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Abstract The Methanocaldococcus jannaschii (formerly Metha-
nococcus jannaschii) protein Mj0968 has been reported to rep-
resent a soluble P-type ATPase [Ogawa et al., FEBS Lett. 471
(2000) 99-102]. In this study, we report that the heterologously
expressed Mj0968-His;¢ protein exhibits high rates of phospha-
tase activity, whereas only very low ATPase activity was mea-
sured. Replacement of the aspartate residue in the DSAGT
motif (D7A), which becomes phosphorylated during the reaction
cycle of P-type ATPases, does not affect the V., but only
the Ky of the reaction. Labeling studies with [y-2P]JATP and
[0-32P]ATP revealed that the previously reported labeling ex-
periments [Ogawa et al., 2000] do not necessarily show phos-
phorylation of Mj0968, but rather point to ATP binding. Bind-
ing studies with trinitrophenyl adenosine nucleotides showed low
apparent K, values for those molecules. These results provide
evidence that the native function of Mj0968 seems to be that of
a phosphatase, rather than that of an ATP-hydrolyzing enzyme.
© 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

P-type ATPases are ubiquitous abundant proteins, catalyz-
ing the membrane transport of charged molecules [2]. The
protein sequence identity between the different members of
the P-type ATPase family is not very high, but they all share
some key motifs, which are highly conserved [3] and which
suggest a similar architecture of all family members. This was
clearly confirmed by elucidation of the structures of the
H*-ATPase, the Na*,K*-ATPase, and the Ca’>*-ATPase [4—
71]. The first high resolution structure of a P-type ATPase, the

*Corresponding author. Fax: (49)-541-96912891.
E-mail address: altendorf@biologie.uni-osnabrueck.de (K. Altendorf).

! Present address: German Cancer Research Center (DKFZ),
Division of Pathochemistry, Im Neuenheimer Feld 280, D-69120
Heidelberg, Germany.

Abbreviations: TNP-ATP (-ADP, -AMP), 2’- (or 3’-)O-(trinitrophe-
nyl)adenosine 5’'-triphosphate (di-, monophosphate); pNPP, p-nitro-
phenyl phosphate; TCA, trichloroacetic acid

Ca>"-ATPase (SERCAla) from rabbit [6,7], provided a de-
tailed picture of how the cytoplasmic loops, i.e. the domains
responsible for ATP hydrolysis and phosphorylation, and the
transmembrane domains may work together. The catalytic
domain, a cytoplasmic loop, of P-type ATPases shares signifi-
cant similarity with other enzymes. Based on this observation,
Aravind et al. [8] proposed the HAD superfamily of enzymes,
named after the L-2 haloacid dehalogenase. Proteins of this
class contain some conserved key amino acids that are struc-
turally organized to form a binding pocket where the hydro-
lytic reaction occurs. It was hypothesized [8] that P-type ATP-
ases evolved by fusion of a HAD phosphatase domain with a
transmembrane protein, thereby forming an ion transport
ATPase. Structural analysis of a HAD phosphatase protein
will therefore provide interesting insights into the nucleotide
binding and the mechanism of catalysis for the whole enzyme
family including P-type ATPases, thereby avoiding the diffi-
culties in structure determination of membrane proteins. In
particular, the use of proteins derived from thermophilic or-
ganisms may be of great advantage for structure determina-
tion, because of the stability of these proteins. A recent exam-
ple is provided by the MreB structure of Thermotoga
maritima, an extremely thermophilic bacterium [9].

The open reading frames (ORFs) Mj0968 of Methanocaldo-
coccus jannaschii and Mt1493 of Methanothermobacter ther-
moautotrophicum were proposed to encode soluble P-type
ATPases, which might represent ancestors of the pro- and
eukaryotic ion-transporting P-type ATPases lacking the mem-
brane domain [8]. Furthermore, the genomes of Methanosar-
cina acetivorans and Methanosarcina matzei revealed similar
ORFs, Ma3999 and Mm0910, respectively. The Mj0968 pro-
tein was overproduced and characterized [1]. The authors ar-
rived at the conclusion that the protein is indeed a P-type
ATPase judged by ATP hydrolysis, ortho-vanadate inhibition
of this activity, and the formation of a phosphointermediate.
In this report we are able to confirm that Mj0968 is present in
the cytosol of M. jannaschii, as found by immunoblot analysis
and immunoprecipitation. However, our results argue in favor
of Mj0968 being a phosphatase, rather than an ATPase.

