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We report on the biochemical and structural proper-
ties of a putative P-type H"-ATPase, MJ1226p, from the
anaerobic hyperthermophilic Archaea Methanococcus
Jjannaschii. An efficient heterologous expression system
was developed in Saccharomyces cerevisiae and a four-
step purification protocol, using n-dodecyl B-p-malto-
side, led to a homogenous detergent-solubilized protein
fraction with a yield of over 2 mg of protein per liter of
culture. The three-dimensional structure of the purified
detergent-solubilized protein obtained at 2.4 nm resolu-
tion by electron microscopy showed a dimeric organiza-
tion in which the size and the shape of each monomer
was compatible with the reported structures of P-type
ATPases. The purified MJ1226p ATPase was inactive at
40 °C and was active at elevated temperature reaching
high specific activity, up to 180 umol of P;min"'mg~"! at
95 °C. Maximum ATPase activity was observed at pH 4.2
and required up to 200 mM monovalent salts. The
ATPase activity was stable for several days upon storage
at 65 °C and was highly resistant to urea and guanidine
hydrochloride. The protein formed catalytic phosphoen-
zyme intermediates from MgATP or P;, a functional
characteristic specific of P-type ATPases. The highly
purified, homogeneous, stable, and active MdJ1226p
ATPase provides a new model for further structure-
function studies of P-type ATPases.

The ability of Archaea to grow in extreme habitats has led to
the exploration of the molecular mechanisms that confer sta-
bility to proteins under high temperature, high pressure, or
extreme pH values. The basis of thermotolerance of the bioen-
ergetic features of archaeal species is particularly intriguing.
As in bacterial cells, membrane-residing systems in anaerobic
Archaea use an electrochemical potential of either hydrogen
ions or sodium ions for primary energy conservation (1). How-
ever, in archaeal methanogens, simultaneous primary gradi-
ents of both protons and sodium ions can be used to drive ATP
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synthesis (2). Until recently, P-type ATPases were not sus-
pected to be responsible for the generation of the primary
electrochemical potential across archaeal membrane. This pos-
sibility has to be revisited because of the discovery through
genome sequencing of several P-type ATPase genes. From the
seven archaeal genome sequences annotated so far, 18 genes
encoding P-type ATPases have been identified (axe@biobase.dk
and www-biology.ucsd.edu/~ipaulsen/transport/). Most ar-
chaeal P-type ATPases belong to the bacterial families of po-
tassium- or metal-transporting P-type ATPases. However, four
archaeal P-type ATPase sequences cluster with eucaryotic phy-
logenetic families. Among them, two new members of the fam-
ily of H"-ATPases were identified in Methanococcus jannaschii
(3) and Thermoplasma acidophilum genome (4), respectively.
This observation is intriguing because H* -transporting P-type
ATPases were believed to be restricted to yeast (5, 6), fungi
(7, 8), and plants (9, 10).

Unfortunately, very few archaeal P-type ATPases have been
characterized biochemically, and only one of them, the thermo-
philic Ag™/Cu* ATPase from Archaeoglobus fulgidus, has been
purified after expression in Escherichia coli (11). One of the
main limiting factors is the inability to produce large amounts
of pure transport protein from archaeal genes. Although het-
erologous expression systems have proven to be useful for phe-
notypic characterization of proteins that often cannot be pro-
duced in their original host, heterologously expressed
membrane proteins are often of limited activity, and their
purification in large scale is still cumbersome. Therefore, de-
velopment and/or improvement of cloning systems for the het-
erologous production of large amounts of pure and stable trans-
port proteins from archaeal genes would be of considerable
interest.

In this study, we describe the cloning, heterologous expres-
sion, purification, and biochemical and structural characteriza-
tion of MJ1226p, a putative P-type H"-ATPase of the anaero-
bic hyperthermophilic Archaea Methanococcus jannaschii.
MJ1226p was expressed in the yeast Saccharomyces cerevisiae
using a cloning system that was shown to be suitable for
heterologous expression of mammal, plant, and fungi P-type
ATPases (12-19). A purification process, based on the hyper-
thermostability of the enzyme and the presence of a six-histi-
dine tag, allowed large scale production of a highly purified
protein. The purified MJ1226p ATPase activity was found to be
thermophilic up to 95 °C. Its full activity required monovalent
salts and acidic pH. The ATPase activity was highly resistant
to denaturation by temperature or chaotropic agents such as
urea and guanidine hydrochloride. It was able to form catalytic
phosphoenzyme intermediates from both MgATP and P;, a
functional characteristic specific of P-type ATPases. The three-
dimensional structure, of the purified detergent-solubilized
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protein, obtained at 2.4 nm resolution by electron microscopy
showed a dimeric organization, in which each monomer com-
pared well with the reported structures of the SERCA calcium
ATPase, a prototypical P-type ATPase (20, 21). This study
demonstrates that the MJ1226p ATPase of the hyperthermo-
philic M. jannaschii provides new possibilities for the func-
tional and structural analysis of P-type ATPases. It also pro-
vides new insights into the thermostability of ion transport
proteins, the bioenergetics of archaea, and the phylogeny of
P-type plasma membrane H"-ATPases.

