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Background: Spf1 belongs to the least characterized group of P5-ATPases.
Results: GFP-Spf1 hydrolyzes ATP and forms a phosphoenzyme that rapidly decays in the presence of ADP.
Conclusion: The Spf1 performs well the E1 steps of the reaction cycle, but progression to the E2 forms is slow.
Significance: The study extends the understanding of the catalytic mechanism of P5-ATPases.

The P5-ATPases are important components of eukaryotic
cells. They have been shown to influence protein biogenesis,
folding, and transport. The knowledge of their biochemical
properties is, however, limited, and the transported ions are still
unknown. We expressed in Saccharomyces cerevisiae the yeast
Spf1 P5A-ATPase containing the GFP fused at the N-terminal
end. The GFP-Spf1 protein was localized in the yeast endoplas-
mic reticulum. Purified preparations of GFP-Spf1 hydrolyzed
ATP at a rate of �0.3–1 �mol of Pi/mg/min and formed a phos-
phoenzyme in a simple reaction medium containing no added
metal ions except Mg2�. No significant differences were found
between the ATPase activity of GFP-Spf1 and recombinant
Spf1. Omission of protease inhibitors from the purification buf-
fers resulted in a high level of endogenous proteolysis at the
C-terminal portion of the GFP-Spf1 molecule that abolished
phosphoenzyme formation. The Mg2� dependence of the GFP-
Spf1ATPasewas similar to that of otherP-ATPaseswhereMg2�

acts as a cofactor. The addition ofMn2� to the reactionmedium
decreased the ATPase activity. The enzymemanifested optimal
activity at a near neutral pH. When chased by the addition of
cold ATP, 90% of the phosphoenzyme remained stable after 5 s.
In contrast, the phosphoenzyme rapidly decayed to less than
20% when chased for 3 s by the addition of ADP. The greater
effect of ADP accelerating the disappearance of EP suggests that
GFP-Spf1 accumulated the E1�P phosphoenzyme. This behav-
ior may reflect a limiting countertransported substrate needed
to promote turnover or a missing regulatory factor.

The family of ion transporters known as P-type ATPases
comprises a large group of enzymes that couple active ion
transport with the hydrolysis of ATP (1). The best known
P-ATPases include the Ca2�-ATPase from sarcoendoplasmic
reticulum and the Na�-K�-ATPase (2, 3). During ion trans-

port, these enzymes cycle between two major conformations
E1-E2 and become transiently phosphorylated at a catalytic
aspartate residue. A similar transport mechanism is believed to
apply essentially to all P-ATPases. Binding of the transported
ion to the E1 form leads to the assembly of the phosphorylation
site between the ATP-bound N domain and the P domain,
whereas the A domain directs the occlusion of the bound ion.
Phosphorylation produces the E1�P phosphoenzyme and lib-
erates ADP. In the transition from the E1�P to the E2P form,
the A domain associates with the N-P complex and opens the
exit site of the occluded ion. The P domain is then dephosphor-
ylated by theAdomain, and the cycle completeswhen the phos-
phate is released from the enzyme. During this last stage, some
ATPases bind a second ion that is countertransported and
released when upon returning to the E1 form.

According to the conservation of the amino acid sequence,
the P-ATPases can be subdivided in five subfamilies (4). The
subfamily P5 includes a group of related enzymes that have
been found only in eukaryotes and whose ion specificity is not
yet known. Further refinement of the sequence analysis had led
to the division of the P5-ATPases in subgroups A and B (5).
In humans, five genes code for P5-ATPases (6). Mutations in

P5B-ATPases ATP13A2 and ATP13A4 have been linked to
neurological diseases like hereditary parkinsonism and autism
spectrum disorder (7, 8). The yeast Saccharomyces cerevisiae
contains two genes coding for P5-ATPases, YEL031W coding
for P5A-ATPase called Spf12 or Cod1, and YOR291W coding
for P5B-ATPase called Ypk9.
The biochemical properties of the P5-ATPases aremuch less

known than those of othermembers of the P-type ATPase fam-
ily (9). Here we have expressed and characterized a GFP-tagged
yeast Spf1 P5A-ATPase in S. cerevisiae.We found that the puri-
fied fusion protein was able to hydrolyze ATP and to form a
phosphoenzyme. These activities required onlyMg2� asmetal-
lic cofactor. The decomposition of the intermediate phospho-
enzyme was highly sensitive to ADP, indicating that most of it
was E1�P.
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EXPERIMENTAL PROCEDURES