2. Materials and methods

2.1. Subcloning of the Mj0968 gene and construction of a D7A mutant
of Mjo968

The gene Mj0968 was amplified using the polymerase chain reaction

(PCR) technique from a commercially available pUC18 plasmid har-

boring the AMJEP60 fragment of the M. jannaschii genomic DNA.
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The plasmid was purchased from the American Type Culture Collec-
tion (ATCC). Forward and reverse oligonucleotide primers (5'-
CATATGAAAGTGGCTATAGT-3' and 5'-CTCGAGCTATTAC-
GAACACTCCTTAATTTGC-3") for PCR were designed with Ndel
and Xhol restriction sides, respectively.

The aspartate residue in the 7-DSAGT-11 motif was replaced by an
alanine using a single step PCR. The used forward primer carrying the
altered triplet was 5'-CATATGAAAGTGGCTATAGTGTTTGCC-
AGTGCTGGGACTCTTG-3'. The reverse primer used in this ampli-
fication was the same as above. Oligonucleotide primers were pur-
chased from MWG Biotech (Ebersberg, Germany). The PCR prod-
ucts were cloned into a pUCI8 vector using the Sure Clone Kit
obtained from Amersham-Bioscience (Freiburg, Germany). The li-
gated pUC derivatives were transformed into competent DHS5a. cells
(Invitrogen, Karlsruhe, Germany). Purified pUC18M;j0968 and
pUC18M;j0968-D7A were digested with Ndel and Xhol. The resulting
fragments were ligated into the pET16b vector from Stratagene and
transformed in Epicurian Coli® BL21-Codon Plus®-RIL cells (Stra-
tagene, La Jolla, CA, USA) for expression.

2.2. Heterologous expression in Escherichia coli BL2I1(DE) cells

The constructed pET16bMj0968 and pET16bMj0968-D7A vectors
were transformed using calcium chloride-competent Epicurian Coli®
BL21-Codon Plus™-RIL cells. Transformants were selected on LB
agar plates with chloramphenicol (30 pg/ml) and carbenicillin (50
pug/ml). A single colony was inoculated in liquid rich medium and
finally grown in a 5 1 fermenter at 37°C. After the cells had reached
an optical density at 600 nm of 1.0, expression was induced with | mM
isopropyl-p-p-thiogalactopyranoside. Two hours after induction the
cells were harvested and resuspended in binding buffer (40 mM
Tris-HCI, pH 7.8, 10 mM imidazole, 150 mM NaCl, 1 mg/ml deox-
yribonuclease). The cell suspension was sonicated five times for 1 min
using a sonication probe (micro-tip) and finally passed through a Ribi
cell fractionator. The soluble fraction was obtained by ultracentrifu-
gation for 60 min, 100000X g at 4°C.

2.3. Purification of Mj0968-His;y and Mj0968-D7A-His

The soluble extract from 5 1 induced Epicurian Coli® BL21-Codon
Plus®-RIL cells was heated twice up to 80°C for 20 min. Since M.
Jjannaschii is a thermophilic Archacon with a temperature optimum at
85°C [10] the heterologously expressed Mj0968-His;( was still soluble,
while bacterial proteins denatured. Precipitated proteins were removed
by centrifugation at 10000 X g for 20 min at 20°C. The supernatant
was mixed with 8 ml Ni-NTA slurry obtained from Qiagen (Hilden,
Germany), and incubated for 1 h at 4°C in a batch procedure. To
minimize the amount of contaminating proteins, the Ni-NTA matrix
was overloaded with heat-treated cytosolic extract resulting, however,
in losses of recombinant protein in the flowthrough and in the wash-
ing fractions. Those fractions were again applied to the affinity ma-
trix. Subsequently, the Ni-NTA material was collected by centrifuga-
tion and washed three times with washing buffer (50 mM Tris-HCI,
pH 7.8, 60 mM imidazole, 150 mM NaCl). Elution of protein was
carried out twice in buffer containing 50 mM Tris-HCI, pH 7.8, 1 M
imidazole, 100 mM NaCl. For further analysis the protein was dia-
lyzed against 50 mM HEPES-Tris, pH 7.8, 150 mM NaCl at 25°C.