MATERIALS AND METHODS

Plasmid Constructions—The MJ1226 open reading frame containing
2,415 nucleotides, and coding for a putative plasma membrane H"-
ATPase was obtained from two overlapping clones AMJFO85 (con-
tained the 5 end to nucleotide 2291) and AMJGG15 (started from
position 167 and extended to the 3’ end) (3). The 5’ end of the gene was
amplified from the AMJFO85 clone by PCR using the following oligo-
nucleotides: MJ1 (GGAATTCATGTGGGGGGTTGTTATGATTGT) and
MJ3 (CTCCAATCCTAATTCTAACAA). The PCR product was then in-
serted in the EcoRI/EcoRV site of the AMJGG15 clone in order to
reconstitute the full-length MJ1226 open reading frame. A His,-tagged
version of the MJ1226 open reading frame was obtained with the same
strategy using the MJ2 oligonucleotide (GGAATTCATGCATCACCAT-
CACCATCACTGGGGGGTTGTTATGAATGTTGAG) instead of MJ1.
The Hisg tag was thus inserted at the amino-terminal end, between the
1st and 2nd residue of the protein. All the constructions were verified by
sequencing. The coding sequence of MJ1226 was inserted between the
yeast PMA1 promoter and the ADCI terminator in a 2-um multicopy
vector, derived from Yeplacl81 (22) by a strategy similar to that de-
scribed by de Kerchove d’Exaerde et al. (15). The multicopy expression
plasmids with the PMA1 promoter and ADC1 terminator were named
MdJ1lp and MJ2p for the untagged and tagged version of MdJ1226,
respectively.

Yeast Strains—The YAK2 strain (Mata, ade2-101, leu2-Al1, his3-
A200, ura3-52, trpl1A63, lys2-801, pmal-A::HIS3, pma2-A::TRPI) has
the chromosomal H*-ATPase genes, PMAI and PMA2, deleted and the
essential PMAI gene under the control of the inducible GALI-10 pro-
moter on an URA3 centromeric plasmid (15). Yeast cells were trans-
formed according to Ito et al. (23).

Crude Membrane Preparation—YAK2 cells transformed with either
the MdJ1226-containing plasmid (MJ1lp or MJ2p) or the Yeplacl81
(empty) plasmid were grown on a 2% (w/v) galactose medium depleted
of His, Leu, Ura, and Trp. Cells were grown in liquid medium until they
reached a density of 20.10° cells/ml. MJ1226 expression was induced by
growing the cells in medium with 2% (w/v) glucose for 16 h. Cells were
then harvested, washed twice with ice-cold water, and resuspended in
250 mM sorbitol, 1 mm MgCl,, 50 mM imidazole NaOH, pH 7.5, 1 mm
phenylmethylsulfonyl fluoride, 5 mm dithiothreitol, and the protease
inhibitors leupeptin, aprotinin, antipain, pepstatin, and chymostatin at
2 pg/ml each. Cells were broken in the presence of glass beads as
described in Goffeau and Dufour (24). Two centrifugations, the first at
3,500 rpm (SS34) for 5 min and the second at 6,000 rpm for 5 min, were
followed by a third centrifugation at 21,500 X g for 40 min to obtain a
crude particulate fraction. The pellet was resuspended in a buffer
containing 10 mM imidazole, pH 7.5, 1 mm MgCl,, and protease inhib-
itors. Fractions were aliquoted, frozen in liquid nitrogen, and stored at
—80 °C. The protein concentration was determined by the method of
Lowry et al. (25).

Solubilization and Purification of MJI1226p—Twenty five mg of
crude particulate fraction in 4 ml was solubilized with n-dodecyl B-D-
maltoside (DDM)! at a detergent-to-protein ratio of 2:1 (w/w). The
sample was thoroughly mixed at room temperature for 10 min and then
centrifuged for 1 h at 100,000 X g. The supernatant was incubated for
5 min at 95 °C, cooled in ice, and centrifuged again for 1 h at 100,000 X
g. The new supernatant was incubated at room temperature with 1 ml
of Ni%*-nitrilotriacetic (Ni-NTA) resin (Qiagen) for 3 h on a rotary
wheel. The matrix was loaded into a column, washed 5 times with 1 ml
of buffer containing 20 mm imidazole, pH 7.5, 1 mm MgCl,, 150 mm KCI,

! The abbreviations used are: DDM, n-dodecyl pB-D-maltoside;
CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic
acid; Ni-NTA, Ni?"-nitrilotriacetic acid; TM, transmembrane; Mes,
4-morpholineethanesulfonic acid; SERCA, sarcoplasmic reticulum
calcium-ATPase.
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10% (w/v) glycerol, 0.05% (w/v) DDM. Proteins were eluted with 250 mm
imidazole, pH 7.5, 1 mMm MgCl,, 150 mMm KCl, 10% glycerol, 0.05% DDM.

Size-exclusion Chromatography—Ni-NTA purified fractions of
MdJ1226p were concentrated on Amicon ultrafiltration membrane (cut-
off 50 kDa) up to 2-3 mg of protein/ml. An aliquot of 100 ul was loaded
on a Superose 6 (Amersham Biosciences) column, equilibrated, and
eluted with 20 mm Mes-KOH, pH 6.5, 100 mm NaCl, 1 mm MgCl,, 0.05%
DDM, 10% glycerol. Fractions of 500 ul were harvested and analyzed
for protein content.

ATPase Assays—Standard ATPase assays were performed in the
presence of 6 mm MgATP, 50 mm Mes-KOH, pH 5.0, 200 mM potassium
acetate, 0.1% DDM, and 0.3 ug of protein at 95 °C for 3 min. The pH of
this reaction medium at 95 °C was 4.2. The reaction was started by
quickly raising the temperature from room temperature to 95 °C and
was stopped by addition of 1% SDS. The activity of MJ1226p was
defined as the difference between the activity measured in the MJ1226p
fraction and the activity measured either in a similar fraction obtained
from the control strain expressing the empty plasmid or with the
MJ1226p fraction treated with 1% SDS before incubation at 95 °C.

