concentrations (about 30
250 mM sorbitol (deactivated cells) as described elsewherenM MgATP final concentration) was measured by monitor-
(Dufour et al., 1988). The membranes were aliquoted and ing the concentration of free ATP remaining in the reaction
stored at—80 °C at a protein concentration of-3.0 mg/ mixture with the luciferine/luciferase bioluminescence assay
mL in 0.01 M TRIS/CHCOOH, pH 7.5, 1 mM EDTA, 1 (Wach & Graer, 1991), using an integrating photometer
mM ATP. (SAI Technology Co., San Diego, CA). Prior to these
Preparation of Sealed Plasma Membranesiposomes measurements, ATP present in the plasma membranes
were made by sonicating a 2 mL aliquot of a suspension of suspension buffer was removed by washing 180 of
purified asolectin (50 mg/mL) in buffer A containing 25 mM  plasma membranes 4 times in 8 mL of 10 mM TRISH
K2SQ,, 5.2% (w/v) glycerol, 50 mM MES/KOH, pH 6.0, at COOH, pH 7.5, 1 mM EDTA. The reaction mix was 3 mL
room temperature in a Laboratory Supplies Co. bath sonicatorof 50 mM MES, 50 mM MOPS/KOH, pH 6.0, 1 mM
as previously described (Dufoat al., 1982). As described MgSQOs, 10 mM NaN, and 35ug of protein. The reaction
by Venemaet al. (1993), 1.5 mL of liposome was mixed was started by adding 500L of 200 nM ATP. At the
indicated times, 30@L of the reaction mixture was mixed
L Abbreviations: MES, 2-morpholino)ethanesulfonic acid; Mops, ~ With 300 uL of ATP bioluminescence CLS reagent. The
3-(N-morpholino)propanesulfonic acid;, inhibitor constant. luminescence signal was calibrated by the addition of a
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Table 2: Kinetic Parameters of the Purified Plasma Membrane ATPase from Pmal, Pmal-H285Q, and Pmal-H285R in Sorbitol-Incubated or
Glucose-Activated Celis

ATPase activity Ki (uM vanadate)
Km (MmM) Vimax (umol min~t mg-?) vanadate/ATP vanadatefH
strains glucose sorbitol glucose sorbitol glucose sorbitol glucose sorbitol
H285 0.73+0.12 1.70+ 0.30 11.4+0.4 7.1+ 05 95+1.2 18+ 5.2 24+ 1.0 4.2+0.8
H285Q 0.73+0.37 1.24+0.25 17.9+ 0.3 11.9+ 2.8 184+ 34 416+ 137 64+ 34 209+ 97
H285R 0.81+ 0.23 2.27+0.66 19.2+ 0.8 9.6+ 1.7 131+ 23 493+ 226 56+ 17 277+ 62

a ATPase activity was assayed in purified plasma membranes as described under Materials and Methods. Results are meaDb yatses
3). VmaxandKn values were calculated as illustrated in Figure 3. Inhibition constants were obtained from Dixon plot analysis. The noncompetitive
inhibition between vanadate and ATP was measured at pH 6.0 and varying MgATP concentrations. The competition between vanddate and H
was measured at pH 6.0 and 6.4 at 6 mM MgATP.

known amount of ATP to the assay cuvette. Protein To exclude any accidental mutation during vitro
concentration was determined by the method of Loety = mutagenesis or recombination, all mutants were checked for

al. (1951) using BSA as a standard. the presence of newly-created restriction sites, introduced
by the site-directed mutations. In addition, mutant alleles
RESULTS giving a detectable phenotype (H285E, H285Q, H285R,
. o D378N, and H701R) were entirely sequenced. The presence
Construction and Verification of the pmal Mutantslore of the site-directed mutation was confirmed in all cases. In

than 100 genes coding for members of the P-type ATPaseyqgition, comparison with the published sequenceMAl
family from different organisms have been sequenced, andom yeast strain S288C (Serrarbal, 1986) showed that

