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Abstract—The L5-6 loop is a short extracytoplasmic stretch (714-DNSLDID) connecting transmembrane segments M35
and M6 and forming along with segments M4 and M8 the core through which cations are transported by H*-, Ca?"-,
K*,Na*-, H",K*-, and other P2-ATPases. To study structure—function relationships within this loop of the yeast plasma
membrane Pmal H*-ATPase, alanine- and cysteine-scanning mutagenesis has been employed. Ala and Cys substitutions
for the most conserved residue (Leu717) led to complete block in biogenesis preventing the enzyme from reaching secreto-
ry vesicles. The Ala replacement at Asp714 led to five-fold decrease in the mutant expression and loss of its activity, while
the Cys substitution blocked biogenesis completely. Replacements of other residues did not lead to loss of enzymatic activ-
ity. Additional replacements were made for Asp714 and Asp720 (Asp—Asn/Glu). Of the substitutions made at Asp714, only
D714N partially restored the mutant enzyme biogenesis and functioning. However, all mutant enzymes with substituted
Asp720 were active. The expressed mutants (34-95% of the wild-type level) showed activity high enough (35-108%) to be
analyzed in detail. One of the mutants (1719A) had three-fold reduced coupling ratio between ATP hydrolysis and H* trans-
port; however, the 1719C mutation was rather indistinguishable from the wild-type enzyme. Thus, substitutions at two of the
seven positions seriously affected biogenesis and/or functioning of the enzyme. Taken together, these results suggest that the
MS5-M6 loop residues play an important role in protein stability and function, and they are probably responsible for proper
arrangement of transmembrane segments M5 and M6 and other domains of the enzyme. This might also be important for

the regulation of the enzyme.
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Yeast plasma membrane H*-ATPase (Pmal) encod-
ed by the PMAI gene [1] is a vital enzyme that generates
the transmembrane electrochemical proton gradient,
thus providing energy for secondary transport systems
and maintaining ion homeostasis and intracellular pH.
Pmal ATPase belongs to a widespread and physiological-
ly important group of P2-ATPases, a part of the P-
ATPase family. These ions pumps found in pro- and
eukaryotic cells use energy from ATP hydrolysis to trans-
port a variety of cations (H*, Na*, K, Cu*, Ag*, Mg**,
Ca**, Co?", Cu**, Cd**, Zn**, Pb**, Mn**) across differ-
ent cellular and intracellular membranes [2, 3].

P2-ATPases have a single large catalytic subunit
embedded in the lipid bilayer by four transmembrane
hydrophobic segments at the N-terminal and six seg-
ments at the C-terminal end of different length and
incline. These segments form the enzyme membrane
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domain (M) that contains residues involved in cation
transport. They are connected by five relatively short
extracytosolic and more lengthy cytosolic loops, the most
important of which are the so-called large (L4-5, between
segments M4 and M5) and small (L2-3, between seg-
ments M2 and M3) loops; they form domains N (ATP- or
nucleotide-binding, which includes the middle of the
large loop L4-5), P (phosphorylation, including N- and
C-terminal ends of this loop), and A (actuator, including
N-terminal part of the enzyme and its small loop L2-3)
[4, 5].

These enzymes have a common reaction mechanism
in which a conserved Asp residue in the L4-5 loop is
phosphorylated by ATP to form an essential covalent
intermediate [6]. The stoichiometry of transport varies in
members of the family, ranging from 1-2 H*/ATP in the
plant and fungal plasma-membrane H*-pumps [7-9] to 2
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Ca’"/ATP and 3 Na'/2 K'/ATP in the Ca’'- and
Na*,K"-ATPases of animal cells [10]. Determinants of
cation specificity and stoichiometry lie in the core of the
transmembrane segments M4, M5, M6, and M8 of these
enzymes as confirmed by crystal structures of Ca?*- [4, 5]
and Na",K"-ATPase [11, 12] of animal cells and H*-
ATPases of fungi [13] and plants [14].

Earlier, site-directed mutagenesis of animal Ca**-
[15-18] and Na*,K*-ATPases [18-21] revealed residues in
M4, M5, M6, and M8 segments that are essential for
cation transport, and mutagenesis of the yeast plasma
membrane H'-ATPase also located several positions in
M4 [22], M5 [8, 23], M6 [8, 24, 25], and M8 [8, 9, 26,
27], at which substitutions affect normal functioning
and/or biogenesis of the enzyme and also change the
coupling between ATP hydrolysis and H" transport [8, 9,
24-27]. Some replacements of key amino acid residues in
these segments of P2 pumps (e.g. in M6 of the yeast endo-
plasmic reticulum Ca?*,Mn?"-ATPase) can even change
specificity of cation transport [28, 29]. Thus, both the
membranous and cytosolic parts of these enzymes have
been extensively studied [8, 9, 15-32], while less is known
about the role of amino acid residues in the extracytoso-
lic part of P2-ATPases facing the cell envelope; the pub-
lished data mostly refer to study of H*,K*- and Na*,K*-
ATPases of animal cells [33-37]. In particular, cysteine-
scanning mutagenesis was performed for three extracy-
tosolic loops of Na®,K*-ATPase [33-35]; it was also
found that omeprazole-like inhibitors reacted with a Cys
residue in the loop between the M5 and M6 segments of
the H*, K*-ATPase [37]. As for the fungal H"-ATPase,
only the loop between segments M1 and M2 consisting of
two amino acid residues and adjacent parts of these seg-
ments have been studied [38].

During the reaction cycle, P2-ATPases undergo sig-
nificant conformational changes; upon ATP and trans-
ported cation binding, the enzyme reversibly shifts from
conformation E1 with high affinity to substrates (MgATP
and transported cation) and low affinity to specific
inhibitor orthovanadate (an analog of the reaction prod-
uct orthophosphate) to conformation E2 with the oppo-
site properties. During the cycle, transmembrane seg-
ments M1-M6, which are a-helices, bend, unwind par-
tially, and even exit from the membrane, while the M7-
M10 segments are less mobile [5]. It has been shown pre-
viously that Ala substitutions of the residues located it the
N-terminal half of M6 segment adjacent to the L5-6 loop
interfered markedly with the Pmal ATPase functioning
and/or its biogenesis [24, 25]. Since the short extracy-
tosolic L5-6 loop along with M5 and M6 segments form
the so-called M5-M6 hairpin [39-41], it is reasonable to
expect that the residues in this loop are important for the
enzyme structure—function relationships.

The results described here extend the systematic
study of the yeast Pmal H"-ATPase by focusing on the
extracytosolic L5-6 loop connecting the C-terminal part

of M5 and the N-terminal part of M6 segments of this
enzyme, screening for residues that may play a role in
ATP hydrolysis and H transport or any other aspect of
the functioning and/or biogenesis of the enzyme.