Phosphoenzyme Formation—Formation of phosphoenzyme interme-
diates by ATP was carried out at 0, 30, or 65 °C by incubating 10 ug of
purified MJ1226p in 0.2 ml of 20 mM citric acid, pH 5.0, 80 mm KCl, 5
mM MgCl,, 0.05% asolectin. The phosphorylation reaction was started
by addition of 2 mMm [y-*>P]JATP and stopped 10 s later by the addition
of 50 ml of 50% (w/w) ice-cold trichloroacetic acid, 100 mm ATP, 100 mm
MgCl,. Inhibition of phosphorylation was checked by adding 10 mm
ATP or 10 mM hydroxylamine 10 s after the reaction was started, and a
further 10-s incubation was performed before trichloroacetic acid addi-
tion. Precipitated proteins were collected by centrifugation, washed
three times with 20 mm KH,PO,/H,PO,, pH 2.0, 20 mm ATP, 10%
trichloroacetic acid, and analyzed by cationic detergent/polyacrylamide
gel electrophoresis at acid pH as described (26). After electrophoresis,
gels were dried and subjected to autoradiography. The gels were then
rehydrated and stained with Coomassie Blue to visualize the amount of
protein loaded on the gel.

Phosphoenzyme formation by inorganic phosphate (P;) was carried
out at 65 °C by first incubating 10 ug of purified MJ1226p in 0.2 ml of
20 mM citric acid, pH 5.0, 5 mm MgCl,, 0.05% asolectin. When indicated,
10 mM vanadate was added. The phosphorylation reaction was started
by addition of 5 mm 32P; and stopped 10 min later by the addition of 50
ml of 50% ice-cold trichloroacetic acid, 10 mm KH,PO,. Precipitated
proteins were collected by centrifugation, washed three times with 1
mM KH,PO,, 10% trichloroacetic acid, and analyzed as described
previously.

Single Particle Analysis and Three-dimensional Reconstruction—Pu-
rified protein was diluted to about 0.05 mg of protein/ml in a buffer
containing 10 mm Tris, pH 7.4, 50 mM NaCl, and 0.05% DDM. Aliquots
were deposited onto 400 mesh glow discharged carbon-coated grids and
stained with 1% uranyl acetate. Untilted electron micrographs and 45°
tilted pairs of MJ1226p were recorded at an accelerating voltage of 120
kV and a magnification of 45,000, using a low dose system, in a Philips
CM120 electron microscope. All micrographs were recorded on Kodak
S0-163 films. The focus values were —1.6 um for tilted pairs and —0.8
pm for untilted images. Micrographs were digitized at 0.5 nm/pixel
using a Leafscan 45 digitizer. A total number of 546 image pairs were
windowed and centered by using X-MIPP software (27) and PSPC
algorithm (28) before classification. Self-organizing Kohonen neural
network (29) and multivariate statistical analysis (30, 31) were per-
formed over untilted images to identify homogeneous groups of projec-
tions. Average image of the major group was computed to perform a
first three-dimensional reconstruction using SPIDER software (32).
This volume was used as reference for angular assignment and refine-
ment of 1464 cryo-microscopic untilted images, which were used to
compute the final three-dimensional reconstruction of frozen-hydrated
protein (33). Samples for cryo-microscopy were prepared on liquid eth-
ane at —178 °C using a CPC station (Leica). Frozen grids were trans-
ferred into a Philips CM120 electron microscope using a Gatan 626
cryo-station before image recording under the same conditions as those
described above for negatively stained samples. Final volume was fil-
tered at the resolution estimated by FRC method (34). Volume render-
ing was performed using ETDIPS version 2 software (35).

After three-dimensional reconstruction computation, x-ray structure
of the Ca?"-ATPase was docked into the volume obtained by electron
microscopy by filtering the atomic structure at 2.4 nm resolution and
searching for the best matching positions into the volume of a MJ1226p
monomer using SPIDER software (32).
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Fic. 1. Amino acid sequence alignment of predicted trans-
membrane helices of P-type ATPases. Spans 4-6 are from
MJ1226p, SERCA Ca®*-ATPase, and plant plasma membrane H™-
ATPase AHA2. The consensus sequences for proton and calcium P-type
ATPases are from Palmgren (51). The nine residues from TM 4-6
shown to be involved in the binding of calcium ions in SERCA are from
Toyoshima et al. (21). The four residues proposed to bind the hydronium
(Hydr.) ion to AHA2 are from Bukrinsky et al. (37).

RESULTS

Sequence Analysis—Genome analysis of the hyperthermo-
phile M. jannaschii revealed the presence of a putative P-type
H*-ATPase, named MJ1226p. Blast analysis of this sequence
showed high sequence similarity with plant and yeast plasma
membrane H*-ATPases. The 80 closest orthologues of
MJ1226p, ranging from similarity E scores of e '®7 to e 8¢,
were established plant, fungal, and ciliate plasma membrane
H"-ATPases. The closest non-H"-ATPase was a putative CaZ"-
ATPase from Clostridium perfringens with a much lower sim-
ilarity (E score of e~ %),

Alignment analysis showed that MJ1226p (805 residues)
shared 41 and 39% identity with the Nicotiana plumbaginifolia
PMA4 (952 residues) and the Schizosaccharomyces pombe
PMAT1 (919 residues) plasma membrane H"-ATPases, respec-
tively. The MJ1226p P-type ATPase has therefore been phylo-
genetically classified among the family of plasma membrane
H*-ATPases (36). The recently identified TA1045p (787 resi-
dues) from the Archaea T. acidophilum, which has 39% iden-
tity to the MJ1226 gene product from M. jannaschii, makes
with the latter a distinct two-member phylogenetic cluster in
the proton-ATPase family. The amino- and carboxyl-terminal
ends of MJ1226p are shorter compared with plant and yeast
H*-ATPases, but no significant differences can be detected
throughout the rest of the sequence.