Chemicals—Polyoxyethylene-10-laurylether (C12E10), L-�-
phosphatidylcholine type XVI-E Sigma from fresh egg yolk,
brain extract type I Folch fraction I from bovine brain contain-
ing �10% phosphatidylinositol, 50% phosphatidylserine, and
other lipids, ATP (disodium salt, vanadium-free), SDS, yeast
synthetic drop-out medium supplement without leucine, yeast
nitrogen base without amino acids, dextrose, enzymes, and
cofactors for the synthesis of [�-32P]ATP, and all other chemi-
cals were obtained from Sigma. Tryptone and yeast extract
were fromDifco. [�-32P]ATPwas provided by PerkinElmer Life
Sciences. Salts and reagents were of analytical reagent grade.
Yeast Strains, Transformation, and Growth Media—

S. cerevisiae strain DBY 2062 (MAT� his4-619 leu2-3,112) (10)
was used for expression. Yeast cells were transformed with the
pMP625 vector containing a Leu� marker and the promoter of
plasmamembraneH�-ATPase from S. cerevisiae. For transfor-
mation with the plasmid construct, a lithium acetate/polyeth-
ylene glycol method was utilized (11). The cells were grown in
complete medium (0.75% yeast extract, 1.13% tryptone, 2.2%
dextrose), and transformants were selected for their ability to
grow in the absence of leucine on plates containing 6.7% yeast-
nitrogen base without amino acids (YNB), 0.67% complete sup-
plementedmediumminus Leu (Leu�), 2.2% dextrose, and 1.5%
agar.
Membrane Isolation and Purification of GFP-Spf1—Total

membranes from four liters of yeasts expressing the GFP-Spf1
protein were obtained as previously described (12, 13). The
microsomal membranes (�200 mg of microsomal protein)
were suspended in a purification buffer containing 20 mM

MOPS-K (pH 7.4 at 4 °C), 20% glycerol, 130 mM KCl, 1 mM

MgCl2, 2 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluo-
ride; homogenized in a glass homogenizer; and solubilized at
4 °C for 15 min by adding 2 g of C12E10/g of total membrane
protein. The final volume of solubilization was adjusted to keep
constant the concentration of detergent at 0.5% and 10 mM

imidazole. The supernatant was loaded onto a 2-ml nickel-ni-
trilotriacetic acid-agarose column (Qiagen) andwashedwith 30
column volumes of purification buffer containing 0.05%C12E10
and 50 mM imidazole. Finally the protein was eluted in purifi-
cation buffer containing 0.005% C12E10 and 75 mM imidazole.
The eluate fractions of higher protein content were pooled,
aliquoted, and kept in liquid N2.
Protein Assay—The protein concentration was initially esti-

mated by the method of Bradford (14) and then corrected
according to the intensity of the bands after SDS-PAGE on an
8% acrylamide gel according to Laemmli (15) and Coomassie
Blue staining, using bovine serum albumin as a standard.
ATPase Activity—The ATPase activity was estimated from

the release of 32P from [�-32P]ATP at 37 °C (16) in a final vol-
ume of 0.3 ml of ATPase medium containing, 20 mM Hepes-K
(pH 7.4 at 37 °C), 100 mM KCl, 5 mMN3Na, 5 mMMgCl2, 3 mM

ATP, and 2 �g of GFP-Spf1 in 15–100 �l of elution buffer. In
some experiments, the ATPase medium also contained 0.5 mM

EGTA and no KCl. Where the indicated lipids were added to
the purified GFP-Spf1 protein, the suspension was thoroughly
mixed and preincubated for at least 5 min on ice before being

added to theATPase reactionmedium.ATP andADP solutions
were prepared from the disodium salts and neutralized at pH
7.1. The reaction was initiated by the addition of GFP-Spf1 and
terminated by acid denaturation. To assure that the total ATP
hydrolysis was lower than 20%, the reaction time was varied
between 5 and 10 min, depending on the activity of the sample
and the ATP concentration in the medium.
Phosphorylation ofGFP-Spf1—Approximately 2.5�g of puri-