MATERIALS AND METHODS

Yeast strain. Saccharomyces cerevisiae strain SY4
(MATa; ura3-52; leu2-3, 112; his4-619; sec6-4; GAL;
pmal::YIpGAL-PMAI) [42] was used in this work; it con-
tained both chromosomal (PMAI) and plasmid (pmal)
copies of the PMAI gene, which encodes Pmal H*-
ATPase. In the SY4 strain, the chromosomal copy of the
wild-type ATPase gene was under control of the GAL]
promoter (Pga-PMAI) and the plasmid allele (on the
centromeric plasmid YCp2HSE) was under the heat
shock-inducible HSE promoter (Pysg-pmal) [42]. The
SY4 strain also carried a temperature-sensitive mutation
in the SEC6 gene, which blocks the fusion of secretory
vesicles with the plasma membrane under heat shock and
leads to accumulation of secretory vesicles.

Site-directed mutagenesis. To introduce mutations
into a 519 bp Bg/lI-Sall fragment of the pmal gene that
has been previously subcloned into a modified version of
the Bluescript plasmid (Stratagene, USA), oligonu-
cleotide-directed mutagenesis kit (Amersham, USA) or
polymerase chain reaction were used [8, 9, 43]. After
mutagenesis, each fragment was sequenced to verify the
presence of the mutation and the absence of unwanted
base changes. Then, by the means of endonucleases Bg/lI,
Hindlll, Sacl, and Sal/l and T4 DNA ligase (New
England Biolabs, USA), these fragments were used to
replace corresponding fragments of plasmid pPMAI.2,
which contains the entire coding sequence of the gene
pmal [42]. To express the Pmal H*-ATPase in secretory
vesicles, a 3.77-kb Hindlll-Sacl fragment of pPMAI.2
containing the entire coding sequence of the gene was
excised by endonucleases Hindlll and Sacl and with T4
DNA ligase transferred from pPMA1.2 into centromeric
plasmid YCp2HSE, where it was placed under the control
of two tandemly arranged HSE promoters; this plasmid
(YCp2HSE-PMAT1) was then used to transform the SY4
cells [42].

Isolation of secretory vesicles. To isolate secretory
vesicles, the SY4 yeast cells were grown at 23°C in liquid
medium containing 2% galactose, 0.67 g/liter YNB
(Difco, USA), and 20 mg/liter histidine until mid-expo-
nential phase (A4gy, ~ 0.7-1.0). Then the cells were washed
free from galactose and transferred into the same medium
containing 2% glucose. After incubation for 3 h, the yeast
was subjected to a heat shock by increasing temperature to
39°C for 2 h. Ten minutes before the end of the heat shock,
10 mM NaN;, which blocks metabolism preventing vesi-
cle fusion to plasma membrane [42], was added to the cell
suspension, and the cells were chilled on iced water. Cells
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were sedimented by centrifugation and spheroplasts were
obtained. Spheroplasts were treated with concanavalin A
to make plasma membranes heavier as described earlier
[42]. After the spheroplasts were obtained, all procedures
were performed at 0-4°C. Secretory vesicles containing
newly synthesized ATPase were isolated by differential
centrifugation and gel filtration [8, 42, 43] or centrifuga-
tion in sucrose density gradient [8, 9] and resuspended in
0.8 M sorbitol, 1 mM EDTA, 10 mM triethanolamine-
acetic acid, pH 7.2, containing protease inhibitors
(2 pg/ml chymostatin and leupeptin, pepstatin, and apro-
tinin, 1 pg/ml each) as described earlier [8, 43, 44].

Metabolic labeling, immunoprecipitation, and trypsi-
nolysis. To detect the synthesis of mutant ATPases that
were unable to reach secretory vesicles, SY4 cells were
shifted from galactose to glucose medium as described
above and then metabolically labeled with [**S]methion-
ine. Total membranes were isolated and treated with
trypsin at trypsin/protein ratio 1 : 20. Then the samples
were subjected to SDS-PAGE, immunoprecipitated with
anti-Pmal antibody against closely related Neurospora
crassa plasma membrane H"-ATPase [45], and treated as
described [46].

Quantitation of expressed ATPase. The amount of
ATPase in secretory vesicles was estimated by SDS-
PAGE and immunoblotting as described earlier [8, 42,
43]. Blots were treated with affinity-purified polyclonal
antibody against Pmal H*-ATPase and then with '*I-
labeled protein A (ICN, USA), and assayed by means of
a Phosphorlmager equipped with ImageQuant software
(Molecular Dynamics, USA). The expression level of
mutant Pmal ATPase in secretory vesicles was calculated
relative to a wild-type control run in parallel on the day of
preparation [43].

ATPase assay. ATPase activity was measured at 30°C
in 0.5 ml of the incubation mix containing 10 mM
MgSO,, 5 mM Na,ATP, 50 mM MES-Tris, pH 5.7,
5 mM KN;, and an ATP-regenerating system (5 mM
phosphoenolpyruvate and 50 pg/ml pyruvate kinase
(40 U/mg protein) (Sigma-Aldrich, USA)) in the absence
and presence of 100 uM sodium orthovanadate [9, 42,
43]. To obtain the K of the ATPase inhibition by ortho-
vanadate ions, the stock solution of Na;VO, was boiled in
a water bath prior use for 3-5 min to break orthovanadate
complexes that are formed during storage. To obtain K,
the true concentration of MgATP was calculated as
described [47]. Inorganic phosphate was measured
according to [48].

ATP-dependent H* transport in secretory vesicles was
registered at 29°C by fluorescence quenching of the pH-
sensitive dye acridine orange on a Hitachi F2000 spectro-
fluorimeter (excitation, 430 nm; emission, 530 nm) [8, 9,
42, 43]. Secretory vesicles (50-100 ug protein) were sus-
pended in 1.5 ml of 0.6 M sorbitol, 100 mM KCI, 20 mM
KNO;, 5 mM Na,ATP, 2 uM acridine orange, 20 mM
HEPES-NaOH, pH 6.7; after stabilization of the baseline
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fluorescence (for 120-150 s), the reaction was started by
adding 10 mM MgCl,.

Coupling between H* transport and ATP hydrolysis.
To estimate coupling ratio between H* transport and ATP
hydrolysis, the initial rates of ATP hydrolysis were assayed
over a range of MgATP concentrations in parallel with
measuring the initial rates of H* transport under the same
concentrations: in 0.1 ml (ATP hydrolysis) or 1.5 ml (H*
pumping) of 0.6 M sorbitol, 20 mM HEPES-KOH,
pH 6.7, 100 mM KCI, 20 mM KNO; containing 0.2-
3.0 mM Na,ATP at 29°C [8, 9, 43]. The reaction mixture
to assay ATP hydrolysis also contained 5.2-8.0 mM
MgCl,. The reaction mixture to assay H* transport addi-
tionally contained 2 uM acridine orange, and the reaction
was initiated by addition of 5.2-8.0 mM MgCl,. The reac-
tion of ATP hydrolysis was carried out in the presence and
absence of 100 uM Na;VO, and stopped by addition of
1 ml of 1.25% trichloroacetic acid, and inorganic phos-
phate was measured as above [48].