Fig. 1 shows the alignments of the predicted transmembrane
domains 4—6, which compose the Ca®"-binding sites of the
SERCA P-type ATPase (21). Among the 70 residues of TM 4—-6
from MdJ1226p, a total of 14 residues were strictly conserved in
most plants and fungal proton ATPases. On the other hand, 11
residues were conserved in an alignment with the TM 4-6
from the SERCA Ca?"-ATPases, but only 3 among the 9 resi-
dues ligating the Ca®?" ions in SERCA were conserved in
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Fic. 2. Expression and purification of MJ1226p examined on
SDS-PAGE. A, crude membrane fraction of uninduced (2nd lane) and
induced (3rd lane) S. cerevisiae. B, selective solubilization by DDM of
MJ1226p from induced yeast membranes. C, selective enrichment in
MJ1226p following heat treatment of the DDM solubilized fraction for
5 min. D, comparison of MJ1226p purification by heat treatment (Ist
lane), Ni-NTA chromatography (2nd lane), and heat treatment followed
by Ni-NTA chromatography (3rd lane). E, size-exclusion chromatogra-
phy on Superose 6 of MJ1226p after heat treatment and Ni-NTA
chromatography. The 84-kDa protein is indicated by an arrow. MW,
molecular weight markers. A-C are Coomassie Blue-stained gels. D and
E are silver-stained gels.

MdJ1226p. It has been speculated recently (37) that the hydro-
nium-binding site of the plant AHA2p ATPase composes Asp-
684 in TM 6 (which is conserved as D654 in MJ1226p) and the
three carbonyls from Ile-282, Gly-283, and Ile-285 in TM 4
(which become Val-264, Ser-265, and Ile-267, in MJ1226p). In
this hypothesis, only two of the four postulated hydronium-
binding residues of AHA2p would be conserved in MJ1226p. All
together, these phylogenetic analyses render it unlikely that
MJ1226p is a Ca®*-ATPase but do not prove that MJ1226p is a
proton-ATPase.

Expression of the Archaebacterial MJI1226 Protein in
Yeast—We have expressed the archaeal MJ1226 gene in the
yeast S. cerevisiae using a cloning system, which was shown to
be suitable for heterologous expression of plant and fungi
plasma membrane H*-ATPases (15, 16, 38). We used a yeast
strain deleted of its own plasma membrane H"-ATPase genes,
PMA1 and PMA2. This strain was able to survive on galactose
medium due to the presence of PMAI under the control of the
GAL1-10 promoter on a URAS3 centromeric plasmid (15). This
strain was transformed with either a multicopy plasmid carry-
ing the M. jannaschii MJ1226 gene or with the empty plasmid
Yeplacl81. The ability of the archaeal MJ1226 gene to replace
the yeast PMAI was tested by replicating transformants from
galactose to glucose medium containing 5-fluoro-orotic acid to
chase the plasmid containing the PMAI and URA3 genes.
Under these conditions, transformants replicated on glucose
medium were unable to grow at 30 °C indicating that at this
temperature the Archaea gene was not able to replace the yeast
PMAL.

The Archaea MJ1226 protein was well expressed in yeast
membrane fractions as observed on Coomassie Blue-stained
SDS-PAGE gel. A major band at 84 kDa appeared in crude
particulate fractions of the yeast strain expressing MJ1226p
compared with the control strain (Fig. 2A4). Additional evidence
for the good expression of MJ1226 relies on a comparison of the
temperature dependence of the total hydrolytic ATPase activ-
ities of crude membranes from yeast cells expressing either the
empty vector or the MJ1226-containing plasmid. Two peaks of
ATPase activity were detected at 50 °C and above 90 °C in the
strain expressing MJ1226p, whereas only one peak was de-
tected at 50 °C in the control strain (see below Fig. 4A). The
peak observed at 50 °C in both strains should correspond to the
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TaBLE 1
Purification of MJ1226p ATPase from 1.5 liters of yeast culture

Steps Protein ATPase units ATPase-specific activity
mg wmolmin ! (umol-min~*mg™1)
Crude membranes 619 3264 5
Solubilization 279 2990 11
Heat shock 52 2630 51
NiNTA 9 1290 143
Superose 6 2.5 438 175

yeast Pmalp activity. On the contrary, the peak observed
above 90 °C corresponds to the overexpressed MdJ1226p be-
cause it was not detected in the control strain.

Solubilization and Purification of MJ1226p—Solubilization
of yeast membrane fractions with 1.25% DDM allowed a sig-
nificant enrichment of the 84-kDa protein as shown in gel
electrophoresis (Fig. 2B). Heat treatment of the total solubi-
lized extract for 5 min above 80 °C induced precipitation of
protein contaminants and considerable purification of the 84-
kDa band. As shown in Fig. 2C, only faint contaminant pro-
teins could be detected on an SDS gel loaded with 10 ug of
heat-treated proteins. The heat shock treatment was remark-
ably efficient because over 80% of the ATPase units from the
crude particulate fraction were recovered, whereas the specific
activity was multiplied by a factor of 10 (Table I). For compar-
ison, purification of the total solubilized extract by Ni-NTA
chromatography also allowed exhaustive purification of the
6His-MdJ1226p, but several minor contaminants could be de-
tected (Fig. 2D). Finally, the combination of the heat treatment
followed by a Ni-NTA chromatography led to the production of
a highly purified 84-kDa protein. Only a weak high molecular
weight component of unknown nature could be detected on
silver-stained SDS-PAGE (Fig. 2D). Noteworthy, the Ni-NTA
chromatography step after the heat treatment led to a 3-fold
increase of the specific ATPase activity (Table I). Control ex-
periments indicated that this increase could not be related to
the removal of some detergent that could have been heat-
denatured. Most probably, the marked increase of ATPase-
specific activity by Ni-NTA chromatography was due to the
separation in the flow-through fraction of a form of the enzyme
with no affinity to Ni-NTA and with a much lower ATPase
activity (25 umol'min~'mg~!) (data not shown) than that
of the fraction eluted by 250 mwm imidazole (150
wmol-min 1mg™1).