fied GFP-Spf1 was phosphorylated at 4 or 37 °C in 0.25 ml of
reaction buffer containing 50mMTris-HCl (pH 7.6) andMgCl2
to give a concentration of 2 mM free Mg2�. The reaction was
started by the addition of 30 �M [�32P]ATP and was stopped
after 60 swith 10% ice-cold trichloroacetic acid. After adding 10
�g of bovine serum albumin, the denatured proteins were col-
lected by centrifugation at 20,000 � g for 10 min, washed once
with 5% trichloroacetic acid and 150mMNaH2PO4, andwashed
once more with distilled water. The precipitated protein was
suspended in sample buffer and separated by acidic SDS-PAGE.
The gels were dried, and the radioactivity was detected using a
Storm Molecular Image System. The dephosphorylation was
initiated by the addition of 23 mM of cold ATP-Mg or ADP-Mg
and continued for 3 or 5 s on ice before the addition of 10%
ice-cold trichloroacetic acid.

RESULTS

Expression and Purification of GFP-Spf1—The cDNA coding
for either N-terminal poly-His- or poly His-GFP-tagged Spf1
were cloned into the pMP625 vector for expression in S. cerevi-
siae cells (Fig. 1). We determined the localization of the GFP-
Spf1 by confocal fluorescence microscopy. The observed fluo-
rescence of GFP-Spf1 was typical for ER localization with a ring
around the nucleous and additional peripheral staining. The
distribution of GFP-Spf1 overlapped with that of Cherry fatty
acid elongase, ELO3, a protein of the ERmembrane. The local-
ization of GFP-Spf1 is in agreement with the ER localization of
Spf1 reported previously (9).
Yeast microsomes were solubilized with detergent C12E10,

and GFP-Spf1 was purified by standard metal affinity chroma-
tography. With the aim of preserving the functional properties
of GFP-Spf1, the amount of detergent used for solubilizing the
membranes was kept at minimum and in the same range of
concentration as that used for purification of other recombi-
nant P-ATPases (12, 13). Analysis by SDS-PAGE of the purified
sample revealed the presence of a fluorescent polypeptide with
the expected migration according to the predicted size of GFP-
Spf1 (�160 kDa) (Fig. 1B). Interestingly, the omission of prote-
ase inhibitors during the purification procedure led to the
appearance of several smaller fragments that presumably arose
by the action of the yeast proteases (Fig. 1D). Because themajor
proteolytic fragmentswere still recovered after purification and
exhibited fluorescence, they still retained the poly-His tag-GFP
portion of themolecule, and hence proteolysismust have short-
ened the molecule from the C-terminal end.
ATP Hydrolysis by the Purified GFP-Spf1—The functional

state of the purified GFP-Spf1 was tested by measuring its abil-
ity to catalyze hydrolysis of ATP (Fig. 2A). TheGFP-Spf1 exhib-
ited an ATPase activity that, depending on the purification
experiment, was between 0.3 and 1.2 �mol of Pi/mg/min. This
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value of ATPase activity is somewhat higher than that reported
previously for Spf1 (9). Although the fusion ofGFP to theN-ter-
minal end of other P-ATPases has been reported to have min-
imal functional consequences (12, 17), its effects on the Spf1
enzyme are not known. To this end, Spf1 was expressed and
purified, and its ATPase activity was compared with that of
GFP-Spf1. We found that both proteins had similar ATPase
activity, suggesting that the presence of GFP at N-terminal end
did not impair the function of Spf1 (not shown).
The ATPase activity of GFP-Spf1 was approximately the

samewhen the purified proteinwas either inmicelles of C12E10,
C12E10 plus PC, or C12E10 plus a mixture of brain acidic phos-
pholipids (brain extract), which has been shown to be a potent
activator of the plasma membrane Ca2� pump (13).
Previous studies of other recombinant P-ATPases purified

from yeasts have reported the presence of contaminating
ATPase activities (18). To establish that ATP was specifically
hydrolyzed by GFP-Spf1, a mutant GFP-Spf1 in which the cat-
alytic residue Asp487 was substituted by Asn was prepared and
purified following the same purification protocol as for the
wild-type GFP-Spf1. The GFP-Spf1 D487N mutant had only
marginal ATPase, indicating that most of the ATP hydrolytic
activity of the purified sample was due to GFP-Spf1. The stand-
ard medium used for the purification of the protein and the
ATPase measurements contained KCl. In the absence of added
KCl, the ATPase activity of GFP-Spf1 decreased �40%. This

effect is similar to the activating effect of alkali metal ions on
other P-ATPases (19) and probably is not due to the transport
specificity of Spf1.
It was previously suggested that Spf1 could be a Ca2� trans-