17 H'—ATPases from plants and fungi have been aligned geyen nucleotide differences were found in all sequenced
(Wachet al, 1992). On the basis of this alignment, the seven ., iant alleles. Six gave silent triplet changes (C1380G,
most highly conserved histidines fro cerevisiae Pmal, A1562G, T2055C, C2241A, C2465A, G2474A, numbering
H240, H285, H488, H614, H686, H701, and HI14, were yq5iive to the initiating ATG codon), one of which (T2055C)
selected for oligonucleotide-directed, site-specific mutagen- 55 peen reported to occur in tR&MA1 sequence of strain
esis. In addition to the histidine mutants, the negative s157gp (van Dycket al, 1990). Only one difference
mutation D378N, which p_re\(ents the_ formation of the G2152A, changed the coding triplet in such a way that
aspartyl phosphate catalytic intermediate, was used as &nqther amino acid was generated (D718N). Since these

control. Recombinant strains were obtained in the host St_raindifferences were observed in all the mutant alleles, they must
YPS299C grown on glucose medium by co-transformation ¢ reqnond to strain polymorphism. This was confirmed

with linearized plasmid and DNA fragments bearing different independently in the same parental strain for mutants

PMA1 mutgnt r?IIePI]es I(?'ee Table 1 fforh list ,Olf .strains.). C1380G (P. Supply, personal communication) and G2152A
YPS299C is the haploid progeny of the diploid strain (5 e Kerchove d’Exaerde, personal communication). Al

YfPH501 (Si(lj((?rski & Hieter, 19Et3)9).hv;h<|)sedgenomic gopies the phenotypic and biochemical effects observed therefore
of PMAland isogen®MA2are both deleted. PMAL is an result only from the introduced site-directed mutation.

essential gene encoding theé HATPase gene. PMA2 is a

poorly expressed isogene of PMAL (Schlessteal., 1988) Viability of the pmal Mutants The viability of the
which can sustain cell growth in the absence of the PMAL different yeast recombinants was first tested in MGlu (Figure

gene when put under the control of a strong promoter such 24 UPPer panel). On MGIlyEtGal containing S-fluoroorotic
as that of PMAL (Supplt al, 1993). The YPS299c host ~2Cid (Figure 2A, middie panel) tHRAS leu2-dmulticopy
strain carries a 2m plasmid withURA3andleu2-dmarkers (2 #m) plasmid with the PMA1::PMA2construct is coun-
and thePMA2structural gene, under the control of tABIAL terselected in the strain YPS229C. Undgr these condltlon_s,
promotor to ensure viability in the absence of Pmal protein all constructed mutant alleles are transcribed, but growth is

(Supplyet al, 1993). Our recombination system allowed only seen in the case of mutant alleles ab[e to complement
for recombination events producing mutant alleles fused the disrupted essentiBMAlgene. The substitutions D378N

either to theGAL1 promotor or to thePMA1 promotor. In (control)., HZSSE, and H701D were not tolera.ted by.the cells,
this situation, recombinants carrying toxic negative mutant SU99esting an important role for these residues in plasma
alleles grow only on glucose when ti@AL1 promotor is membrane H—ATPa_se function. Analy3|s of the plasmids
repressed and do not grow when put uneltA1 promotor e_xtracted from all viable 5-_FOA-reS|stant ye_ast cells con-
control. Successful recombinations were checked by restric-firmed the presence of the introduced mutation, Ri¢AL

tion site analysis of recombinant plasmids extracted from Promotor-controlled mutant alleles and the loss offiRA3

E. coli transformed with DNA preparations from individual Multicopy plasmid. ~Moreover, on galactose where the
Leu* recombinant yeast strains grown in glucose. This Mmutantis expressed as well as the wild type (MGAI, Figure
analysis showed that all histidine substitutions listed in Table 2A, lower panel), a dominant negative effect was observed
2, except H285 and H701, were found in fusions with the for mutationspmal-D378Ncontrol) andgomal-H701DBoth
PMA1 promotor, whereas the expression of the negative mutants did not grow on galactose, although a functional
mutation D378N and the mutations H285E and H701D were PMAZ2 allele was expressed.

found in fusions with th&sAL1 promotor only when tested Other amino acids were substituted for the histidine
on glucose. This was the first indication that yeast could residues H285 and H701, which were found to be lethal in
grow only when expression of the alleles H285E, D378N, the first screen. Glutamine and arginine were used, since
and H701D was repressed. they are similar in bulkiness to histidine and also make it
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membrane ATPase from Pmal sorbitol-incubated (squares) or

Q~
MGilu-pH 5.0Ac QQ’%% <2é glucose-activated (circles) cells. ATP hydrolysis measurements

_ were done as described under Materials and Methods using purified

plasma membranes (error bars represent the standard deviation;
Ficure 2: Drop test for growth of the constructed yeast strains on