Homogeneity of the 84-kDa band from the heat plus Ni-NTA
fraction was analyzed by size-exclusion chromatography on a
Superose 6 column leading to three protein peaks eluting at
fractions 26, 29, and 31, respectively. Each of these peaks
exhibited only the 84-kDa protein band as determined by sil-
ver-stained SDS-PAGE (Fig. 2E, fraction 29). The specific
ATPase activity was moderately enhanced in the fraction 29
(175 pmol'min~ mg~!) as compared with those measured in
the two other Superose 6 peaks (100 wmol-min 1mg~1). The
major peak from fractions 28—-30 was pooled and found to
contain about 10 mol of endogenous phospholipids per mol of
protein as determined by the method of Dufour and Goffeau
(39). After concentration to 5 mg/ml by Amicon filtration, this
fraction gave a single peak on a Superose 6 chromatography.

In conclusion, 2-3 mg of highly homogeneously purified pro-
tein, as assessed by both SDS-PAGE and Superose 6 chroma-
tography, was obtained from 1.5 liters of yeast culture. It
should also be stressed that up to 50 mg of a largely pure and
very active 84-kDa protein could be obtained rapidly by a
simple heat shock treatment of the solubilized particulate frac-
tion (Table I).

The Structure of MJ1226p Is Compatible with a P-type
ATPase—The Superose 6 chromatographed and purified frac-
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Fic. 3. Electron microscopy and three-dimensional recon-
struction of MJ1226p. A, representative gallery of MJ1226p nega-
tively stained particles. Scale bar 5 nm. B, average image of the major
class identified in the whole population revealing a 2-fold symmetrical
structure possessing two domains. A first domain (arrow) corresponds
to the detergent-embedded transmembrane helices of the protein. A
second domain (arrowhead), 7.5 nm in height, is composed of two
identical motifs. Scale bar 5 nm. C, lateral view (denoted by 1) of the
surface representation, placed in an orientation similar to that of the
average image in B demonstrating a dimeric organization of MJ1226p.
Top view (denoted by 2), indicated the presence of a cylindrical central
cavity (arrow) of ~2.5 nm in diameter, between each monomer. D,
docking of the Ca?*-ATPase atomic structure into a MJ1226p monomer.

tion was analyzed by electron microscopy, appearing monodis-
perse, with no aggregates. Fig. 3A showed a representative
gallery of MJ1226p negatively stained particles. Average im-
age of the major class identified in the whole population re-
vealed a 2-fold symmetrical structure with two distinct do-
mains (Fig. 3B). A first domain (Fig. 3B, arrow) was roughly
elliptical with a constant 4.0 nm size in minor axis, variable
size in major axis, and presenting high variance values at both
extremities. This domain could be compatible with the trans-
membrane hydrophobic regions of the protein embedded in a
detergent micelle. A second domain (Fig. 3B, arrowhead) cor-
responded to a 7.5 nm height hydrophilic domain, protruding
out of the detergent micelle and composed of two identical
motifs. Each motif was made of a square stalk, having 1.5 nm
inside, finishing by two contiguous globular densities of 2.5 and
3.5 nm in diameter.

The three-dimensional reconstruction at 2.4 nm resolution,
performed on frozen-hydrated specimens, is shown in Fig. 3C.
Lateral view (denoted by 1) of the surface representation has
been placed in an orientation similar to that of the average
image shown in Fig. 3B. This view clearly demonstrated a
dimeric organization of MJ1226p. Fig. 3C, top view (denoted by
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2), indicated the presence of a cylindrical central cavity of ~2.5
nm in diameter between each monomer (arrow).

Docking the atomic model of the sarcoplasmic reticulum
Ca%*-ATPase (21) within each monomer in the three-dimen-
sional reconstruction shows that the large cytoplasmic domain
of the Ca2"-ATPase, consisting of 3 domains called A (trans-
duction domain), N (ATP binding domain), and P (phosphoryl-
ation domain), connected to the transmembrane region by long
loops, looked very similar to the 7.5 nm height hydrophilic
domain of MJ1226p, protruding out of the detergent micelle in
which the 10 transmembrane a-helices are embedded (Fig. 3D).
Similar results were obtained when a MJ1226p model was
computed from sequence alignment with the Ca®"-ATPase and
modeler software applied (40). Thus, due to the low resolution
obtained in this work, the 20% difference in mass between
Ca%*-ATPase and MJ1226p did not change the total surface
(data not shown). On the other hand, comparison of the atomic
structure of the Ca?*-ATPase to the 8-A three-dimensional
map of the plasma H"-ATPase indicated that both P-type AT-
Pases had similar overall dimensions, that their transmem-
brane parts looked very similar, but that they could differ
substantially in their cytoplasmic domains due to conforma-
tional states as part of the E1-E2 transition (41). In this con-
text, the higher mass density observed in the hydrophilic 3.5
nm globular domains of the three-dimensional reconstruction
of MJ1226p, when compared with the CaZ'-ATPase model,
could not be related to a conformational state but rather to an
oversampling of the MJ1226p frontal views.

Functional Characterization of MJ1226p—All functional
characterization was performed on pure protein preparations
obtained by Superose 6 chromatography after heat shock and
Ni-NTA chromatography. However, preparations from a single
heat treatment, although of lower specific activity (50
wmol'min~*mg 1), exhibited all the biochemical properties de-
scribed for the purified protein preparation.

Dependence of MJ1226p-ATPase Activity on Detergent—As
for most membrane proteins solubilized in detergent, MJ1226p
requires the inclusion of optimized amounts of detergents or
lipids in the assay medium to be fully functional. In the absence
of DDM added to the assay medium, no ATPase activity could
be measured. This lost of activity was prevented by addition of
different phospholipids in the assay medium. The purified
MJ1226p ATPase showed activities of 70-100 pmol-
min~ mg ! when assayed in the presence of 0.05% asolectin,
phosphatidylethanolamine, or phosphatidylcholine. The effects
of different detergents upon restoring the ATPase activity were
also tested by diluting the purified protein in buffers containing
different detergents at concentrations above their critical mi-
cellar concentration, in replacement of the phospholipids.
Among them, DDM was the most efficient and yielded maximal
ATPase activities of about 150-180 umol'min mg . Other
detergents, including n-octyl-B-p-glucopyranoside, Triton
X-100, lauryldimethylamine oxide, Nonidet, CHAPS, or deoxy-
cholate, were much less active, leading to only 1-8% of the
ATPase activity measured in DDM. Only Zwittergent 2-14
provided intermediate activity (49% of the ATPase activity
measured in DDM).