Protein assay. Protein was determined by the modi-
fied Lowry method [49] with bovine serum albumin used
as a standard. Aliquots of the secretory vesicle-resuspend-
ing buffer were added to the standard.

RESULTS

Choice of amino acid residues to be studied. The L5-6
loop between transmembrane segments M5 and M6 is one
of the five short hydrophilic extracytosolic stretches that
connect neighboring transmembrane segments with each
other; jointly with M5 and M6, this loop forms the M5-
M6 hairpin (Fig. 1) that plays an important role in cation
transport [39-41]. According to hydropathy plots [50], the
S. cerevisiae Pmal ATPase L5-6 loop consists of seven
amino acid residues, three of which are Asp: 714-DNSL-
DID. It was shown earlier that the M5 and M6 segments
contain amino acid residues whose replacement leads to
the impairment of Pmal ATPase biogenesis and/or loss of
activity [8, 24, 25]. Moreover, the N-terminal part of the
Pmal ATPase M6 segment contained an almost uninter-
rupted stretch of seven amino acid residues 721-
LIL.FI.IED [25] whose replacement impaired biogenesis
and/or functioning of the enzyme or even led to loss of
activity (Fig. 2). Substitution of one of the residues in this
segment (A726S mutation) led to twofold decrease in the
coupling of the enzyme between ATP hydrolysis and H*
transport, while substitution of another residue (V723A
mutation) led to large changes in kinetics reflecting a shift
to conformation E1 [25]. The C-terminal part of M5 con-
tains only two residues whose replacement led to impair-
ment of biogenesis and/or activity of the enzyme [23].
Nevertheless, point replacements of seven residues in this
part caused significant (twofold or more) decrease in the
coupling ratio of the Pmal H* pump ([8], V. V. Petrov,
unpublished data). Therefore, it seemed important to
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Fig. 1. Schematic topology of the S. cerevisiae Pmal H*-ATPase showing transmembrane segments and extracytosolic loops; the L5-6 loop is
marked. Numbers indicate amino acid residues in the cytosolic parts of the enzyme. The total number of residues in S. cerevisiae Pmal H*-

ATPase is 918.

study the role of the L5-6 loop connecting the C-terminal
part of M5 and the N-terminal part of M6 segments.
Conservation of studied amino acid residues. Even in
closely related Saccharomycetes H"-ATPases, none of
the residues that form the L5-6 loop is strictly conserved.
However, the homology of the substitutive residues of
other H" pumps in published sequences is very high,
being 95-100% for all residues except for Asn715 (53%,
Fig. 3). As for identity, it was also high, being 100% for
Ser716 and Leu717, 95% for 11719 (36 Ile/2 Val), 82%
for Asp714 (31 Asn/7 Asp), 76% for Asp720 (29 Asp/4
Asn/3 Glu), and 53% for Asp718 (20 Asn/16 Asp/1 Glu);
however, it decreased to 29% for Asn715 (11 Asn/5 GIn/4
Glu). The most conserved of these residues is Leu717
considering its presence in other amino acid sequences
from ascomycetous Pma ATPases (Fig. 3); the least con-
served is Asp715 being represented by eleven Asn, five
Glu, four GIn, and even twelve His and six Arg.
According to these data, the L5-6 residues can be
arranged in the following order that takes into account the
residue most frequently found in the sequences at position
corresponding to the number of a residue in the S. cere-
visiae Pmal ATPase (subscript number indicates the num-
ber of the residue in 38 sequences and letter after that indi-
cates the most frequently found residue in this position):

L38L717 ~ S385716 > 1361719 > D31N714 >

> D,yp720 > Dy 718 > Ny 715.

It is reasonable to suggest that conservation of a
residue correlates with its role in the structure—function
relations in the H"-ATPase.

Constructing and expressing mutants in secretory
vesicles. By means of Ala- and Cys-scanning mutagene-
sis, we constructed point substitutions, one at a time, in
the L5-6 loop of the yeast S. cerevisiae Pmal H"-ATPase.
To obtain these substitutions, oligonucleotides carrying
the respective substitutions for Ala and Cys codons (Table
1) were synthesized according to the mostly frequently
found codons encoding amino acid residues in the yeast
plasma membrane H™-ATPase [51]. Then, using site-
directed mutagenesis, 519 bp Bg/lII-Sall fragments of the
pmal gene, carrying mutations, were obtained. These
fragments were subcloned into the pmal gene, and then
the gene was cloned into centromeric plasmid YCp2HSE
under control of the HSE promoter induced by heat
shock. This plasmid was then used to transform the S.
cerevisiae strain SY4, where the chromosomal wild-type
PMA1 gene was under the control of the GAL I promotor
[42]. The yeast was grown at 23°C in medium containing
galactose until mid-exponential phase; therefore, the
wild-type enzyme was synthesized from the chromosomal
PMA1I gene. When the cells were shifted to the glucose-
containing medium, the synthesis from the PMAI gene
was interrupted; when the temperature was elevated to
39°C, Pmal synthesis began from the plasmid pmal gene
(encoding either the wild-type ATPase or a mutant).
Strain SY4 also carried temperature-sensitive mutation
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CYTOSOL

Fig. 2. Amino acid residues in membrane segment M6 of yeast
Pmal ATPase important for the biogenesis and functioning of the
enzyme. The N-terminal end of M6 is highlighted in light gray.
Ala726, whose substitution for Ser resulted in twofold decrease in
coupling ratio between ATP hydrolysis and H* transport [25], is
not shown. Modified version from [25].

sec6-4, which blocked the fusion of secretory vesicles to
the plasma membrane. Hence, heat shock resulted in
accumulation of secretory vesicles containing the newly
synthesized enzyme from the plasmid pmal gene [42].
Preparation of secretory vesicles obtained from the strain
carrying plasmid YCp2HSE without gene pmal (Apmal;
Table 2) was used as control for the presence of plasma
membranes. Thus, the use of SY4 cells provided secreto-
ry vesicles both carrying the enzyme molecules (regard-
less of the enzyme activity) and almost without ATPase.
In the latter case, metabolic labeling was used to detect
the enzyme synthesis.

Secretory vesicles practically free from the plasma
membrane contamination (4%, Apmal; Table 2) were
isolated by differential centrifugation and centrifugation
in a sucrose density gradient and used to measure the
enzyme expression level and activity. Proton transport
into secretory vesicles was monitored by fluorescence
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quenching of the pH-sensitive dye acridine orange as
described previously [8, 9, 42, 43]. To obtain coupling
ratio between ATP hydrolysis and H* pumping, parallel
measurement of the ATP hydrolysis and H* transport was
performed under the same conditions over a range of
MgATP concentrations.

