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Abstract MJ0968 has been proposed to be an ancestor of
P-type ATPase, because its primary structure is highly homo-
logous to that of the core catalytic domain of P-type ATPase.
However it completely lacks amino acid sequences that possibly
constitute transmembrane domains. To examine if MJ0968 is
indeed a P-type ATPase, it was overexpressed in Escherichia coli
and purified. It did show ATPase activity, autophosphorylation
and inhibition by vanadate. All these properties support the idea
that MJ0968 is indeed a soluble P-type ATPase.
z 2000 Federation of European Biochemical Societies.
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1. Introduction

P-type ATPases exist from bacteria to mammalian and play
crucial roles in transporting ions and establishing electro-
chemical ion gradients across biological membranes [1^3].
All members of P-type ATPase so far known have the same
overall architecture, with one ATP binding domain and 6^10
transmembrane K-helices forming ion pathways [4]. In spite of
the physiological importance of P-type ATPases and a num-
ber of biochemical studies, little is known as yet about their
structure^function relationships. What kind of conformation-
al changes are involved in ATP hydrolysis? How is the signal
of the ATP hydrolysis transmitted to the transmembrane re-
gion? To answer such questions, high-resolution structures in
di¡erent physiological states are needed. Given the well-
known di¤culty in crystallization of membrane proteins, crys-
tallizing the soluble domain alone will be a viable alternative.
This approach has particular advantages if one aims at crys-
tallization of the enzyme in di¡erent conformations and of
mutants. Though overexpression of the soluble domains of
P-type ATPases has already been performed, crystallization
has been unsuccessful presumably due to problems in the
refolding process of denatured proteins [5,6] or cleavage of
fusion proteins [7].

Methanococcus jannaschii is the ¢rst archaeon whose com-
plete genomic sequences are determined [8]. Many structural
studies have already been performed as a part of `structural
genomics' [9,10]. The MJ0968 gene encodes a sequence of 273
amino acids that is highly homologous to the core catalytic
domain of P-type ATPase [11]. However, unlike authentic
P-type ATPases, MJ0968 has no putative transmembrane do-
mains and must be soluble (Fig. 1).

In order to characterize MJ0968, we expressed MJ0968 in
Escherichia coli and examined if it is a P-type ATPase. We
report here that MJ0968 is indeed a soluble P-type ATPase
and suitable for structural studies.

2. Materials and methods

2.1. Subcloning the MJ0968 gene
The pUC18 plasmids harboring AMJEP60, a genomic fragment

containing the MJ0968 gene were obtained from the American Type
Culture Collection. The coding region of the MJ0968 gene was am-
pli¢ed by polymerase chain reaction (PCR) using 5P-sense oligo-
nucleotide primer containing a restriction site for BamHI (5P-
GCGGATCCATGAAAGTGGCTATA- GTGTTTGAC-3P, the re-
striction site is underlined) and a 3P-reverse complement primer with
XhoI site (5P-CCGGATCCCTCGAGTCAAGAACACTCCTTAAT-
TTGCATTC-3P). The PCR product was digested with BamHI and
XhoI, ligated into the vector pGEX-6P-3 (A GST fusion vector with
the recognition site for PreScission Protease (PsP), Amersham Phar-
macia), cut with the same restriction enzymes and transformed into
E. coli DH5K for DNA sequencing and BL21 for DNA expression.

2.2. Overexpression of MJ0968 in E. coli
The transformed BL21 was grown in 2UTY medium with 50 Wg/ml

of ampicillin at 37³C until the optical density at 600 nm reached 0.9.
The incubating temperature was then reduced to 20³C and the pro-
duction of the recombinant protein was induced by the addition of
isopropyl L-D-thiogalactopyranoside (IPTG) at a ¢nal concentration
of 0.5 mM. The lower temperature (20³C) after induction was e¡ective
in keeping MJ0968 in the soluble fraction. The cells were harvested
24 h later by centrifugation and stored at 380³C until needed.