2.4. Immunoprecipitation

Immunoprecipitation of Mj0968 from M. jannaschii cytosolic ex-
tract was performed with polyclonal antibodies raised in rabbits
against the heterologously expressed Mj0968-His;y protein. For the
preparation of cytosolic extract of M. jannaschii, cells were shock-
frozen in liquid nitrogen and cracked in a nitrogen bath using a
mortar and pestle. The cell powder was resuspended in 50 mM
Tris-HCI, pH 8.0, 5 mM MgCl,, and 1 mg DNase/ml. Unbroken
cells were removed by a low speed centrifugation step using an Ep-
pendorf desk centrifuge at 3000 X g for 10 min at room temperature.
Cytosolic extract and membrane fractions were separated by a high
speed centrifugation step at 140000X g for 30 min at 20°C. 780 ul
cytosolic extract was mixed with 20 ul antiserum and stirred on ice for
2 h. Equilibrated (50 mM Tris—HCI, pH 7.5) protein A-Sepharose CL-
4B (250 pl) (Amersham-Bioscience) was added and incubation was
continued for 1 h. The Sepharose matrix was pelleted and washed
in two volumes of 50 mM Tris-HCI, pH 7.5. Elution of precipitated
proteins from protein A was performed in 50 pl 100 mM citric acid,
pH 2.5.
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2.5. p-Nitrophenyl phosphatase activity

The phosphatase activity of the Mj0968-His;y and the M;j0968-
D7A-Hisy proteins was measured using a microtiter assay (Becton
Dickinson, Franklin Lakes, MD, USA). The total reaction volume
was 100 ul containing 100 mM HEPES-Tris, pH 7.8, 15 mM MgCl,,
and 50 pg/ml protein. After preincubation of the mixture at 85°C for
S min the reaction was started by adding 15 mM p-nitrophenyl phos-
phate (pNPP). The reaction was stopped after 15 min with 100 pl
0.1 M NaOH. The reaction product p-nitrophenolate was immediately
measured in a microtiter plate reader at 410 nm. The reader was
calibrated with a water blank to give the results as true extinction
values. The total amount of released p-nitrophenolate was calculated
with £=18.5x 1073 M~! ecm™'. Kinetic analysis was carried out using
equimolar concentrations of Mg>* and pNPP. Each data point was an
average value of duplicates corrected for an average value of dupli-
cates of non-enzymatic reactions. The effect of inhibitors was mea-
sured after preincubation for 5 min at 37°C.

2.6. ATPase activity

For determination of the low ATPase activities of recombinant
Mj0968-His;y and Mj0968-D7A-His;y, the commercially available
EnzCheck® test from Molecular Probes (Eugene, OR, USA) was ap-
plied. The reactions were performed according to the manufacturer’s
protocol with 50 pg of protein in a single measurement with 1 ml
reaction volume at 22°C. For ATPase measurements at elevated tem-
peratures (37-85°C) the microtiter plate ATPase assay described by
Henkel et al. [11], with modifications given by Altendorf et al. [12],
was applied using 50-100 pg of protein/ml for a single measurement.
ATP autohydrolysis was subtracted from each data point.

2.7. ATP bindinglphosphorylation studies

ATP binding/phosphorylation studies were performed as described
[1] with the following modifications: purified Mj0968-His;y was in-
cubated in 50 mM HEPES-Tris, pH 7.8, 4 mM MgCl, in a total
volume of 30 pl. After 5 min of preincubation at 56°C, [y->>P]ATP
or [o-?P]ATP was added to a final concentration of 0.33 mM. The
reaction was stopped after different time points by addition of 2 vol-
umes chilled 20% trichloroacetic acid (TCA). The denatured proteins
were sedimented by centrifugation at 14000X g for 30 min at room
temperature. The pellet was neutralized using 4 pl of 1 M Tris, re-
suspended in sodium dodecyl sulfate (SDS) sample buffer containing
50 mM B-mercaptoethanol and applied to SDS—polyacrylamide gel
electrophoresis (PAGE) [13]. The resulting gels were dried and ex-
posed to a phosphorscreen for 24 h at room temperature.