porter involved in the regulation of Ca� concentration in the
yeast endoplasmic reticulum (9). However, we found that the
addition to the reaction medium of either CaCl2 to obtain 10
�M free Ca2� or 0.5 mM EGTA did not change the ATPase
activity of GFP-SPf1.
The effect of lipids was further investigated following a dif-

ferent protocol in which the purified GFP-SPf1 enzyme was
supplemented with a mixture of PC/PS/C12E10, and then the
detergentwas removed by treatmentwith biobeads. The results
in Fig. 2B show that as the relative abundance of PS increased,
the ATPase activity of GFP-Spf1 slightly increased �1.7-fold.

FIGURE 1. A, alignment of the N-terminal amino acid sequence of the Spf1
protein (Spf1 native), the recombinant Spf1 9�His-HA-tagged as used in Ref.
9 (Spf1 H), and recombinant Spf1 fused to GFP (GFP-Spf1). B, confocal micros-
copy of yeasts expressing Cherry-ELO3 and GFP-Spf1. Yeast cells expressing a
chromosome-integrated Cherry-ELO3 were transfected with pMP625-GFP-
Spf1. Fluorescence images of Cherry (left panel), GFP (center panel), and
merged (right panel) are shown. C, purification of GFP-Spf1. Different
amounts of GFP-Spf1 protein purified by Ni2�-NTA chromatography as
described under “Experimental Procedures” were loaded onto an 8% SDS-
PAGE and stained with Coomassie Blue. On the left part of the gel, increasing
amounts of BSA corresponding to 0.12, 0.24, 0.36, and 0.48 �g of protein were
loaded for estimating the concentration of GFP-Spf1 protein. On the right,
increasing volumes of purified GFP-Spf1 were loaded. The estimated
amounts of GFP-Spf1 protein corresponded to 0.8, 0.15, 0.24, and 0.30 �g of
protein. D, endogenous proteolysis of GFP-Spf1; SDS-PAGE of purified as in
C, except for the lack of protease inhibitor during the purification protocol.
Lane M, marker; lane C, Coomassie Blue staining; lane F, green fluorescence. FIGURE 2. A, ATPase activity of purified GFP-Spf1 (WT) and GFP-Spf1 contain-

ing the mutation D487N. The purified proteins (�2 �g) in elution buffer were
incubated with 3 mM ATP for 10 min at 37 °C. The purified proteins were either
not supplemented (-PL) or supplemented with 85 �g of C12E10 and 43 �g of
phosphatidylcholine (PC) or acidic lipids extracted from bovine brain extract
(BE). The activity was also measured in the absence of added KCl (-K) and in the
presence of 0.5 mM EGTA and 10 �M free Ca2�. B, ATPase activity of purified
GFP-Spf1 reconstituted in PC or mixtures of PS/PC at increasing concentra-
tions of PS. 1 �g of GFP-Spf1 (10 �l in elution buffer) was supplemented with
85 �g of C12E10 and 43 �g of PC or a mixture of PC/PS. The detergent/protein/
phospholipid mixture was kept for 5 min under gentle stirring, and then the
detergent was removed by adding 0.25 g of prewashed wet Bio-Beads SM-2
(Bio-Rad). The mixture was stirred at room temperature for 30 min, and the
Bio-Beads were separated by filtration. The activity was measured as indi-
cated under “Experimental Procedures.”
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Dependence of the GFP-Spf1 ATPase Activity with ATP—P-
ATPases usually display a complex dependence with ATP, hav-
ing a high affinity catalytic site and a lower affinity regulatory
site (20, 21).However, in a previous study theATPase activity of
Spf1 was shown to increase with ATP along a hyperbolic curve
that reached saturation at �50 �M ATP (9). We examined the
effect of an extended range of ATP concentrations on the
ATPase activity of GFP-Spf1 (Fig. 3). The maximal activity was
reached at mM concentrations of ATP, and the best fit to the
experimental points was obtained by fitting a double reciprocal
equation indicating the presence of a high affinity catalytic site
of Km1 �3 �M and a modulatory site of Km2 �280 �M for ATP.
Dependence of GFP-Spf1 ATPase with the Concentration of