2.3. Puri¢cation of MJ0968
Frozen cells (from 2 l of culture) were thawed and resuspended in

100 ml of bu¡er A (20 mM MOPS, pH 7.0, containing 1 mM EDTA,
and 60 Wg/ml lysozyme) and incubated for 1 h at 4³C. The cells were
broken by mild sonication (30 s on and 2 min o¡ for three times,
using Tomy ultrasonic disrupter UD-200) and the supernatant was
separated from cell debris by ultracentrifugation (150 000Ug for
1 h). The supernatant was mixed with 10 ml of Glutathione-Sepharose
4B (Amersham Pharmacia) previously equilibrated with bu¡er B
(20 mM MOPS, pH 7.0, containing 100 mM NaCl) for 1 h. Then
they were packed into a column (1.5 cm diameterU10 cm length). The
column was washed with ¢ve volumes of bu¡er B and further with
¢ve volumes of bu¡er C (50 mM MOPS, pH 7.0, containing 150 mM
NaCl, 1 mM EDTA, and 1 mM DTT). Five ml of cleavage bu¡er
(bu¡er C containing 200 units of PsP) was then added to the column
and left to stand for 12 h at 4³C. The eluate with bu¡er C was
collected as 2.5 ml fractions. Fractions were analyzed by SDS^
PAGE and those containing MJ0968 were pooled and concentrated
by ultra¢ltration (Amicon, Centriprep YM10). Protein concentration
was determined by the BCA method (Pierce) with BSA as the stan-
dard.

2.4. ATPase assay of MJ0968
The ATPase activity of MJ0968 was measured in two di¡erent

ways. To examine the e¡ect of temperature and orthovanadate, liber-
ated Pi from ATP was measured. Puri¢ed MJ0968 (10 Wg) was left to
react in a 100 Wl reaction mixture I (50 mM HEPES, pH 7.4, con-
taining 50 mM NaCl, 4 mM MgCl2, and 2 mM ATP). The reaction
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was started at each temperature (25, 37, 50, 60, 70³C) by the addition
of reaction mixture I, and aliquots were taken at every 10 min for 60
min and put into ice for termination of the reaction. Inorganic phos-
phate in the reaction mixture was measured enzymatically with Iatro^
Chrom Pi^S (Iatron Lab.). To evaluate the Km value, the coupled
enzyme method [12] was used with slight modi¢cations. Puri¢ed
MJ0968 (10 Wg) was incubated in 800 Wl of reaction mixture II (50
mM HEPES, pH 7.4, containing 50 mM NaCl, 4 mM MgCl2, 0.2 mM
NADH, 0.5 mM phospho-enol-pyruvate, 18 units lactic dehydrogen-
ase, 24 units pyruvate kinase, and 0.4 WM to 2 mM ATP) at 37³C.
The decrease of optical density at 340 nm was continuously monitored
to measure the ATPase activity. In either method, spontaneous hy-
drolysis of ATP was always measured for compensation.

2.5. Autoradiography of MJ0968
Puri¢ed MJ0968 (5 Wg) was reacted in 30 Wl of a solution containing

50 mM HEPES, pH 7.4, 50 mM NaCl, 4 mM MgCl2, and 0.1 mM
[Q-32P]ATP at 25, 37, and 50³C. The reaction was stopped by mixing
two volumes of chilled 20% (w/v) trichloroacetic acid solution con-
taining 50 mM HEPES, pH 7.4. The acid-denatured proteins were
sedimented by centrifugation for 30 min at 15 000Ug at 4³C. The
pH of the pellet was neutralized by the addition of 1 Wl of 1 M
Tris-base and then suspended in SDS^PAGE sample bu¡er. The sus-
pended pellets were subjected to SDS^PAGE (12%) for 2 h. After
electrophoresis, the gel was ¢xed in 45% methanol and 10% acetic
acid for 10 min and then dried. X-ray ¢lm was exposed to the dried
gel for 2 days.