In the case of Asp714 and Asp720, substitutions for
Asn and Glu were also made (see below); they were stud-
ied as described above.

Mutants carrying alanine substitutions: expression
and ATP hydrolysis. Pmal H*-ATPase is synthesized in
endoplasmic reticulum and during maturation moves
through Golgi apparatus and secretory vesicles, which
deliver enzyme to the plasma membrane. There are at
least two points of quality control and if the enzyme has

(Pmal)
(Pma2)

Saccharomyces cerevisiae
Saccharomyces cerevisiae
Saccharomyces uvarum
Saccharomyces carlsbergensis
Saccharomyces pastorianus
Saccharomyces arboricola
Saccharomyces bayanus
Saccharomyces eubayanus
Naumovozyma dairensis
Kluyveromyces lactis
Kluyveromyces marxianus
Kazakhstania naganishii
Kazakhstania africana
Lachancea thermotolerans
Millerozyma farinosa

Pichia angusta

Ogateae parapolymorpha
Pichia stipitis

Komagatoella pastoris
Candida dubliniensis

Candida glabrata (Pmal)
Candida glabrata (Pmaz2)
Candida orthopsilosis
Candida parapsilosis

Candida albicans

Yarrowia lipolytica
Vanderwaltozyma polyspora
Zygosaccharomyces rouxii
Zygosaccharomyces bailii
Tetrapisispora blattae
Tetrapisispora blattae
Tetrapisispora phaffii
Cyberlindnera fabianii
Debaryomyces hansenii
Spathaspora passalidarum
Torulospora delbrueckii
Ashbya gossipii (Pmal)
Ashbya gossipii (Pma2)

(Pmal)
(Pma2)

712-REQENLE

714-NR| E
625-EETIR

Schizosaccharomyces pombe
Neurospora crassa
Aspergillus flavus

Fig. 3. Sequence alignment of amino acid residues from the
Saccharomycetes Pma H*-ATPase L5-6 loops. The loop align-
ments from three ascomycetes — yeast S. pombe and fungi N.
crassa and A. flavus — are also shown. The S. cerevisiae Pmal
residues and identical residues in other H* pumps are highlight-
ed in bold and dark gray; homological residues are highlighted in
light gray.
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Table 1. Oligonucleotides synthesized to replace amino acid residues in the domain connecting M5 and M6 segments

of the Pmal ATPase for Ala, Cys, Glu, and Asn

Mutation Oligonucleotide
D714A 5'-C CAA AGA GTT AGC CAA AAT AGC-3'
D714C 5'-C CAA AGA GTT ACA CAA AAT AGC-3'
D714E 5'-C CAA AGA GTT TTC CAA AAT AGC-3'
D714N 5'-C CAA AGA GTT GTT CAA AAT AGC-3'
N715A 5'-C CAA AGA AGC ATC CAA AAT AGC-3'
N715C 5'-C CAA AGA ACA ATC CAA AAT AGC-3'
S716A 5'-C AAT GTC CAA AGC GTT ATC C-3'
S716C 5'-C AAT GTC CAA ACA GTT ATC C-3'
L717A 5'-C AAT GTC AGC AGA GTT ATC C-3'
L717C 5'-C AAT GTC ACA AGA GTT ATC C-3'
D718A 5'-C AAT CAA ATC AAT AGC CAA AG-3'
D718C 5'-C AAT CAA ATC AAT ACA CAA AG-3'
I719A 5'-C AAT CAA ATC AGC GTC CAA AG-3'
1719C 5'-C AAT CAA ATC ACA GTC CAA AG-3'
D720A 5'-C AAT CAA AGC AAT GTC CAA AG-3'
D720C 5'-C AAT CAA ACA AAT GTC CAA AG-3'
D720E 5'-C AAT CAA TTC AAT GTC CAA AG-3'
D720N 5'-C AAT CAA GTT AAT GTC CAA AG-3'

Note: Triplets encoding replacements are shown in bold.

serious defects of folding, it is retained en route to plasma
membrane [52-54].

According to residue conservation, of the seven Ala
mutations studied only the replacement of the most con-
served residue (L717A) led to a complete block in ATPase
trafficking that prevented the enzyme from reaching the
secretory vesicles (Table 2). This behavior is typical for a
protein with severe defects in protein folding, causing the
abnormal ATPase to be retained in the endoplasmic retic-
ulum [53].

To detect synthesis of mutant ATPases that were
unable to reach secretory vesicles, the SY4 cells were
transferred from galactose into glucose medium as
described above and metabolically labeled with
[*’S]methionine. Then total membranes were isolated
and treated with trypsin at trypsin/protein ratio of 1 : 20,
subjected to SDS-PAGE, immunoprecipitated with poly-
clonal anti-Pmal antibody, and treated as described [46].
By sensitivity to trypsin, the impairment of protein fold-
ing could be detected. Indeed, by contrast to the wild-
type enzyme, whose native 100-kDa band remained sta-
ble as a 97-kDa band after cleavage of a small fragment
even after 10 min of incubation (Fig. 4), the mutant
L717A ATPase was completely degraded by 0.5 min
pointing to serious defects of folding that led to changes
in exposure of trypsin cleavage sites. Both the 100- and
97-kDa bands were completely hydrolyzed.

The expression level of the D714A mutant in secre-
tory vesicles was quite low but measurable (23%; Table 2);
however, the enzyme possessed very low ATPase activity
(11%), which should be considered even lower by taking
into account contamination by plasma membrane (4%,
Apmal; Table 2). This made impossible its further study,
in particular kinetics and proton transport. Another
mutant (I719A) showed significant threefold decrease in
both expression and activity (Table 2), nevertheless allow-
ing study of kinetics of ATP hydrolysis (Table 2) and H*
transport (see below and Table 2). The rest of the mutants
(N715A, S716A, D718A, and D720A) were rather well
expressed (65-79% of the wild-type level; Table 2) and
had significant activity (47-104%) allowing further study.

The kinetics of ATP hydrolysis by most of the active
mutant enzymes insignificantly differed from that of the
wild type; however, in two cases (N715A and S716A)
there was more than twofold increase in affinity to
MgATP and sensitivity to the specific inhibitor of P-
ATPases orthovanadate (Table 2), which could be
explained by a shift in the equilibrium between confor-
mations E1 and E2 [52]. Nonetheless, the changes were
rather insufficient to explain these results by a shift in
conformational state of the enzyme.