2.8. TNP-adenosine nucleotide binding studies

Fluorescent changes upon 2'- (or 3’-)O-trinitrophenyl (TNP)-nucle-
otide binding to M;j0968-His;y were measured at room temperature
using an SLM Aminco 8100 spectrofluorometer (SLM Aminco, Roch-
ester, UK). The excitation wavelength was 408 nm and the emission
was recorded at 545 nm. The reaction was carried out in 1 ml of
20 mM HEPES-Tris, pH 7.8, 0.5 mM MgCl,, and 2.5 ug of enzyme.
The TNP-nucleotides (TNP-ATP, TNP-ADP, TNP-AMP) were ti-
trated from a 1 mM stock solution to obtain concentrations between
0 and 40 pM with a volume increase less than 10%. The measurements
were recorded as time trace experiments. After addition of the TNP-
nucleotide the total fluorescence was recorded for at least 10 s, in
order to determine an average fluorescence. This procedure was
more accurate compared with a single point determination, since the
fluorescence sometimes oscillated in a small range. The data were
plotted after subtraction of the non-enzyme control and standardiza-
tion. The data were fitted using the equation a [TNP-nucleotide]/
b+[TNP-nucleotide] with a representing the maximum fluorescence
change and b being the apparent Ky.

The data plots are usually shown in a range up to 25 uM, since the
total fluorescence decreases at a certain TNP-nucleotide concentra-
tion. This phenomenon is due to quenching effects, which are prob-
ably due to an inner filter effect at higher TNP-nucleotide concentra-
tions.

In order to determine the apparent affinity constants (K4) for ATP,
ADP, and AMP, competition experiments with TNP-nucleotides were
performed. Therefore, the proteins were preincubated with different
concentrations of the desired nucleotide for 5 min at room temper-
ature in 20 mM HEPES-Tris, pH 7.8 and the titration experiments
were performed subsequently as described above. For every nucleotide
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Fig. 1. Purification of the Mj0968-His;o fusion protein. Coomassie blue-stained SDS-PAGE of different purification steps. Lane 1, molecular
standard in kDa; lane 2, whole cell extract; lane 3, cytosolic extract; lanes 4 and 5, supernatant after precipitation of host cell proteins at
80°C; lanes 6-8, washing fractions from metal affinity chromatography; lane 9, fraction from the first elution; lane 10, fraction from the sec-
ond elution; lane 11, purified Mj0968-His;y without B-mercaptoethanol. Arrows point to the monomeric and oligomeric forms of M;j0968-

HiS]O.

concentration, the titration curve was plotted and fitted to determine
the apparent affinity constants, which were then plotted against the
nucleotide concentrations to obtain the Ky value for the given nucle-
otide.

2.9. Assays

The presence of the Mj0968-His|y protein was tested by immuno-
blotting [14] using monoclonal pentahistidine antibodies (Qiagen), ap-
plying the chemoluminescent method according to the manufacturer’s
protocol (Perbio Science, Bonn, Germany). SDS-PAGE analysis was
carried out according to Laemmli [13].

3. Results

3.1. Cloning, expression and purification of the Mj0968-His;y
and Mj0968-D7A-His;y proteins

Heterologous expression of archaeal genes in a bacterial
host like E. coli is often limited by the different codon usage
of these organisms. To circumvent low synthesis of the
M;j0968-His;p and Mj0968-D7A-His o proteins in E. coli, we
used the Epicurian Coli® BL21-Codon Plus®-RIL strain and
the pET16b vector. Cells were grown in a 5 1 fermenter at
37°C with constant aeration, thereby minimizing the forma-
tion of protein aggregates. After cell lysis, the cytosolic extract
was heated twice to 80°C (cf. Fig. 1) for the enrichment of the
archaeal protein. The protein carrying an N-terminal 10 his-
tidinyl fusion was purified using Ni-NTA chromatography
with a protein yield of approximately 40 mg of M;j0968-
Hisjy from 5 I culture medium. SDS-PAGE of the different
purification steps showed a dominant protein band around
36 kDa, which refers to the monomeric Mj0968-His;y protein
(Fig. 1). High molecular weight bands were observed, which
represent oligomers of Mj0968-His;y (as shown by immuno-
blot analysis, data not shown) and which can be reduced
with B-mercaptoethanol to the monomeric form. Small
amounts of degradation products of Mj0968-His;y can also
be seen.