= 3).
selective media. Tests were made by depositing bf preculture, pH 7.5). As an additional control, we used strain YPS12-1,
grown in MGIyEt-L to a density of 3« 107 cells/mL, on selective ~ Which is isogenic with YPS229C, except that it carries the
plates. Strains are recombinants carrying the diffgpemlmutant PMA1 promotor fused to thé®MAZ2 structural gene on a
alleles (particular amino acid replacement are indicated for each centromeric . EU2-containing plasmid instead of thei@n
strain) or thePMA1wild type allele (PMAL) on a plasmid. As an plasmid (Supplyet al, 1993). As shown in Figure 2C,D,

additional control we have used the strain YPS12-1 in which ™' . i
genomic alleles oPMALandPMA2are deleted and which carries  this strain grows slowly at pH 3.0 and does not grow in

the PMAL::PMA2fusion on a centromeric plasmid with th&U2 acetate-containing medium at pH 5.0. These figures also
selectable marker (PMA2). Plates were photographed after 36 hshow that a significant difference in growth between mutant
of growth at 30°C. (A) Upper panel: MGIlu-L (control). Middel — anq control strains was seen only wRMA1-H285Q which

anel: MGIlyEtGal containing 1 g of 5-fluoroorotic acid/L. Lower L
Banel: MG}I/yEtGaI-L. (B) gAsgin A, middle panel, but for was §(e_n5|tlve .to pH 3.0 and _greW slowly on acetat?'
recombinant strains from the second screen. (C) MGlu-L plates containing medium at pH 5.0. It is concluded that H701 is

adjusted to pH 3.0 with 1 N HCI. (D) MGIu-L plates containing an essential residue, whereas H285, while not strictly
200 mM sodium acetate adjusted to pH 5.0 with 1 N HCI. essential, is important for growth under acid conditions. No
other histidine replacement tested was found to be important
possible to test whether a positive charge is a prerequisite.ynder any growth condition used.
Both amino acids have been statistically scored as being Kinetic Analysis of pmal-H285 MutantsThe ATPase
preferentially accepted as spontaneous histidine substitutegctivity of plasma membranes isolated from the H285 strain
in many protein families (Dayhoff, 1978; Bordo & Argos, containing only the wild type ATPase was tested at different
1991). The results of this screen (Figure 2B) demonstrated MgATP concentrations in the presence of a constant
that thePMA1deletion was complemented PMA1-H285Q  concentration of 1 mM free magnesium. Immunoblot
or PMA1-H285Rbut not by eithePMA1-H701Qor PMA1- analysis reveals that equivalent amounts of the major 100
H701R Restriction site analysis of the individual mutant kDa subunit was found in the three tested strains, H285,
alleles showed tha?MA1-H285Qand PMA1-H285Rwere H285R, and H285Q) (data not shown). Figure 3A shows
fused to the®MAL1promotor, whereas atMAlmutant H701 that typical Michaelis-Menten kinetics was not obtained,
alleles were fused to th@AL1promotor and were thus only  since the activity from glucose activated cells did not plateau
expressed in galactose. All tolerateMAlmutations were  at concentrations of MgATP up to 6 mM. This trend was
then checked for temperature sensitivity (18 or°8j and even more accentuated in membranes from sorbitol-treated
pH sensitivity (pH 3.0 or 5.0 in the presence of acetate or cells. The complexity of the kinetics is illustrated by the

v/S

Ficure 3: Substrate dependence of ATP hydrolysis (A) and
determination ofK, by Eadie-Hofstee plots (B) for plasma
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. . . Experiments were done as described under Materials and Methods
Ficure 4: pH dependence of ATP hydrolysis and stimulation of usi%g purified plasma membranes (8§ of protein) of glucose-

e P e ncubated clls rom H285 (squaes) H2850 crces). and Hassr
activated cells of H285, H285Q, and H285R, ATP hydrolysis was (triangles) (error bars represent the standard deviation;3).

measured as described under Materials and Methods with purified :
plasma membranes (error bars represent the standard deviation; fold higher at all pH values tested. In contrast, replacement