Mutants carrying cysteine substitutions: expression
and ATP hydrolysis. The next step was to use Cys-scan-
ning mutagenesis to replace all residues in the L5-6 loop

BIOCHEMISTRY (Moscow) Vol. 80 No. 1 2015



LOOP L5-6 BETWEEN SEGMENTS M5 AND M6 OF YEAST Pmal H"-ATPase 37

with Cys as was done for the Ala mutations (Table 1).
Because Cys residues are highly reactive, using these
mutants would probe the enzyme topology and confor-
mational changes during the reaction cycle by selective
labeling of the introduced Cys residues with sulfhydryl
radioactive, fluorescent, or spin-labeled reagents [43,
44, 55, 56]. As seen from Table 2, the result of amino
acid substitutions with Cys as compared to Ala was near-
ly identical only in the case of the D718C mutant. The
N715 mutant showed similar but not identical results: its
expression was one third higher compared to the Ala
substitution, but the ATPase activity was somewhat
lower.

In contrast, cells were even more sensitive to the
D714C and L717C than to the D714A and L717A
replacements: biogenesis of these Cys mutants was com-

pletely blocked during the early stages, preventing mutant
proteins from reaching secretory vesicles. Metabolic
labeling and limited trypsinolysis revealed that their sen-
sitivity to trypsin was the same as that of the enzymes with
Ala replacements: D714C ATPase showed similar to
D714A fragments (Fig. 4); the L717C mutant enzyme
was cleaved by trypsin within 0.5 min in the same way as
was seen for the L717A enzyme (Fig. 4).

Finally, S716C, D720C, and especially 1719C were
better expressed compared to the Ala substitutions
(S716C and D720C by 30% and 1719C even by 2.5-fold)
and had 70% (S716C and D720C) or even threefold
(I719C) higher activity than the Ala replacements (Table
2). In the case of S716C, this could probably be explained
by the stereochemical similarity of Ser and Cys residues,
which was shown by the resemblance of the parameters

Table 2. Effect of point mutations in the L5-6 loop on expression of Pmal ATPase in secretory vesicles, ATP hydro-

lysis, and H* transport!

Expression, ATP hydrolysis H* transport

Strain %
% K., mM K, uM pH-optimum % coupling ratio

Wild type? 100 100 1.3 2.7 5.7 100 1.00
Apmal? 4 4 - - - - —
D714A 23 11 — — — — —
D714C 0 4 — — — — —
D714E 12 7 — — — — -
D714N 67 97 0.9 3.3 5.7 82 0.94
N715A 68 71 0.6 1.2 5.6 70 0.85
N715C 88 58 1.6 1.0 5.6 88 0.84
S716A 71 60 0.5 1.2 5.7 58 0.79
S716C 95 101 1.0 1.0 5.6 81 0.91
L717A 9 — — — — -
L717C 0 4 — — — — —
D718A 79 104 1.1 3.7 5.7 88 0.94
D718C 84 108 2.8 1.1 5.6 81 0.92
I719A 34 35 1.0 2.0 5.7 31 0.29
1719C 85 105 1.2 1.0 5.6 87 0.90
D720A 65 47 0.7 5.5 5.6 34 0.65
D720C 85 80 0.5 1.9 5.5 62 0.68
D720E 61 87 0.7 3.5 5.5 54 0.85
D720N 72 88 0.9 3.7 5.6 67 0.89

! Specific expression of 100-kDa ATPase subunit was measured by quantitative immunoblotting as described under “Materials and Methods” and
is represented as percent of the wild-type control run in parallel. ATP hydrolysis was assayed at pH 5.7. 100% corresponded to 4.77 + 0.68 pmol
P,/min per mg protein. K,, corresponded to mM ATP, K, to uM of sodium orthovanadate. H"* transport was registered by fluorescence quenching
of acridine orange as described under “Materials and Methods”. Percent of fluorescence quenching (% F) was measured by dividing difference in
fluorescence quenching (AF) by its maximum level (F,,,). Coupling ratio was calculated by the rate of H" pumping as a function of the rate of
ATP hydrolysis. 100% corresponded to 743 + 88% F per mg protein. Data are average of 17-26 experiments for the wild-type enzyme and 2-9 for

the mutants.

2 Secretory vesicles were isolated from cells carrying expression plasmid YCp2HSE with the wild-type pmal gene (positive control).
3 Secretory vesicles were isolated from cells carrying expression plasmid YCp2HSE without pmal gene (negative control).
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Fig. 4. Limited trypsinolysis of wild-type and mutant ATPases.
Total membranes isolated from cells expressing the wild-type (1),
D714A (2), D714E (3), L717A (4), or L717C (5) enzymes were
incubated with trypsin at trypsin/protein ratio 1 : 20 for 0, 0.5, 1,
5, or 10 min.

for expression, activity, and Kinetics obtained for the
mutant and the wild-type enzyme.

The kinetics of ATP hydrolysis by the Ala and Cys
mutant enzymes in the L5-6 loop differed for five posi-
tions: Asn715 and Ser716 (K.,), Asp718 (K, and K),
I1e719 and Asp720 (K;) (Table 2); however, the changes
caused by the Cys point mutations were also insufficient
to consider pronounced conformational shifts as in the
case of Ala substitutions.

Additional substitutions at Asp714 and Asp720. Besides
the Pmal isoform, S. cerevisiae and some other yeast and
fungi have less active and expressed at low level Pma2 iso-
form of ATPase that is 89% identical to the S. cerevisiae
Pmal [57]; Pmal and Pma?2 are 100% homologous to each
other in the L5-6 loops of these isoforms. However, the
entire loop identity is lower, accounting for 71%: there are
Asn residues at positions of Asp714 and Asp720 (Fig. 3). To
better understand the role of L5-6 loop and its single amino
acid residues, additional substitutions for Asn and Glu (the
latter is found in some ascomycetous sequences, €.g. from
Aspergillus flavus) were made at Asp714 and Asp720. It
should be noted that of the additional replacements at
Asp714, only D714N restored biogenesis and activity of the
mutant enzyme (Table 2), while the homologous D714E as
seriously impaired the ATPase biogenesis as did D714A or
D714C. The conserved substitution D714E exhibited the
same sensitivity to trypsin as non-conserved D714A (Fig.
4) and D714C (not shown), pointing to serious impair-
ments of the enzyme folding.

Both conserved replacements of Asp720 (D720N
and D720E) increased the enzyme activity almost twofold
without changing the expression level as compared to
D720A. At the same time, non-conserved D720C had
expression 20-40% higher that D720N and D720E with-
out changing the enzyme activity. The kinetics of ATP
hydrolysis by D714N was similar to that of the wild type,
while substitutions at Asp720 were slightly different from
each other and the wild type (Table 2). Once again,
D720N showed the least change.