3. Results

3.1. Subcloning, expression, and puri¢cation of MJ0968
The MJ0968 gene from AMJEP60 was subcloned and in-

serted into pGEX-6P-3 immediate downstream of the PsP
cleavage site. Expression of MJ0968 in E. coli BL21 resulted
in the appearance of a new band on an SDS gel (Fig. 2). The
puri¢cation scheme outlined in the previous section yielded
V3 mg of MJ0968 from 2 l of culture. The puri¢ed protein
formed a single band of 30 kDa Mr on an SDS gel, in agree-
ment with the predicted value of 30.7 kDa from the DNA
sequence (Fig. 2).

3.2. Kinetic characterization of MJ0968
MJ0968 has been proposed as a homologue of the P-type

ATPase by sequence alignment (Fig. 1) [11]. As a preliminary
characterization, its ATPase and GTPase activities were mea-
sured at 37³C. With 2 mM of substrate in the presence of
4 mM MgCl2, the ATPase activity was 0.13 Wmol Pi/min/mg
of protein and the GTPase activity was V60% of ATPase

Fig. 1. Architecture of MJ0968. A: Multiple alignment of the P-type ATPases and MJ0968. MJ0968 is highly homologous to the core catalytic
domains of P-type ATPases. The abbreviations are: MJ0968_Mj, MJ0968 from M. jannaschii ; ATZN_Ec, Zn2�-ATPase from E. coli ;
ATCB_Rb, SR Ca2�-ATPase from rabbit; ATN1_Hs, Na�,K�-ATPase K1 subunit from Homo sapiens ; AT7B_Hs, Cu2�-ATPase 2 (Wilson dis-
ease associated protein) from Homo sapiens. SWISS-PROT or GenPept accession codes are listed in the rightmost column. Conserved amino
acid residues are shaded. The marked residues (*) are thought to be critical for catalytic activity [11]. B: Schematic diagram for the topology
of the P-type ATPase. Shaded region represents the core catalytic domain; MJ0968 consists of this region only. The circle indicates the residue
of phosphorylation (D8 in MJ0968). The numbers indicate those of inserted amino acid residues.

Fig. 2. Puri¢cation of MJ0968. SDS^PAGE of fractions obtained in
various stages of puri¢cation. Coomassie Blue staining. Lane 1:
Molecular mass standards (the molecular masses are indicated in
kDa); lane 2, crude extract; lane 3 and 4, membrane and cytoplas-
mic fractions, respectively, derived from the crude extract; lane 5,
eluate after PsP digestion; lane 6, eluate with glutathione solution.
Arrowheads indicate uncleaved GST-MJ0968 fusion protein (a),
MJ0968 (b), and GST (c).
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activity, typical to P-type ATPases. Mg2� was required for the
ATPase activity, showing that Mg2�^ATP is the substrate.
Ca2� could substitute Mg2� only partially, resulting in lower
(V50%) activity under the same conditions. There was no
dependence found on Na� or K�.

As the next step, we examined the temperature dependence
considering its thermophilic origin (Fig. 3). MJ0968 showed
maximum activity (0.16 Wmol of released Pi/min/mg of pro-
tein) at 50³C, but only little at 70³C.

The Michaelis constant (Km) and Vmax at 37³C were calcu-
lated from the Eadie^Hofstee plot (Fig. 4). As seen in Fig. 4,
the plot could be ¢tted by two straight lines intersecting at
V120 WM ATP. The apparent Km values obtained were 11.4
WM (lower ATP concentration) and 81.7 WM (higher ATP
concentration). Such dependence on the ATP concentration
was also found with other P-type ATPases (for example, Km

of 3.3 WM and 181 WM were reported for Na�,K�-ATPase)

[13]. The obtained number for Vmax was 0.13 (Wmol Pi/min/mg
of protein), which yields a turnover rate of 4 per min.