Mg2�, Mn2�, and H�—A characteristic of all ion transporting
P-type ATPases is the stimulation of their ATPase activity by
the presence of the transported ionic substrates. Because it has
been previously observed that Mg2� stimulates the ATPase
activity of Spf1, it was suggested that Mg2� might be trans-
ported by Spf1 (9). Fig. 4A shows the ATPase activity of GFP-
Spf1measured at 3mMATP-Mg and increasing concentrations
of free Mg2�. In these conditions, the GFP-Spf1 activity
increased with the concentration of Mg2� along a hyperbolic
curve that reached half-maximal activity at 45 �M Mg2�. This
dependence of the GFP-Spf1 ATPase with Mg2� is similar to
that of other P-ATPases where Mg2� acts as cofactor. A recent
study has shown that the humanP5B-ATPaseATP13A2 plays a
role in regulating the intracellular manganese concentration
(22). Fig. 4B shows that increasing the concentration of manga-
nese in the reactionmedium from 0 to 250�M decreased�40%
in the ATPase activity of GFP-Spf1. The dependence of the
GFP-Spf1 ATPase with the H� concentration was also exam-
ined. As shown in Fig. 4C, the maximal activity was reached at
near neutral pH.

Expression, Purification, and ATPase Activity of GFP-Spf1
Purified from Yeast Cells Lacking the Endogenous Spf1—It has
been shown that yeast cells lacking the endogenous Spf1 are
hypersensitive to lovastatin (9). However, transforming the
cells with a plasmid expressing Spf1 sufficed for restoring wild-
type sensitivity. This result indicates that in �Spf1 cells, either
the Spf1 by itself or by interacting with other endogenous com-
ponents is able to complement the �Spf1 phenotype. To inves-
tigate whether the lack of the endogenous Spf1 changes the
functional properties of the recombinant GFP-Spf1 protein,
GFP-Spf1 was purified from �Spf1 yeasts. No differences were
detected in the ATPase activity of the GFP-Spf1 purified either
from �Spf1 or wild-type yeasts (not shown).
Formation and Decay of the Phosphoenzyme Intermediate—

P-type ATPases react with ATP to form a phosphoenzyme in a
reaction that is greatly stimulated by the presence of the trans-
ported ion. Purified GFP-Spf1 in elution buffer was incubated
at 4 °C for 1 min with 30 �� [�-32P]ATP and 2 mM MgCl2. As
shown in Fig. 5A, a strong radioactive band corresponding to
the GFP-Spf1 phosphoenzyme was detected. When the phos-
phorylation medium was supplemented with PC as mixed
micelles of lipid-C12E10, the amount of phosphoenzyme formed
was the same or slightly lower. Similarly, the addition of 10 �M

CaCl2 did not have a significant effect on the amount of GFP-
Spf1 phosphoenzyme. However, the removal of Mg2�, by pre-
incubating the enzyme with 1 mM EDTA, eliminated the
formation of phosphoenzyme (not shown).Moreover, no phos-
phoenzyme was detected in the GFP-Spf1 mutant D487N in
any of the conditions tested. Results in Fig. 5B show that the
amount of phosphoenzyme formed did not change when the
GFP-Spf1 protein was purified from yeasts lacking the endoge-
nous Spf1. It is also worth noticing that endogenous proteolysis
seemed to eliminate the ability to form the phosphoenzyme
because only one band corresponding to the intact protein was
observed in the proteolysed sample. By comparing the intensity
of the phosphoenzyme bands, it was estimated that in these
conditions �5–10% of the GFP-Spf1 protein was phosphory-
lated. Although this value may seem rather low, it represents a
lower limit for the amount of EP formed, because part of the
phosphoenzyme decomposes during electrophoresis. In any
case, the amount ofGFP-Spf1 phosphoenzyme is in the range of
the maximal levels obtained for other P-ATPases like the
plasma membrane Ca2� pump in the presence of La3� (23).
The addition of increasing amounts of PCwhile keeping con-

stant the concentration of C12E10 produced slightly higher lev-
els of EP (Fig. 5C). On the other hand, if the total amount of
lipids was kept constant, and part of PC was replaced by PS, the
EP increased reaching a maximal level when PS was �10% of
the total lipid and decreased at higher contents of PS (Fig. 5D).
Fig. 5E shows the effect of pH on the level of EP.Maximal levels
of EP were obtained at pH 7.4–8.0, consistent with the higher
levels of ATPase activity detected at this range of pH.
The decay of the phosphoenzyme formed by the GFP-Spf1

protein was investigated (Fig. 6). When the phosphoenzyme
was chased with 23 mM of cold ATP, the level of phosphoen-
zyme after 5 s showed a slight decrease. However, if ADP was
used instead of ATP, the EP decayed much faster, and only
�20% of the original amount of phosphoenzyme remained