ATP-dependent H* pumping and its coupling to ATP
hydrolysis. Taking into account the contribution of the
M5 and M6 segments to the transport pathway and their
mobility during the reaction cycle, it was of particular
interest to determine if any of the mutations in the L5-6
loop connecting these segments affected H" pumping and
its coupling to ATP hydrolysis. The thirteen enzymatical-
ly active mutants were further explored for their ability to
carry out ATP-dependent H* transport. To study this, the
ATP-dependent quenching of pH-sensitive fluorescent
dye acridine orange was used (Table 2 and Fig. 5). In gen-
eral, the H* transport level was equal or only slightly
lower than the ATP hydrolysis level comparing Ala and
Cys mutants, except for the substitutions at the Asp720
residue where H* transport level was somewhat lower
than the ATP hydrolysis level.

To study H* transport in more detail and to estimate
the enzyme coupling, ATP-dependent quenching was reg-
istered at different concentrations of MgATP, while meas-
uring ATP hydrolysis under the same conditions. Since
increase in MgATP concentrations changes linearity of
fluorescence quenching (Fig. 5) due to interaction
between dye, protein, and MgATP [58], the ATP concen-
trations used did not exceed 2 mM. Then the rate of

0.3
\ 0.5
ANS
1.0
10% 2.0
10 sec 3.0

Fig. 5. Acridine orange fluorescence quenching at different con-
centrations of MgATP as an indicator of H transport into secre-
tory vesicles by the wild-type enzyme. The numbers indicate ATP
concentration in mM; arrow, addition of MgCl, at concentrations
higher than ATP concentration by 5 mM. Percent of fluorescence
quenching (% F) was measured by dividing the difference in fluo-
rescence quenching (AF) by its maximal level (F,,,,).
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Fig. 6. Coupling of H* transport and ATP hydrolysis by the wild-type (/) and mutant enzymes with replacements at I1e719 (a): I719A (2) and
1719C (3), and Asp720 (b): D720A (2), D720N (3), and D720C (4). Initial rates of H" transport were measured under ATP concentrations of
0.2-2.0 mM; then initial rates of H* transport were plotted as a function of vanadate-sensitive activity of the Pmal ATPase (ATP hydrolysis)
measured under the same conditions. For details, see “Materials and Methods” and legend to Fig. 5.

quenching was plotted as a function of the ATP hydrolysis
specific rate, measured in parallel under the same condi-
tions. In every case, there was a roughly linear relationship
between the rates of quenching and hydrolysis, as could be
expected if the stoichiometry of H* transport remained
constant over the entire range of pump velocities (Fig. 6).
The coupling ratio of the wild-type pump was estimated at
1.00, and for most of the mutants this ratio was 0.79-0.94
(Table 2). ATPases with nonconserved substitutions at
Asp720 (D720A and D720C) have this coefficient lowered
by one third (0.65-0.68; Table 2 and Fig. 6); nonetheless,
for the conserved substitutions (D720E and D720N) it was
nearly of the wild-type value (Table 2 and Fig. 6).

However, the 1719A mutant had a ratio significantly
lower (0.29) than the wild-type enzyme, which corre-
sponded to three-fold drop in H* pumping, pointing to a
significant but partial uncoupling between ATP hydrolysis
and H* transport (Table 2 and Fig. 6). At the same time,
the coupling ratio of the 1719C mutant was close to that of
the wild type. It should be noted, however, that there is no
correlation between ATP hydrolysis and H* transport level
and the coupling ratio. Mutant enzymes with low levels of
ATP hydrolysis and H* transport could be perfectly cou-
pled (L797A mutant in M8 [9]), or vice versa (ES803N and
E803A in M3 [8, 9]), as well as elevated level of H* trans-
port (e.g. V723A mutant in M6 segment) is not always evi-
dence for overcoupling of the proton pump [25].

DISCUSSION

Conservation of a residue and structure and function-
ing of the enzyme. As mentioned above, according to their
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conservation the L5-6 loop amino acid residues of the
yeast S. cerevisiae Pmal H"-ATPase could be arranged in
the following order of homology by aligning them to the
published sequences of Saccharomycetes: L717 = S716 —
1719 - D714 — D720 — D718 — N715. It may be rea-
sonable to expect a direct correlation between conserva-
tion of a residue and the effect of its replacement on the
structure, function, and biogenesis of the enzyme.
Indeed, substitution of the most conserved residue,
Leu717 (38 Leu in 38 amino acid sequences of the
Saccharomycetes Pma ATPases; Fig. 3) caused the most
dramatic changes in the enzyme expression and activity,
resulting in block in biogenesis and loss of activity, while
the replacement of the least conserved Asn715 led to the
least significant changes (Table 2).

However, conservation of a residue does not always
simply predetermine its role in the structure—function
organization of the enzyme. Thus, the Ala substitution of
Ser716, which is as conserved in Saccharomycetes as
Leu717, led to a rather insignificant decrease in expres-
sion, ATP-hydrolyzing, and H'-pumping activities by
30-40%, with even lesser effect on the coupling ratio
between ATP hydrolysis and H” pumping; the Cys substi-
tution of this residue was almost indistinguishable from
the wild type. Replacement of the next in order of con-
servation Ile719 (36 Ile/2 Val) caused significant three-
fold drop in both expression and ATP-hydrolyzing and
H*-pumping activity and also three-fold decrease in cou-
pling ratio, while the Cys substitution did not lead to any
significant change. Nevertheless, the replacement of the
fourth, middle level of conservation, Asp714 (31 Asn/7
Asp) for Ala, Cys, and even Glu did cause either signifi-
cant decrease in expression (Asp714—Glu/Ala) with even
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more pronounced drop in activity or complete block in
biogenesis of the mutant enzyme (Asp714—Cys).
Changes caused by substitutions of the next residues in
the series (Asp720 with similar conservation to Asp714
and, especially, Asp718), were rather small, with the
exception of the non-conserved replacement
Asp720—Ala, which decreased not only activity but also
expression and decreased the enzyme coupling ratio the
most markedly of all substitutions at Asp720. Finally, the
Ala replacement of the least conserved residue Asn715
lowered expression and activity by a third; for the Cys
mutant, the expression was nearly of the wild-type level,
while activity decreased by 40%. For both the Ala and Cys
mutants, the most important indication of the normal
enzyme functioning, the coupling of ATP hydrolysis to
H* transport, was the same and was close to that of the
wild type.

It should be also noted that Ala-scanning mutagene-
sis is considered as a standard approach to replace amino
acid residues with less disturbance of the protein structure
[59]. It appeared in our case, however, that Cys replace-
ments of three residues, Ser716, Ile719, and Asp718,
caused less disturbance of the enzyme structure and func-
tion comparing to Ala substitutions (in the case of S716C,
evidently, because of the stereochemical similarity of Ser
and Cys). In two more cases, for Asn715 and Asp718, the
results of the substitution by Ala or Cys were very similar.