= 3). of H285 by arginine enhanced the peak activity over the pH
range 5.4-6.2 but had no effect at higher pH values.
curved Eadie-Hofstee plots, shown in Figure 3B. Attempts In the next step, we checked whether H285 was important
were made to analyze these data by considering either twofor vanadate inhibition of the yeast plasma membrarie H
independent or two interactive substrate binding sites. EvenATPase (Willsky, 1979). If the positive charge of H285
though some best-fit data were obtained giving two distinct contributed, either directly or indirectly, to vanadate binding,
Km and Vmax values, their physiological and biochemical one would expect to see differences in the pH profile of
relevance was doubtful, as soiig values were not realistic,  vanadate inhibition in the mutants. The data obtained from
e.g., as high as 50100 mM MgATP. Therefore only the  wild type ATPase activity measurements at different proton
specific activities at pH 6.0 and 6 mM MgATP were concentrations and increasing vanadate concentrations were
considered, as was the apparkpt which was determined  found to be competitive. Inhibition by vanadate was
by the substrate concentration at which half of the specific noncompetitive with MgATP (Dufouret al, 1980), but
ATPase activity at pH 6.0 and 6 mM MgATP was reached. protons irrespective of whether the enzyme was prepared
Table 2 shows the mean data from three different membranefrom glucose activated cells or from cells incubated with
preparations from each strain, incubated in either glucosesorbitol showed competitive interaction with vanadate in
or sorbitol. It has been shown indeed that a 15 min membranes from H285 as well as from the mutants H285Q
incubation of yeast cells with glucose (but not with sorbitol) and H285R. The derived inhibition constants are shown in
remarkedly stimulated the ATPase activity which was Table 2. In all strains, glucose activation decreased both
measured subsequently in the isolated plasma membraneghe apparenk; for vanadate inhibition, measured at pH 6.0,
(Serrano, 1983). ATPase activity was markedly enhancedand theK; for proton/vanadate competition by a factor of
in plasma membranes from mutants H285Q and H285R, but2—5. It can be concluded once more that glucose activation
glucose activation of ATPase activity was not modified by of vanadate sensitivity is not modified by mutation of H285.
mutation. These data indicate that H285 participates in theIn contrast, in the mutants, vanadate sensitivity decreased
ATPase catalytic cycle but not in its regulation by glucose. about 20-fold and proton/vanadate competition was decreased
One way of testing whether it is the'Hacceptor-donor 30—-50-fold. These drastic changes in vanadate inhibition
property of H285 that is relevant to ATP hydrolysis is to might be due to alteration of the;EE; equilibrium in the
compare the proton concentration dependency of the ATPasesnzyme, but neither [fEnor [E;] can be directly determined
activity of wild type and mutant proteins. If ATPase activity experimentally. However, some conclusions abou} ¢&n
was directly influenced by the positive charge of the histidine be drawn from ATP hydrolysis rate measurements at very
side chain, its K of 6.9 would be expected to determine the low substrate concentrations. When [ATP] is much lower
pH sensitivity of the enzymatic activity within the range thanKp, simple derivation of the MichaelisMenten equa-
where acid/base transitions occur. If the ATPase activity tion shows that equalsk/K[E][ATP] or that [E] equals
was strictly dependent on the protonation state of the histidine vK/ko[ATP], wherek; is the turnover rate and; ks the free
residue, its replacement by an uncharged glutamine residueesnzyme conformation that binds ATP.
would not be permitted and it would be expected that Thus, the initial reaction velocity§ at very low [ATP]
replacement by arginine Kp= 12.5) would displace the pH is proportional to [E1]. The data in Figure 5 show higher
optimum of ATPase activity toward basic values. The pH initial velocities @) with Pmal-H285Q than with Pmal-
curve for ATPase activity is far from symmetrical, with a H285R or Pmal. We thus infer that]En the mutant
peak at pH 5.8 to 6.2 and a broad shoulder from pH 6.4 to H285R and H285Q is, respectively, 2- and 3-fold higher than
7.6. Figure 4 shows that in our strain, and in contrast to in wild type H285.
other observations (Serrano, 1983), the pH profile is not In order to check whether H285 is directly involved in
influenced by glucose activation. Replacement of wild type H* pumping, sealed plasma membrane vesicles were pre-
H285 by nonprotonatable Q285 had no effect on the biphasicpared from H285 and the mutant H285Q. ACMA quenching
pH profile, even though the activity of the mutant was 1.7- as well as ATPase activity was measured under the exact
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pressure for repair bpMA2in cells harboring a toxipmal
allele is removed. (3) When desired, expression of the toxic
allele can be transiently induced by galactose. (4) Placement
of the mutant allele on a plasmid facilitates its extraction
and verification by restriction mapping or dideoxynucleotide
sequencing. (5) The wild typPMA2 gene, placed on a
URA3multicopy plasmid under the control of the promoter
PMALlis selectively removed by plasmid shuffling in case
of complementation of the deletedMA1L allele by the
expressepmal mutant allele. This stabilizes the mutation,
since the strain is then devoid of the genorRiglAl and
PMAZ2 genes with which the®MAL1 mutant allele could
recombine (Harriget al,, 1993).