FIGURE 3. ATP dependence of the ATPase activity of GFP-Spf1. The meas-
urement was performed as indicated under “Experimental Procedures” in a
reaction medium containing 1 �g of GFP-Spf1, 43 �g of PC, 1.2 mM free Mg2�,
and increasing concentrations of ATP. The points shown are duplicates from
two experiments performed in duplicate. The error bars are the standard
errors of the mean. The line represents the best fit to the data given by the
following equation: v � v1�Km1/(ATP � Km1) � v2�Km2/(ATP � Km2) with the
following parameters v1 � 0.06 � 0.02 �mol/mg/min, v2 � 0.73 � 0.02 �mol/
mg/min, Km1 � 3 � 2 �M, and Km2 � 285 � 41 �M.
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after 5 s. Interestingly, the addition of 5 mM CaCl2 to the phos-
phorylation medium after 30 s of phosphorylation slightly
reduced the level of phosphoenzyme, suggesting that Ca2�may
inhibit the formation or accelerate the decomposition of EP.
To compare the results with the measurements of ATPase

activity that were done at 37 °C, the formation and decomposi-
tion of the EP were also studied at 37 °C. At 37 °C the reactions
were considerably faster than at 4 °C, but still ADP was more
effective than ATP in promoting a faster dephosphorylation.

DISCUSSION

The number of studies showing the importance of the
P5-ATPases in eukaryotic cells is rapidly growing. The P5A-
ATPAse from S. cerevisiae Spf1 is located in the ER, and several
studies have shown that it is crucial for ER-associated processes
as proper ER folding of proteins and N-linked glycosylation (9,
24–27). Several observations indicate that Spf1 is involved in
calcium homeostasis (9): (a) disruption of the SPF1 gene
increases the transcription of calcium regulated genes; (b) the
�Spf1 mutant yeast is hypersensitive to growth inhibition by
extracellular calcium, similar to the mutants defective in the
Golgi-localized Pmr1 Ca2�/Mn2� pump; and (c) deletion of
Spf1 has a synergistic effect on the increase of cellular calcium
content that results from deletion of Pmr1. Alterations in cal-
cium regulation have also been associated with mutations of
mammalian P5B-ATPase ATP13A4 (28). However, the results
presented here and those from previous studies do not support
the idea that the P5-ATPases are directly involved in the active
transport of Ca2� (9, 29).

The P5-ATPases are assumed to share the biochemical prop-
erties of other P-ATPases but had not been examined in detail.
We overexpressed in S. cerevisiae its P5A-ATPase Spf1 fused to
a His-GFP tag at the N-terminal end. Because the ionic sub-
strate of Spf1 is not known and yeasts possess many P-type
ATPases, we chose to perform this study using a detergent-
solubilized and affinity-purified preparation of the recombi-
nant enzyme to ascribe the measured enzymatic activities spe-
cifically to Spf1. The protocol followed for purifying GFP-Spf1
was similar to that employed previously for purification of
other P-ATPases in a functional form (13). The preparation of
purified GFP-Spf1 exhibited an ATPase activity that was spe-
cifically associated with the function of the Spf1 protein
because it was nearly absent in the mutant of the catalytic res-
idueD487N (Fig. 2A). The presence of theHis-GFP tag at theN
terminus of the Spf1 protein did not alter the ability of Spf1 to
hydrolyze ATP. In contrast, it became apparent that the C-ter-
minal portion of the molecule is functionally relevant because
its removal by the endogenous yeast proteases abolished the
ability of Spf1 to react with ATP to form the phosphoenzyme
(Fig. 5B).
Under physiological conditions, ATP hydrolysis by P-AT-

Pases is coupled to ion transport, and ATP hydrolysis is stimu-
lated by the transported ions. We found that the ATPase activ-