All P-type ATPases contain the well-conserved DKTGT
motif located within the phosphorylation domain, in which
the aspartate residue becomes phosphorylated during the re-
action cycle [19]. To clarify the role of the aspartate residue in
the proposed phosphorylation site of the Mj0968 protein
(7-DSAGT-11), we substituted the aspartate residue by an
alanine residue. The purification procedure for the Mj0968-
D7A-Hisj, protein was identical to that of the wild-type pro-
tein.

3.2. Immunodetection of Mj0968 in M. jannaschii cells

To determine whether the Mj0968 gene is expressed in vivo
in M. jannaschii, polyclonal antibodies were raised against the
M;0968-His;y protein and used for detection. Immunoblot
analysis revealed that the Mj0968 protein was present in the
cytoplasmic extract of M. jannaschii cells. Furthermore,
M;0968 protein could be immunoprecipitated from the cyto-
solic extract providing strong evidence that the Mj0968 gene is
expressed in vivo (Fig. 2). The oligomeric form (148 kDa) was
also observed with the heterologously expressed Mj0968-His;g
in the absence of B-mercaptoethanol (compare Fig. 1, lane
11).

3.3. Kinetic characterization of Mj0968-His;y and
M0968-D7A-HZS‘1()

Ogawa et al. [1] determined an ATPase activity (Vmax 160
nmol Pj/mg/min at 50°C) for the purified Mj0968 protein,
which was at least in part inhibited by the phosphate analog
ortho-vanadate. Surprisingly, the ATPase activity decreased
rapidly above 55°C. Since the growth optimum of M. janna-
schii is around 85°C [10], it was postulated that the protein
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Fig. 2. Immunoprecipitation of Mj0968 from M. jannaschii cytosolic
extract. M. jannaschii cytosolic extract was immunoprecipitated with
polyclonal antibodies against the heterologously expressed Mj0968-
Hisjp. 10 pl of the elution fraction (lane 2) was separated by SDS—
PAGE and Mj0968 was detected by immunoblot analysis. The band
represents oligomers of Mj0968 from M. jannaschii. Lane 1 shows
the protein A-Sepharose CL-4B fraction after elution. The SDS-
PAGE was run under non-reducing conditions. It is assumed that
as in Fig. 1 the presence of P-mercaptoethanol would result in
monomers of Mj0968 being seen on the gel.



34

— °« ®* e
£ *
g

o
S E
g0
3E ——m

-
30 40 50 60
PNPP [mM]
B 1o

— 81
2%
SE 6

(o))
£ E 4
s =
o 9
5E |

0 7 L y - T
25 35 45 55 65 75 85

temperature [°C]

Fig. 3. Phosphatase activity of Mj0968-His;g. A Michaelis—Menten
plot for the pNPP hydrolysis by Mj0968-His;y and Mj0968-D7A-
His;p mutant protein measured at 85°C is shown in A. 15 mM
pNPP and equimolar concentrations of MgCl, were used. The data
were fitted using the Michaelis-Menten equation. The effect of tem-
perature is shown in B. @, Mj0968-His;o; W, Mj0968-D7A-His).

needs a membrane-bound counterpart for maintaining the ac-
tivity at high temperature. In contrast to these findings, we
could only measure a very low ATPase activity of 15 nmol/
mg/min detectable only by using the sensitive EnzCheck®
test from Molecular Probes (data not shown). Since the
EnzCheck® assay is a coupled assay it can only be used at
room temperature (22°C). Ogawa et al. [1] reported an ATP-
ase activity around 60 nmol/mg/min at 25°C, which is com-
parable to the activities reported here. Interestingly, the
M;0968-D7A-Hisy mutant is not affected in its ATPase ac-
tivity (24 nmol/mg/min, data not shown).