Role of charged residues Asp714, Asp718, and
Asp720. Besides the results for replacement of Leu717,
the most interesting data were found for charged Asp
residues in the L5-6 loop — Asp714, Asp718, and
Asp720 — that are in the fourth, fifth, and sixth places in
the row of conservation. Charged residues are more reac-
tive as compared to neutral, and therefore it was reason-
able to expect more pronounced effect of replacing them
with neutral Ala or polar Cys. The least conserved of them
is Asp718 (20 Asn/16 Asp/1 Glu/1 Ser), which is almost
equally represented by Asn and Asp in the majority of the
published Saccharomycetes ATPase sequences (Fig. 3).
Accordingly, its replacements for Ala or Cys did not cause
any essential impairments in the enzyme biogenesis or
activity; therefore, its substituting for Asn or Glu as in
case of Asp714 and Asp720 and further study were not of
interest.

Similarly to Asp718, Asp714 is mostly represented by
Asn (31 Asn/7 Asp), but this residue substitution led to
completely different results compared to Asp718: all
replacements of Asp714 including conservative D714E,
except for also conserved D714N, caused complete block
in biogenesis or its significant impairment. Results of the
replacements of Asp720 (29 Asp/4 Asn/3 Glu/2 His) with
homology similar to that of Asp718 were intermediate,
although closer to those for the Asp718 replacements.
These differences in the consequences of replacements of
the same chemically (and close in their order of homolo-
gy) residues are probably due to their positions in the sec-

ondary and tertiary protein structure, in other words, due
to their microenvironment and interaction with neigh-
boring residues as well as with lipid and water phases,
which may disturb protein structure and stoichiometry of
amino acid residues and, respectively, protein folding as
proposed [60, 61]. Thus, the first of the aspartate
residues, Asp714, is located at the border between
hydrophobic and hydrophilic phases; neutral 713-LIAI
are next to the residue on the membrane side, and polar
715-NS facing hydrophilic phase are on the cell envelope
side (Fig. 1). The next aspartate residue is surrounded by
neutral Leu717 and Ile719; polar Ser716 and Asn715 and
negatively charged Asp714 and Asp720 are in close prox-
imity to it. Finally, Asp720 is separated from Asp718 by an
Ile residue on one side, and on the other side it is located
at the border between water and membrane phases, next
to membrane-located 721-LIVFI (Figs. 1 and 2), whose
substitutions for Ala caused serious impairment of the
enzyme functioning [24, 25].

However, substitutions of the Asp718 and Asp720
residues, which should also have changed amino acid
residue stoichiometry, led to lesser effects as compared to
replacements of Asp714—Ala (Glu/Cys). Such differ-
ence might be explained by the idea that in 3D structure
Asp714 lies in close proximity to positively charged
residues, e.g. Arg320 or Arg323 in the second (L3-4) or
Lys781 in the fourth (L7-8) extracytosolic loops (Fig. 1).
This should neutralize the charge and stabilize the protein
as suggested earlier for Asp739 [25]. Indeed, in a 3D
model built for Na*,K*-ATPase, the second and fourth
loops seem to be located close to each other [35]. Data
obtained for D714E and D714N ruled out a strong ionic
bond (salt bridge); however, one might suggest that this
could be a weak ionic or a hydrogen bond, since the
D714N enzyme properties are almost indistinguishable
from the wild type. It should also be taken into consider-
ation that the Pmal ATPase is an integral transmembrane
protein, which interacts with the membrane lipid bilayer;
evidently, replacement of even a single residue can cause
changes leading to dramatic impairment of its biogenesis
and functioning (as in the case of the Asp714 and Leu717
replacements observed in this study). Moreover, conse-
quences of substitution can depend on conditions of
expression of mutant ATPases [26, 27] or the chemical
nature of a replacement [8, 9, 43, 44].

Indeed, in the case of mutations with impaired bio-
genesis, heat shock used in this study could have led to
change in interaction of ATPase with lipid bilayer due to
modification of the bilayer liquidity (viscosity). Such
influence of heat shock was earlier observed in the case of
mutations 1794A, F796A, Q798A, and 1799A in the M8
segment; their biogenesis was blocked due to heat shock
[9, 26, 27]. However, when the mutated genes carrying
1794A or F796A were integrated into the chromosome
and expressed in the absence of heat shock, their biogen-
esis was restored, although not to the wild-type level, but
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to that being enough for maintaining growth [9, 26, 27].
Results of this study suggest that the use of heat shock was
not critical since mutations D714N and D714E being
stereochemically close to each other and the wild type led
to absolutely different consequences. In contrast, the
Q798A mutant mentioned above was expressed neither in
secretory vesicles nor in the plasma membrane, while the
ATPase carrying the conserved substitution of this residue
(Q798E) was expressed in secretory vesicles at the wild-
type level [9].

Now comparing the order of the residue conserva-
tion (A) with the effect of the replacement on structure
and functioning of the enzyme (B) one can see that the
new arrangement is different, being significantly distin-
guishable for residues Asp714 and, especially, Ser716:

(A)L717=S716 - 1719 - D714 —» D720 - D718 — N715
(B)L717 > D714 — 1719 - D720 - S716 = N715 — D718.

Three-dimensional organization of the enzyme and
mechanisms of proton transport. Thus, at least two of the
seven residues in the L5-6 loop appeared to be important
for the proper biogenesis, structure, and functioning of
the yeast Pmal H"-ATPase. Leu717 is located in the mid-
dle of the L5-6 loop; since the enzyme reaction cycle is
accompanied by significant conformational changes [5],
substitution of this residue with both smaller Ala or more
stereochemically similar Cys might seriously affect the
mobility of M5 and M6 (and more likely other) trans-
membrane segments probably causing protein misfolding
and thus retaining the impaired enzyme by the quality
control points [53, 54].

Asp714 is also important for structure and, especial-
ly, functioning of the enzyme; it probably plays a role sim-
ilar to Asp739 in M6 (Figs. 1 and 2), which was suggested
to neutralize neighboring positive charge, thus stabilizing
the protein [25]. However, it can be suggested that Asp714
could be directly involved in H” transport or other aspects
of the enzyme functioning.

It is quite remarkable that S. cerevisiae possesses two
isoforms of Pma ATPase, Pmal and Pma2, which are
89% homologous (in L5-6 loop, 100% homologous and
71% identical). The first is functionally active, i.e. Pmal
functioning changes during cell growth in the presence of
glucose or other fermented sugars [58, 62-64], while
Pma?2 is not very active, dormant, and hardly activated by
glucose [57]. Moreover, Asp714 in the Pma2 isoform is
substituted with Asn743 (Fig. 3); of all Asp714 replace-
ments, only D714N yielded active enzyme similar to the
wild type. Substitutions of the other Asp residue, Asp720,
did not lead to such dramatic results; however, D720N
and not D720E was characteristically closest to the wild
type. As in the case of Asp714, Pma2 has Asn749 instead
of Asp720. Therefore, the presence of charged aspartate
or polar asparagine residue might influence the ability of
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the enzyme to respond to changes in growth conditions,
causing its activation during fermentation of glucose or
transforming into an inactive state under starvation [58,
62, 64]. Changes in the enzyme functioning also occurred
when Glu803 in the M8 segment was substituted with
Gln; this changed stoichiometry of transport (H*/ATP)
and resulted in increasing the amount of transported H*
(H;0™) more than twofold [8, 9, 27].