Orthovanadate is a common inhibitor to P-type ATPases
[14], and certainly inhibited the activity of MJ0968 (Fig. 5).
Although the enzyme showed 50% activity even at 4 mM, this
is again consistent with observations obtained with Ca2�-
ATPase (V50% activity at 4 mM orthovanadate [15]).

3.3. Autoradiography of MJ0968
P-type ATPases form phosphorylated intermediates during

their reaction cycle [16]. We tried to detect a phosphorylated
state of MJ0968 by autoradiography. Clear bands were ob-
served at V30 kDa molecular weight as expected (Fig. 6).
Consistent with the higher activity at higher temperatures,
the bands appeared denser at higher temperatures.

Fig. 3. E¡ect of temperature on ATPase activity of MJ0968. ATP-
ase activity of puri¢ed MJ0968 at various temperatures (25, 37, 50,
60, 70³C). Each point shows the mean value of three experiments.

Fig. 4. Eadie^Hofstee plot for ATPase activity of MJ0968. The
steady state rate of ATP hydrolysis at 37³C for various ATP con-
centrations. The ATPase activity was measured using an enzyme
coupled assay. The apparent Michaelis constants (Km) obtained
with two approximating lines were 11.4 WM (lower ATP concentra-
tion) and 81.7 WM (higher ATP concentration). Each point repre-
sents the average of three experiments.

Fig. 6. Autoradiography of MJ0968. Puri¢ed MJ0968 (5 Wg) incu-
bated with 0.1 mM [Q-32P]ATP at various temperature (25, 37,
50³C) were subjected to autoradiography as described in Section 2.
Lane 1: molecular mass standards (numbers in kDa); lane 2, 25³C;
lane 3, 37³C; lane 4, 50³C. The arrowhead indicates the expected
position of MJ0968.

Fig. 5. Inhibition of ATPase activity of MJ0968 by orthovanadate.
The ATPase activity of MJ0968 at 37³C in the presence of orthova-
nadate was determined by measuring liberated Pi for 60 min after
10 min of pre-incubation. Each point represents the average of three
experiments.
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4. Discussion

In this study we have shown that (i) MJ0968 possesses
ATPase activity, (ii) it forms phosphorylated intermediates
in its catalytic cycle, (iii) the ATPase activity is partially in-
hibited by orthovanadate, and (iv) its Km values (11.4 and
81.7 WM) are appropriate for a P-type ATPase. These ¢ndings
corroborate the idea that MJ0968 is a unique P-type ATPase
that has no transmembrane domains.

Several reports described the overexpression of soluble do-
mains of P-type ATPases in E. coli [5^7]. Though they have
demonstrated the binding of nucleotides, they have not appar-
ently succeeded in obtaining large amounts of fully active
enzymes. On the other hand, MJ0968 is a soluble P-type ATP-
ase by itself ; this must be a great advantage for crystallization
and mutational analysis. We have already succeeded in pro-
ducing functional MJ0968 in E. coli, and in obtaining large
quantities of pure soluble protein (1.5 mg from 1 l culture).

Though M. jannaschii lives at high temperature (the opti-
mum temperature is 85³C), MJ0968 showed little ATPase ac-
tivity at 70³C or above. Also the turnover rate was very low
(less than 1/100 of that for Ca2�-ATPases). One possible ex-
planation for this fact is that MJ0968 needs partners for full
activity and stability. It certainly lacks the N-terminal soluble
domain (so called `L-strand' domain) that constitutes V20%
of the soluble domain of P-type ATPases (Fig. 1). It is also
likely that there exists a separate transmembrane partner. For
example, ABC transporters contain four structural domains:
two nucleotide-binding and two transmembrane domains [17].
In eukaryotes these four domains are generally fused into a
single polypeptide chain, whereas, in prokaryotes, they tend to
form separate subunits that are assembled into a membrane-
bound complex [17]. Thus it is tempting to hypothesize that
MJ0968 is a primeval P-type ATPase: with unknown part-
ners, it may work as an ion pump in M. jannaschii.
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