However, we were able to determine a high phosphatase
activity measured by the hydrolysis of pNPP. The pNPP hy-
drolysis increased drastically above 55°C (Fig. 3B). A maxi-
mum could not be determined, since the experimental setup
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Fig. 4. TNP-adenosine nucleotide binding to Mj0968-His;o. Fluores-
cence changes of TNP-adenosine nucleotides were measured upon
binding to Mj0968-His;p (2.5 ng). To demonstrate specific binding,
protein denatured with 1% SDS was used as a control. @, TNP-
ATP; m, TNP-ADP; a, TNP-AMP; O, SDS-denatured protein,
TNP-ATP.
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reached its limit at 85°C. The hydrolytic activity follows clas-
sical Michaelis—Menten kinetics (Fig. 3A) with a V. of 10.8
umol/mg/min and a Ky of 2.9 mM. The pNPP hydrolysis was
almost unaffected by ortho-vanadate (only 15% inhibition of
the pNPPase activity was observed at ortho-vanadate concen-
trations of 2 mM), but was dependent on the presence of
Mg?t (data not shown). Interestingly, the Mj0968-D7A-
Hisjo derivative still shows phosphatase activity with a similar
Vinax of 9.5 umol/mg/min, but a drastically increased Ky; of
96.5 mM (note that these values are derived from a calcula-
tion using the Michaelis—Menten equation, based on the data
shown in Fig. 3A).

3.4. TNP-adenosine nucleotide binding to Mj0968-Hisy

The binding of nucleotides to Mj0968-His;y protein was
studied using fluorescent nucleotide analogues, such as
TNP-ATP. Binding constants for these nucleotides were de-
termined by plotting the relative fluorescence changes against
the TNP-nucleotide concentration (Fig. 4). The apparent af-
finities for TNP-ATP and TNP-ADP are approximately
0.4 uM. For TNP-AMP the apparent affinity is around
1.0 uM. To ensure specificity of the TNP-nucleotide binding,
SDS-denatured protein was used as a control.

To determine the correct affinity constants of Mj0968-His)g
for ATP, ADP, and AMP, displacement studies with TNP-
ATP were carried out (Fig. SA). The apparent Ky values were
determined and plotted against the nucleotide concentration
in order to determine the Ky value for the nucleotide which
was used for preincubation. Since these apparent affinity con-
stants fit a straight line when plotted against the nucleotide

100 o o e
o 0
° //" °
éz 80 1 /./
85 /
iz 601 |
<] /
€5 40| / m = % =
s ,/ /./’i .
1/ A ——— A A
20 |/ — >»;:;—‘»‘&;~::*Q;_; —_—Lgff =
////A/
0 - . : .
0 5 10 15 20 25 30
TNP-ATP [uM]
—_ 8+ °
=
£ 6
2
€
o 4+
g .
oy
@ 5
)
=] T T T T T
-1 0 1 2 3 4 5 6
ATP [mM]

Fig. 5. TNP-ATP displacement studies with Mj0968-Hisjo. In order
to determine the affinity constants of adenosine nucleotide binding
to the Mj0968-Hisjy protein (2.5 pg), displacement of TNP-ATP
was measured. The Mj0968-His;y protein (2.5 ng) was preincubated
for 5 min at room temperature with ATP. The protein was then ti-
trated with TNP-ATP (A). The calculated apparent Ky values were
plotted against the nucleotide concentration (B). ®, 0 mM ATP; m,
0.5 mM ATP; a, 2.5 mM ATP; ¢, 5 mM ATP; O, 10 mM ATP.
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Fig. 6. ATP binding to Mj0968-His;y and Mj0968-D7A-His;o. Purified proteins (5 pg) were incubated with either 0.33 mM [y-*?P]JATP or
[0-?P]ATP at 56°C for 5 min (lane 1), for 20 min (lane 2) or for 20 min after preincubation with 10 mM ATP (lane 3). As a control, TCA-
denatured protein was incubated for 20 min (lane 4). The figure shows an autoradiogram of labeled proteins separated by SDS-PAGE.

concentration, the displacement is competitive (Fig. 5B). The
dissociation constant was 0.27 mM for ATP (Fig. 5B), 0.76
mM for ADP, and 17.1 mM for AMP.