Of the published amino acid sequences of Pma
ATPases, Pma2 isoforms were found so far only in S. cere-
visiae, C. glabrata, T. blattae, and A. gossypii (Fig. 3).
Amino acid sequences of the L5-6 loops of both isoforms
in the last three sequences were 100% identical, only the
residue numbers in the sequences were different. There
are Asn residues in the place of the S. cerevisiae Asp714 in
these sequences, and there are no data about “glucose”
activation of the Pma ATPases of these species yet, which
supports our suggestion about possible involvement of the
L5-6 loop (mostly due to residue Asp714) in enzyme acti-
vation during glucose fermentation. Earlier, we suggested
similar involvement in the enzyme regulation for the L9-
10 loop, which is in close proximity to the regulatory C-
terminal end of the Pmal H*-ATPase [65, 66]. Besides
the theoretical implication, this conclusion could be
important for many biotechnological processes whose
efficiency depends on the plasma membrane H*-ATPase
functioning.

Finally, I1e719 replacement by Ala caused significant
impairment in the enzyme coupling along with significant
decrease in enzyme expression and activity; the milder
effect in comparison with L717A is probably explained by
the location of this residue, which is situated between
Asp718 and Asp720. Substitution of Leu for smaller Ala
changes the enzyme three-dimensional structure; this
conclusion is supported by the data obtained for substitu-
tion of this residue by polar but closer in size Cys.

Along with membrane segments M4 and M8, M5
and M6 form cation-binding sites in the sarcoplasmic
reticulum Ca**-ATPase and other P2-ATPases. There are
two such sites in SERCA Ca?"-ATPase; they are formed
by amino acid residues in the M4, M5, M6, and M8 seg-
ments. Two amino acid residues forming Ca’*-binding
and transporting sites are found in M5: Asn768, which
corresponds to Ser699 in Pmal, and Glu771, which cor-
responds to GIlu703; both are parts of site I. In M6,
Thr799 (site I), Asn796 (site 1I), and Asp800 (both sites)
appeared to be such residues [4, 5, 15-17]. In Pmal
ATPase, these residues correspond to Ala729, Ala726,
and Asp730. Site-directed mutagenesis earlier revealed
that substitutions at residue G1lu703 (E703Q, E703L [8])
and Ala726 (A726S [24, 25]) led to partial uncoupling
between ATP hydrolysis and H* transport, while substitu-
tions of Asp730 (D730N and D730V) blocked the enzyme
biogenesis, and only the conserved replacement D730E
partly restored biogenesis (48% expression as compared
to the wild type; however, the enzyme activity was very
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Fig. 7. Sites of H* binding and transport. Residues Ile331, I1e332,
and Val334 in M4 segment of the Pmal ATPase correspond to
Val304, Ala305, and 11e307 of SERCA Ca?"-ATPase, Ser699 in
M5 segment corresponds to Asn768, Asp730 in M6 segment cor-
responds to Asp800, and Glu803 in M8 segment corresponds to
Gl1u908, which form sites I and 11 of the sarcoplasmic reticulum
SERCA Ca’"-ATPase. Coordinated hydrated H* (H;O") ions are
shown as circles in spheres. The homological model was built
using the crystal structure of Ca?"-ATPase as described in [9, 25].
Modified version from [25].

low) [8]. Substitution S699A did not block biogenesis but
did lead to loss of activity [23]. In the sarcoplasmic retic-
ulum Ca**-ATPase M8 segment, Glu908 (site I) corre-
sponding to Glu803 of the Pmal ATPase [8, 9] is a
residue that is involved in forming the Ca>*-transporting
site. In the case of Glu803, none of the substitutions com-
pletely blocked trafficking of de novo synthesized mutant
ATPases (however, ES803S and E803L forms possessed
only 8% of the wild-type expression level); nevertheless,
these enzymes appeared to be either inactive or had sig-
nificantly changed coupling between H* transport and
ATP hydrolysis — from almost uncoupled enzymes
(E803N, E803A) to more than twofold overcoupling
(E803Q) [8, 9, 27]. Finally, in the SERCA Ca**-ATPase
M4 segment, residues Val304, Ala305, Ile307, and
Glu309 participate in arrangement of site II; in Pmal
ATPase, these residues correspond to Ile331, Ile332,
Val334, and Val336. Thus, not only charged carboxylic
and polar carbonyl or amide group of side chains, but also
carbonyl groups of the backbone may participate in
cation binding and transporting.

The structural model of the Pmal ATPase H*-trans-
porting sites (Fig. 7) was built by homology modeling
using the crystal structure of the plant H"-ATPase [14]
and the most trustworthy 3D model of Ca?"-ATPase [5].
The crystal structure of the plant H*-ATPase has a cavity
of 380 A’ [14] with capacity for 12 water molecules,
which suggests that it has space for at least two hydrated
molecules of hydroxonium [25]. Comparative homology
modeling using Ca’"-ATPase 3D structure also shows
that the yeast H® pump has two hydroxonium binding
sites [25] and hydroxonium is the ion species that is trans-

ported [8, 9, 25]. Despite the opinion that fungal and
plant H"-ATPases possess only one H* (hydroxonium ion
H,07%) binding site, the results suggest that these enzymes
have two such sites similar to the animal Ca?"-ATPase
(Fig. 7), one of which is evidently appeared to be dormant
and became active only as a result of mutation [8, 9] or
under condition of chronic energy deficiency also caused
by mutation [7], and the transported species is the hydrat-
ed hydroxonium ion [8, 9, 25, 27] similar to hydrated
cations of calcium in Ca?*- or potassium and sodium in
Na*,K*-ATPases of animal cells. In Na*,K*-ATPase, the
L5-6 loop in involved in regulating the access to the
cation-transporting sites [33]. Such involvement could
also be suggested for the Pmal H"-ATPase, since substi-
tutions of the two loop residues (Asp714 and Leu717)
cause serious impairment of structure—functional organ-
ization of the enzyme, and in the case of [le719 it leads to
partial uncoupling between ATP hydrolysis and proton
transport. The presented data also have some practical
interest since there is a residue in the L5-6 loop of the
H* K*-ATPase of animal gastric cells that binds omepra-
zole and similar drugs for ulcer treatment [37], while the
Cys substitutions obtained in this work allows continuing
the study of the yeast Pmal ATPase structure—functional
relationships and regulation of this enzyme.
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