Using simple growth tests on recombinant strains obtained
after site-directed mutagenesis of the seven most highly
conserved histidine residues &fcerevisiae Pmal ATPase,
three groups of histidine residues were distinguished. The
five residues, H240, H488, H614, H686, and H914, are
neither essential nor catalytically important, whereas residue
H285 is not essential but is catalytically important and
residue H701 is essential. H285 and H701 are conserved in
all fungal proton ATPases sequenced. In addition, H285 is
also conserved in all known plantHATPase genes (Wach
et al,, 1992).

Two classes of lethal H-ATPase mutants, identified in
this work, can be distinguished. Some, like H285E, are
recessive and do not grow when expressed in the absence

membranes as described in Materials and Methods. ATPase activityof the wild type gene but do grow when wild type and mutant

in H285 (a) and H285Q 4) was measured for 8 min under the

genes are coexpressed. Others, like H701D, H701Q, H701R

exact same conditions as the ACMA quench assay described ingng D378N, are dominant and do not grow even in the

Materials and Methods with the exception that ACMA was not
added.

same conditions at different concentrations of MgATP
ranging from 0.1 to 1.5 mM. Figure 6 shows that, although
the ATPase activity is higher in H285Q than in H285
(especially at the lowest MgATP concentrations), the H
pumping activity is lower in the mutant H285Q than in H285
at the concentration of 1 mM MgATP or above. Even
though detailed kinetic comparison of the relation between
H* pumping and ATP hydrolysis is obviously complex, it
is clear that increased ATPase activity in the mutant is not
accompanied by increased"hbumping. In other words,
under the conditions tested, the mutant H285Qpdmping

is partially uncoupled from hydrolysis.

DISCUSSION

The repair of deleterious mutations, introduced into
essential genes suchBMA1 (Harriset al., 1991), can lead
to misinterpretation due to recombinations betw&mA1
and PMAZ2 [for mutation D378N, see Portillo and Serrano
(1988), Serranet al. (1992), and Harrigt al. (1993)]. The

presence of a functional wild type Pmal.

Besides the essential H701, the residue H285 was found
to play an important role in E—-ATPase function. At this
position, a positive charge is not required, since charge
neutralization of H285Q is tolerated even though the mutant
strain grows poorly, especially under conditions where the
need for a well-functioning ATPase is more pronounced. The
charge inversion mutation H285E is, however, not allowed.
In vitro, the mutants H285Q and H285R show differences
in specific activity and vanadate sensitivity, as well as
modification of the pH profile of ATPase activity. None of
the observed kinetic differences is significantly modified by
glucose activation of yeast cells, excluding any specific
participation of H285 in this regulatory process. Direct
participation of H285 in proton transport is also excluded,
since the enzyme is functional in the absence of the charged
His residue, e.g., as in H285Q and sinceptimping activity
measured in the mutant H285Q proceeds at a significant
(although reduced) rate. However, the pH profile of H285R
ATPase activity is modified over the pH range 5®4,
indicating that the protonation state of the substituted Arg
residue indirectly influences ATPase activity. The rate of

expression system used in this work was designed to decreasATP hydrolysis of the plasma membrane HATPase at

this risk by means of the following features: (1) The

very low substrate concentrations ([ATR]Ky,) is increased

expression plasmids containing the mutant alleles were maden both H285Q and H285R. Since, under these conditions,

in vivo by homologous recombination. On glucose, two
alternative recombination products can form, on64&R1:
‘pmal¥) under the control of the promoteiGAL1 condition-
ally expressing the mutant allele, the othelP{PAL:pmaZ)
under the control of the promoterPRIAL constitutively
expressing the mutant allele. (2) When the mutation is toxic,
the FGALL::pmaZ recombination product iswutoselected

velocity is a function of Econcentration, the most plausible
interpretation of these data is that the H285R and H285Q
substitutions modify the E-E; equilibrium in favor of
increased concentration of the &nformation and decreased
concentration of £ This would lead to a partly futile use
of ATP not completely linked to Htransport which in acid
conditions might be responsible for growth retardation of