3.5. ATP binding to Mj0968-His;y and Mj0968-D7A-His g

In accord with the previously reported results [1], we found
for the wild-type Mj0968-Hiso an increase in the labeling with
temperature (data not shown) and time using [y->?P]JATP (Fig.
6). Interestingly, the M;j0968-D7A-His;y mutant protein
showed similar results (Fig. 6, left panel). To find out whether
ATP might just be trapped in the TCA-denatured protein, we
used [0-3?P]ATP as a control. Surprisingly, we again detected
labeling for both proteins Mj0968-His;p and Mj0968-D7A-
Hisjy (Fig. 6, right panel). The experimental setup described
here does not exclude a covalent modification of M;j0968-
His;p by ATP. Further experiments will reveal whether
Mj0968-His;y might be adenylated or if the TCA precipitation
traps a non-covalently bound nucleotide within the denatured
protein. Binding of ATP to TCA-denatured protein was used
as a control.

4. Discussion

It has been reported recently that M. jannaschii harbors a
soluble P-type ATPase as supported by sequence alignments
[8] and biochemical data [1]. Since the existence of such an
enzyme would have a profound effect on the discussion about
the evolution of P-type ATPases, we set out to investigate the
M;j0968 protein in more detail. First, with the help of poly-
clonal antibodies, we were able to demonstrate that the
M;j0968 protein is present in vivo in M. jannaschii. This result
demonstrates that the corresponding gene is expressed and
that the protein itself will certainly fulfill a function in vivo.
Second, the Mj0968-His|o protein exhibits phosphatase activ-
ity as measured by the hydrolysis of pNPP (Ky=2.9 mM,
Vmax = 10.8 umol/mg/min). The enzymatic activity increased
with temperature up to 85°C, which is in accord with the
growth optimum of M. jannaschii. A similar temperature de-
pendence was recently shown for a membrane-bound P-type
ATPase of M. jannaschii [20]. The purified Mj1226 P-type
ATPase was inactive at 40°C, but the high specific activity,
up to 180 umol/mg/min, was reached at 95°C [20]. Compared
to Mj1226, the reported ATPase activity and temperature de-
pendence of Mj0968 seem to be rather obscure [1]. Further-
more, the Mj0968-D7A-Hiso derivative still exhibits residual
phosphatase activity with a similar Vi, of 9.5 umol/mg/min,

but a drastically increased Ky of 96.5 mM. If Mj0968 was a
P-type ATPase, substitution of the aspartate residue in the
phosphorylation site would result in a complete loss of phos-
phatase and ATPase activity. Therefore, we propose that the
native function of Mj0968 is not that of an ATPase but rather
that of a phosphatase.

The determination of nucleotide binding affinities using
TNP-nucleotides for full-length P-type ATPases [15-
17,21,22] and separately synthesized modules was reported
for several cases [18,23-25]. The K4 value of TNP-ATP for
the Na®,K*-ATPase cytoplasmic loop was 3.2 uM [18], for
the Ca>"-ATPase cytoplasmic loop 1.9 puM [24], for the
H'-ATPase cytoplasmic loop 6.5 uM [23] and 1.89 uM in
the case of the Wilson’s disease protein cytoplasmic loop
[25]. The values obtained for the Mj0968-His;y polypeptide
are comparable to those determined for the P-type ATPase
loops mentioned above.

The specific binding of TNP-nucleotides to Mj0968-His;g
was measured by the competitive displacement using nucleo-
tides. The resulting affinity constant (K4) for ATP was 0.27
mM, for ADP 0.76 mM, and for AMP 17.1 mM, indicating
the specificity of the binding site. Nevertheless, the low hydro-
lytic activity and the decrease of this activity above 55°C [1]
do not argue in favor of an in vivo ATPase activity. Further-
more, Mj0968-His;y does not necessarily form a phosphoin-
termediate. The experiments performed with the M;j0968-
D7A-His;o mutant protein and the use of [0-*2P]JATP lend
support to the notion that the labeling experiments measure
ATP binding, but not the formation of a phosphointermedi-
ate. All these results argue against the notion that Mj0968
represents a soluble P-type ATPase or is part of a kind of
composite ATPase. Rather, the tight ATP binding argues in
favor of a regulatory role for ATP.

That the Mj0968 protein acts together with a membrane-
bound counterpart as an ion transport ATPase is also highly
unlikely, since the membrane part of P-type ATPases is inter-
rupted by two cytoplasmic domains of which only the larger
one is structurally homologous to Mj0968. Therefore, we sug-
gest that Mj0968 is a soluble phosphatase in the M. jannaschii
cytosol.
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