Dependence of MJ1226p-ATPase Activity on Temperature,
pH, and Monovalent Ions—Fig. 4 showed the dependence of
MJ1226p ATPase activity on temperature. Considering that
under physiological conditions this enzyme operates at very
high temperature, it was not surprising that MJ1226p was
inactive below 40 °C. For temperatures above 40 °C, ATPase
activity increased drastically to reach a maximum specific ac-
tivity at about 95 °C. At this high temperature, ATPases activ-
ities above 150 umol'min~'mg~! could be measured (Fig. 4B).
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Fic. 4. Dependence of MJ1226p ATPase activity on tempera-
ture and pH. Standard ATPase assays were performed using a buffer
containing 200 mM potassium acetate, 6 mm Mg ATP, and 50 mMm
Mes-KOH at the desired pH. A, total ATPase activities of crude mem-
brane fractions (75 pg of protein) of uninduced and induced S. cerevisiae
determined at different temperatures. B, ATPase activities of the pu-
rified MJ1226p determined at different temperatures. C, ATPase activ-
ities of the purified MJ1226p determined at 95 °C and different pH
values (measured at 95 °C).

In the presence of DDM and monovalent salts (see below), the
energy of activation (Ea) for MJ1226p hydrolytic ATPase ac-
tivity, calculated between 40 and 80 °C, was about 75 kdJ/mol.
This value was similar to that obtained with other thermophilic



Characterization of P-type ATPase from M. jannaschii

w
|

N
o

Relative ATPase Activity
N

1.5
1- . - T .
0 50 100 150 200 250 300
K Acetate (mM)
180 -
2 160
Z 140 -
g_"&wo— ﬁg;
= 80 ;II /
> 1oV
< B0+ ‘B’R ’
= fff s (A
g« 9069000
(=9
e /056000505000
0 | B T | B i T T
S 355839488833 383%73
z§zz=§‘§§EE§§§ “
z 2 3

Fic. 5. Dependence of MJ1226p ATPase activity on monova-
lent salts. A, MJ1226p ATPase activities were measured at 95 °C in
the presence of 0.1% DDM and different concentrations of potassium
acetate. The reaction mixture was as under “Materials and Methods.”
The 50 mMm Mes-KOH, pH 5.0 buffer, contained about 25 mm KOH and
the 0.1% DDM contained about 2 mM Na™. The relative stimulation of
1.0 corresponds to 62 umol'min~*mg ! observed in 50 mm Mes-KOH
and no added salt. Similar values were obtained with 50 mm Mes-Tris.
B, MJ1226p ATPase Activities were measured with 50 mM Mes-KOH,
pH 5.0, 0.1% DDM at 95 °C, in the presence of 200 mM of different salts.
The basic ATPase activity, in presence of 50 mm Mes-KOH, 0.1% DDM
but without added salt, is 62 wmol'min~'mg~'.

enzymes (11, 42) and much higher than the 20-30 kdJ/mol
energy of activation generally reported for mesophilic soluble
enzymes (43).

MdJ1226p showed a typical bell-shaped dependence activity
on pH with a maximum activity at pH 4.2 (Fig. 4C). Notewor-
thy, this optimal pH appeared significantly more acidic com-
pared with the S. pombe H"-ATPase (SpPMA1) and to the
A. fulgidus Ag*/Cu*-ATPase whose optimal activities have
been reported at pH 6.0-6.5 (11, 44).

High salt concentration stimulated the ATPase, reaching a
plateau at 200-300 mwm salt (Fig. 5A). This effect appears
rather independent of the cation because NaCl, KCl, RbCl,
NH,C], or LiCl yielded similar ATPase stimulations. On the
other hand, the anion specificity appeared more drastic be-
cause monovalent anions, such as F~ and 17, as well as the
divalent anion SO?~ inhibited ATPase activities as compared
with COO™, C17, Br™, NOg, and gluconate™ (Fig. 5B).

29613
200 -
_E‘ e
T
- M Km = 1.00 mM
- Vmax = 192 pmol.min”.mg’
F =
[~
) 50
%9 2 3 : s 6

MgATP (mM)

Fic. 6. ATP dependence of MJ1226p ATPase activity. ATPase
activity was determined as described under “Materials and Methods”
and MgATP concentration varied as indicated.

Kinetics and Inhibitors of MJ1226p ATPase—The major
nucleotidic substrate of MJ1226p is MgATP. Little activity was
observed for other nucleotides such as ITP, GTP, CTP, UTP, or
ADP (data not shown). Divalent cations, other than magne-
sium, could complex ATP. When the total ATP concentration
was fixed at 6 mMm and the total divalent cation concentrations
at 10 mm of chloride salts, the following order of activity was
observed: cobalt (100%), magnesium (98%), manganese (80%),
nickel (60%), zinc (50%), cadmium (40%), and calcium (15%)
(not shown).

The MgATP hydrolysis followed a simple Michaelis-Menten
relation leading to a K,, of 1.0 mm MgATP and a V. of 192
wmol'min~*mg ! (Fig. 6).