on glucose, since this is the only construct where expressionthe mutants. This conclusion is in agreement with the partial
is repressed on glucose. Under these conditions, selectioruncoupling of the Hi—ATPase pumping observed in H285Q
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as well as with the increased specific activity observed with
both mutants H285Q and H285R, since the-E; transition

is believed to be the rate-limiting step in the ATPase catalytic

cycle (Amory et al, 1982). An alternative method of
studying the E—E; equilibrium is to compare the pattern of
vanadate inhibition of wild type and mutant enzymes. Itis
believed that vanadate locks the™&+t—ATPase (Cantley
et al, 1978) and the Ca—ATPase (Pick, 1982) in a
transition state equivalent to an inactive:® or E,—P

Wach et al.

Fersht, A. R. (1985) ifEnzyme Structure and MechanigRersht,
A., Ed.), pp 105-106, Freeman & Co., New York.

Ghislain, M., De Sadeleer, M., & Goffeau, A. (199Eur. J.
Biochem 209, 275-279.

Goffeau, A., & Slayman, C. W. (1981Biochim Biophys Acta
639 197-223.

Goffeau, A., & Green, M. M. (1990) ilfMonovalent Cations in
Biological SystemgPasternak, C. A., Ed.) pp 15469, CRC
Press, Boca Raton, FL.

Harris, S. L., Perlin, D. S., Seto-Young, D., & Haber, J. E. (1991)
J. Biol. Chem 266, 24439-24445.

conformation. High pH leads to an increased concentration Harris, S. L., Rudnicki, K. S., & Haber, J. E. (199@gnetics 135

of E; (Amory et al, 1982) and to an increased vanadate
sensitivity (Blanpainet al, 1992). Thus, the increased

5-16.
Heery, D. M., Gannon, F., & Powell, R. (1990yends Genets,

vanadate resistance in the H285 mutants can be interpreteg, H3_' Fukuda, Y., Murata, K., & Kimura, A. (1983) Bacteriol

as a direct consequence of the modification of the g
equilibrium and might serve as an indicator of lower levels
of E; conformers during turnover. The competition between

proton and vanadate indicates that they both act on the sam

E, species. The decreased inhibitory effect of ldn

153 163—-168.
Johnston, M., & Davis, R. W. (1984Yol. Cell. Biol. 4, 1440~
1448.

éowry, O. H., Rosenbrough, N. J., Farr, A. L., & Randall, R. G.

(1951)J. Biol. Chem 193 265-275.
Ma, H., Kunes, S., Schatz, P. J., & Botstein, D. (19&&ne 58

vanadate sensitivity in the mutants is thus in agreement with  201—216.

a decreased level of,.BHn these strains. Such a conclusion

Morjana, N. A., & Scarborough, G. A. (1988iochim Biophys

would not be incompatible with data on vanadate resistance Acta 985 19-25.

located in the same region of tifestranded domain of the

ATPase domain, such as T231G (Portillo & Serrano, 1989),

K250T (Ghislainet al.,, 1992), G270D (Ulaszewsldt al,
1987), and V289F (Harrist al., 1991).

In conclusion, H701 is an essential residue of the yeast

Nakamoto, R. K., & Slayman, C. W. (1989)Bioenerg Biomembr
21, 621-631.

Pedersen, P. L., & Carafoli, E. (198Tyends BiochemSci 12,
146-150.

Pick, U. (1982)J. Biol. Chem 257, 6111-6119.

Portillo, F., & Serrano, R. (1988MBO J 7, 1793-1798.

Portillo, F., & Serrano, R. (198%ur. J. Biochem 186, 501-507.

plasma membrane ATPase as all amino acid replacementRRao, R., Nakamoto, R. K., Verjovski-Almeida, S., & Slayman, C.

tested at this position produced a dominant negative phe-

notype. H285, although not essential, is important for
ATPase function.

If one regards an increased vanadate

W. (1993)Ann N. Y. Acad Sci 671, 195-203.

Scarborough, G. A. (1992) iMolecular Aspects of Membrane
Proteins(dePont, J. J. H. H. M., Ed.) Elsevier Science Publishers,
New York.

resistance and an increased rate of ATP binding as indicatorsschlesser, A., Ulaszewski, S., Ghislain, M., & Goffeau, A. (1988)

of a shift in the E—E; equilibrium toward an increased E
concentration, a crucial role in;EE; transition of Pmal
can be assigned to H285.
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