Different ATPases inhibitors were tested. Table II shows
that 1.5 mm NaF, to which P-type ATPases are usually resist-
ant, inhibited 50% of the MdJ1226p ATPase activity. The
MJ1226p ATPase was moderately sensitive to the classical
P-type inhibitor vanadate with an I, of 0.9 mm at pH 4.2. The
low sensitivity to vanadate was largely due to the acid pH used
for the assay, which is known to convert vanadate to non-
inhibitory forms (45). At pH 5.2, the I;, measured for vanadate
was 250 uM. Fluorescein isothiocyanate, which is known to
bind to the lysine residue of the conserved motif KGAP of
P-type ATPases, inhibited up to 50% of the purified MJ1226p
ATPase activity at the low concentration of 75 um. The sulfhy-
dryl reagent, p-chloromercuribenzoate (I5, of 5 um), was a
powerful inhibitor of MJ1226p ATPase activity, whereas N-
ethylmaleimide was much less active.

Stability of MJ1226p ATPase—MdJ1226p ATPase was highly
resistant to chaotropic agents. The presence of 200 mM guani-
dine hydrochloride was stimulatory, whereas 1 M guanidine
hydrochloride inhibited only 50% of the MJ1226p ATPase ac-
tivity. By comparison, the purified S. pombe PMA1 H*-ATPase
was much more sensitive because 50% of its ATPase activity
was inhibited by 200 mm guanidine hydrochloride (Fig. 7).
MJ1226p ATPase activity was also remarkably resistant to
urea because only 50 and 60% inhibition were observed in the
presence of 2.5 and 4.0 M urea, respectively. The S. pombe
PMA1 ATPase was slightly more sensitive to urea because its
ATPase activity was inhibited by 75% in the presence of 4 M
urea. In contrast, the MJ1226p enzyme was inhibited by mod-
erate Me,SO concentrations (I5, of 15%).

The MJ1226p ATPase was extremely stable upon long stor-
age at temperatures ranging from —4 °C to +65 °C. In partic-
ular, similar activities were found after storage of the purified
protein for more than 1 week at +65 °C. On an other hand, the
purified preparation could be frozen at —20 or —80 °C for
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TaABLE II
Inhibitors of MJ1226p ATPase

The abbreviations used are as follows: pCmB, p-chloromercuribenzo-
ate; NEM, N-maleimide; FITC, fluorescein isothiocyanate

Inhibitors Iso
pCMB 5 uM
SDS 0.05%
NaF 1.5 mm
NEM 50 mMm
Vanadate 0.9 mMm
FITC 75 uM
Me,SO 15%

2

-
a

Mj1226p

0.5

Relative ATPase activity

(@]

0 05 1 15 2

Guanidine hydrochloride (M)

Fic. 7. Stability of MJ1226p ATPase activity to guanidine hy-
drochloride. ATPase activity was determined at 95 and 30 °C for
purified MJ1226p and S. pombe PMA1p (SpPMA1p), respectively. Gua-
nidine hydrochloride concentration was varied as indicated.

months and submitted to at least 4 freeze and thaw cycles
without any loss of activity.

MJ1226p Forms a Catalytic Phosphorylated Intermediate—
The purified MJ1226p ATPase was incubated with [y->2P]ATP
at different temperatures and analyzed by gel electrophoresis
(Fig. 8A). A phosphorylated band around 84 kDa was observed,
the intensity of which increased with temperature. For com-
parison, a S. pombe ATPase preparation also showed a phos-
phorylated band at 100 kDa, whose intensity increased from 0
to 30 °C but was not detectable at 65 °C, probably because of
the heat denaturation of this mesophilic enzyme (data not
shown). The radioactivity signals were not due to the unspecific
binding of [7-32P]ATP on the protein because [a-32P]ATP did
not phosphorylate MJ1226p nor SpPMA1 (not shown). Phos-
phorylation of MJ1226p was inhibited by preincubation of the
protein with 1 mm ADP (Fig. 84). Treatment of the phospho-
rylated MJ1226p with either 10 mm cold ATP or with 10 mm
hydroxylamine also reduced the signal to near-background
level (Fig. 8A).

MJ1226p could also be phosphorylated by P; (Fig. 8B). The
phosphorylation level increased with the pH between pH 5.0
and 7.0 (Fig. 8B). Phosphorylation by P; was inhibited by pre-
incubation of MJ1226p with vanadate or by treatment of the
phosphorylated protein with hydroxylamine (Fig. 8B). Addition
of 1 mm MgATP at the end of the assay released fixed P, leading
to a decrease of the phosphorylation level (Fig. 8B). These
properties are those expected for a P-type ATPase.

DISCUSSION

In the last decade, genomic studies of different archaebacte-
ria have brought attention to their membrane proteins. Many
of them were found to be new members of phylogenetic sub-
families containing eucaryotic proteins. The high stability of
archaeal membrane proteins to extreme temperature, pres-
sure, or pH could overcome the experimental bottlenecks often
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Fic. 8. Phosphorylation by ATP or P; of purified MJ1226p. Ten
ug of purified MJ1226p was phosphorylated either by 2 mm [y-*2P]ATP
for 1s (A) or by 5 mM [*?P;] for 10 min (B) at the indicated temperature,
pH, and inhibitor.

encountered for solubilization and purification of their eucary-
otic homologs. Indeed, these steps necessitate long time expo-
sure to detergents, which is often deleterious for many mem-
brane proteins from eucaryotic cells. In addition, the possibility
to overexpress large amounts of stable archaeal membrane
proteins from wild type but also from mutant genes open novel
perspectives for structural studies through crystallization
trials.

We report here on the expression in S. cerevisiaze and on the
large scale purification of a P-type ATPase from the hyperther-
mophilic Archaea M. jannaschii. By using a cloning system
that was shown to be suitable for heterologous expression of
plant and fungi plasma membrane H*-ATPases, we have been
able to express the archaeal MJ1226 gene in the yeast
S. cerevisiae. The drastic purification of MJ1226p by a treat-
ment of the total solubilized extract for 5 min at 95 °C was
particularly convenient, leading to the production of up to 50
mg of a pure and very active protein per liter of yeast culture.
A subsequent Ni-NTA chromatography was also efficient and
increased considerably the ATPase activity of the heat-treated
solubilized MJ1226p. The combination of the heat treatment
and of the Ni-NTA chromatography yielded only one 84-kDa
polypeptide component as detected on silver-stained SDS-
PAGE gels. Finally, a subsequent size-exclusion gel chroma-
tography allowed the production of a highly monodisperse pro-
tein preparation. The complete isolation procedure routinely
yielded 2 mg of more than 95% pure protein per liter of yeast
culture, with specific ATPase activities as high as 180
umol'min~tmg~! at 95 °C. The specific activity of the M. jan-
naschii enzyme expressed in yeast was 700 times higher than
the activity of the Ag™/Cu™-ATPase from A. fulgidus expressed
in bacteria (11). Another striking feature of the purified
MJ1226p was its high stability upon freeze/thawing or long
storage at 4—65 °C and its high resistance to chaotropic agents
such as urea and guanidine hydrochloride. This stability and
high yield of homogenous MJ1226p purified from crude mem-
branes were particularly convenient for biochemical, kinetic,
biophysical, and structural characterizations. Its expression in
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S. cerevisiae and lack of toxicity also enables future studies of
MJ1226p mutants.

Blast analysis of the MJ1226p sequence revealed high sim-
ilarity between membrane proteins from the P-type ATPase
superfamily. These predictions were confirmed by functional
and structural analyses performed on the purified MJ1226p. A
primary characteristic of P-type ATPases is their ability to
form an aspartyl-phosphate catalytic intermediate (as shown
for the yeast (26) and plant (46) H"-ATPases). Here we dem-
onstrated that the archaeal MJ1226p ATPase was able to form
a hydroxylamine-sensitive phosphoenzyme catalytic interme-
diate from radioactive ATP. This phosphorylation was inhib-
ited by addition of ADP and reduced to near-background levels
by addition of cold ATP. The phosphorylation of MJ1226p by
inorganic phosphate, which is a partial reverse step of the
catalytic cycle, was much more active than in fungal proton
ATPases where the catalytic cycle is largely irreversible (47).
We showed both phosphorylation activities operating at 30 °C,
and these activities were much less dependent on high temper-
ature than the MJ1226p ATPase activity, which does not func-
tion at all at 30 °C. This suggests that the correct enzyme
conformation reached at high temperature mostly concerns the
transition of the unphosphorylated E1 state from the dephos-
phorylated E2 state. Besides its capacity to form an aspartyl-
phosphate intermediate, MJ1226p ATPase activity is also in-
hibited by vanadate, which is a characteristic feature of P-type
ATPases. A third argument for MJ1226p belonging to the P-
type ATPase family is the three-dimensional reconstruction of
the detergent-solubilized MdJ1226p deduced from our single
particle analysis by electron microscopy. Although at a 2.5 nm
resolution, the structure of the purified MJ1226p was compat-
ible with the atomic structure of the Ca®>*-ATPase. Other func-
tional properties of MJ1226p were compatible with those found
in other plasma membrane P-type ATPases. The substrate
specificity for MgATP, the K,, and V. values, the inhibition
by fluorescein isothiocyanate, and sulfthydryl reagents com-
pounds were in the same range as those reported for the other
P-type ATPases.

From the highest sequence similarity with plant and yeast
plasma membrane H*-ATPases, MJ1226p had been phyloge-
netically classified in the family of plasma membrane H*-
ATPases (36). However, the phylogenetic link showing 40%
sequence identity with proton-transporting ATPase is not an
overwhelming argument that MJ1226p ATPase transports pro-
tons. Among other credible possibilities, MJ1226p could be a
novel Na* (or K*) transporter. The strong stimulation of
MJ1226p ATPase activity by sodium and potassium monova-
lent salts would be coherent with a sodium pumping function.
A final answer to this question will be given by successful in
vitro experiments, which are currently in progress in our lab-
oratory, to reconstitute proteoliposomes able to maintain a pH
gradient above 65 °C. Whatever the final interpretation, the
presence of a very active putative H" (and/or Na™)-ATPase in
M. jannaschii (and possibly of Thermoplasma acidophilum)
strongly indicates a role for these pumps in the setting of the
proton- or sodium-motive force that should be key elements for
the survival of these Archaea species growing at high salt or
low pH conditions. In this context, evidence for H*- or Na*-
mediated chemiosmotic transduction pathways has been re-
ported in methanogens (48).

We have shown that MJ1226p expressed in S. cerevisiae
retained its thermophilic properties with an optimal activity
above 95 °C, compatible with the growth conditions required
for M. jannaschii in the fumes of undersea volcanoes. This
thermophilic ATPase seems to share similar catalytic mecha-
nisms with their mesophilic P-type ATPase homologs (49). Se-
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quence alignment, amino acid content comparisons, and crystal
structure comparisons indicate that thermostable proteins are
often similar to their mesophilic homologues (49). We could not
observe strong divergence between the amino acid sequence of
MJ1226p and the other plant and fungi H*-ATPases, indicat-
ing that thermostability was probably caused by the accumu-
lation of numerous subtle sequence differences modifying the
intrinsic stabilizing forces of the proteins (e.g. salt bridges,
hydrogen bonds, hydrophobic interactions) (50). In this context,
the resistance to chaotropic agents could also reflect a compact
hydrophobic structure of the enzyme that would be relaxed
only by high temperature to reach its optimal activity.

In conclusion, high amounts of active, homogeneous, and
stable protein has been made available for further biophysical,
structural, and mutagenic studies of the MJ1226p P-type
ATPase expressed in yeast. Whether other thermophilic Ar-
chaea P-type ATPases can be produced in yeast with equal
success is under investigation.
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