FIGURE 4. A, Mg2� dependence of the ATPase activity of the GFP-Spf1 protein.
The ATPase activity was measured as described under “Experimental Proce-
dures,” at 37 °C for 10 min in a medium containing 3 mM ATP and increasing
concentrations of MgCl2. The points shown are the averages from two exper-
iments performed in duplicate. The error bars are the standard errors of the
mean. The line represents the best fit to the data given by a Michaelis-Menten
equation with Km � 46 � 9 �M and Vmax � 0.94 � 0.02 �mol/mg/min. B, effect
of Mn2� on the ATPase activity of the GFP-Spf1 protein. The ATPase activity
was measured as described under “Experimental Procedures,” at 37 °C for 10
min in a medium containing 3 mM ATP and increasing concentrations of
MnCl2. The line represents the best fit to the data given by a hyperbolic decay
equation: v � v0 � v1�Mn/(Ki � Mn) with the following parameters v0 � 0.35 �

0.04 �mol/mg/min, v1 � 0.56 � 0.06 �mol/mg/min, and Ki � 15 � 6 �M. C, pH
dependence of the GFP-Spf1 ATPase. The ATPase activity was measured as
described under “Experimental Procedures” in the standard medium contain-
ing 50 mM MOPS-imidazole adjusted at the indicated pH.
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ity of C12E10 solubilized-GFP-Spf1 required only Mg2� as
cofactor, a requirement indeed shared by all P-ATPases. Three
recent studies indicate that P5-ATPases may transport Fe2�,
Ca2�, orMn2� (30–33). Our results do not support this view. If
the ATPase activity of GFP-Spf1 would be related to traces of
these ions present in the reaction medium, the addition of
EGTA should nearly eliminate the activity, contrary to what
was observed. Indeed, increasing concentrations of Mn2�

resulted in a decrease of the activity, probably by competition
with Mg2� (Fig. 4B).
We found that in the standard phosphorylation medium

containingTris-HCl,MgCl2, and the components from the elu-
tion solution brought by the purified protein, GFP-Spf1 was
capable of phosphoenzyme formation (Fig. 5A). The turnover
number based on the level of phosphorylated intermediate
gives a value of 3 s�1. This turnover number is in the lower limit
for P-ATPases, which have values in the range of 100 s�1 (34).

Our estimation of the turnover number may not be accurate
because the conditions used for ATPase and EP determination
were not exactly the same, i.e., ATP concentration, and also
because part of the EP may decompose during electrophoresis.
Despite these precautions, it is interesting to note that a molec-
ular activity of 3–10 s�1 can be calculated from the value of Spf1
ATPase activity, assuming a 100% pure protein, a fact that is in
agreement with our proposal that the decay of EP limits the
ATPase activity.
A well known property of the P-ATPases is their use of ATP

both as a catalytic substrate and as a allosteric ligand. ATP at
physiological concentrations exhibits a modulatory effect on
the rate of ion transport that has been attributed to the accel-
eration of several partial reactions including the transition
between E1P to E2P and the dephosphorylation of the later
form. However, in the absence of the countertransported ion,
high concentrations of ATPmay inhibit phosphoenzyme decay

FIGURE 5. Formation of the GFP-Spf1 phosphoenzyme. A, 5 �g of purified wild-type or D487N GFP-Spf1 protein or 5 �g of purified human plasma membrane
Ca2� pump (PMCA) were incubated with 30 �M ATP for 1 min at 4 °C as described under “Experimental Procedures.” The purified GFP-Spf1 proteins in elution
buffer containing detergent C12E10 were either not supplemented with lipids or supplemented with PC or PC plus 10 �M Ca2�. B, phosphoenzyme formation
of GFP-Spf1 purified from �Spf1 cells (�Spf1) and GFP-Spf1 sample proteolysed as shown in Fig. 1D (Prot.). C, effect of increasing amounts of PC on the amount
of EP formed by GFP-Spf1. 1 �g of GFP-Spf1was supplemented with 85 �g of C12E10 and increasing amounts of PC. The suspension was preincubated for at least
5 min on ice before being added to the phosphorylation medium. The phosphorylation reaction was started by the addition of 30 �M ATP and was performed
for 1 min at 4 °C. The results are expressed as percentages. 100% is the theoretical value if all the protein was phosphorylated at a stoichiometric ratio of 1. The
line represents the best fit to the data given by a Hill equation EP � EP0 � EPmax*(PC)n/(Kn � (PC)n) with EP0 � 4 � 2%, EPmax � 24 � 1%, n � 2 � 1, and K � 110 �
24 �M. D, effect of increasing amounts of PS on the amount of EP formed by GFP-Spf1. 1 �g of GFP-Spf1was supplemented with 85 �g of C12E10 and 43 �g of
PC or a mixture of PC/PS. The suspension was preincubated for at least 5 min on ice before being added to the phosphorylation medium. The phosphorylation
reaction was started by the addition of 30 �M ATP and was performed for 1 min at 4 °C. The results are expressed as percentages. 100% is the theoretical value
if all the protein was phosphorylated at a stoichiometric ratio of 1. E, effect of the pH on the EP formation. Phosphorylation was performed as indicated under
“Experimental Procedures” in a reaction medium containing 50 mM of buffer MOPS-Tris adjusted at different pH. 1 �g of GFP-Spf1 (15 �l) in elution buffer
containing 0.75 �g of C12E10 was supplemented with 25 �g of PC as described under “Experimental Procedures.” The results are expressed as percentages.
100% is the theoretical value if all the protein was phosphorylated at a stoichiometric ratio of 1.
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as has been shown for theNa�,K�-ATPase in the absence ofK�

(35, 36).
During ion translocation, P-ATPases undergo large confor-

mational changes between twomajor conformations, E1 andE2.
The transported ion binds to E1 and is occluded in the phos-
phoenzymeE1P. Although in the absence of the transported ion
a marginal amount of phosphoenzyme can be produced from
ATP, the formation of E1P requires the presence of the trans-
ported substrate (37). Indeed it is usually assumed that in the
P-ATPases the �-phosphate of bound ATP is optimally posi-
tioned for phosphoryl transfer in the E1 conformation attained
by the binding of the transported ion (20). In this conformation
(XE1-ATP), the N- and P-domains come together to form the
catalytic site. Our resultsmay indicate that a transported ion, or
an analog, was already present in the phosphorylationmedium.
If that were the case, traces of the ion needed for E1P formation
may be tightly bound and copurified with the Spf1 protein or
MOPS,Tris, imidazole, or glycerol, or the detergentC12E10may
itself activate the GFP-Spf1 acting as a surrogate of the true
transported substrate. Moreover, H� could be the ion required
for phosphorylation. However, our measurements of ATPase
and phosphorylation do not support this idea because the opti-
mal activity was observed at neutral pH.
An alternative explanation for the results presented here is

that the catalytic phosphoenzyme intermediate of Spf1 can be
formed spontaneously. This idea is mechanistically interesting
because it would imply that Spf1 is naturally “E1-stabilized” and
would not require the binding of the transported ion for phos-
phorylation. This hypothesis would also explain the higher
abundance of E1P.
Because ADP acts on the E1 phosphoforms by reversing the

phosphorylation with reformation of ATP, the high rate of
ADP-induced phosphoenzyme decay (Fig. 6) is indicative of the
accumulation of GFP-Spf1 phosphoenzyme as E1P. This is in
contrast with the fact that under usual conditions the E2 phos-

phoform is predominant in most P-ATPases (35, 36). The high
ADP sensitivity of the GFP-Spf1 phosphoenzyme suggests that
the transition fromE1P to E2P occurs at a limiting rate, and thus
Spf1 may be functioning at suboptimal conditions. This behav-
ior may result from the need for an as yet unidentified compo-
nent of the system that is missing in the recombinant protein.
Although most P-ATPases have a catalytic subunit that

mediates ATP hydrolysis and ion transport, it is possible that
the ion transport specificity results from the interaction with a
subunit different from that endowed with the ATPase activity.
Indeed in the Escherichia coli KdpFABC K� transporter, the
KdpB subunit mediates ATP hydrolysis and has the P-type
ATPasemotifs, whereas the KdpA subunit has homology to K�

channels and is required for K� binding and transport (39).
Another possibility is that the behavior of Spf1 described here
reflects the absence of the countertransported ion. Ion coun-
tertransport has been suggested to be a characteristic of all
P-ATPases (40). Because ion countertransport would be cou-
pled to the dephosphorylation reaction, the absence of the
countertransported ion may lead to the accumulation of phos-
phoenzyme, as experimentally observed. As in the case of other
P-ATPases, the ion countertransported by the P5-ATPasesmay
be physiologically as relevant as that transported one.
It has been pointed out that, by sequence homology, the

P5-ATPases are closest to the P4 subfamily, and thus it is
tempting to think that they may share transport specificity for
lipids (41). Noticeably, the P4-ATPases Drs2p and ATP8A2
require the presence of Cdc50 proteins to yield EP levels similar
to those reported here for Spf1 (18, 38). In contrast we found
that the purified GFP-Spf1 was capable of forming the phos-
phoenzyme. The addition of PC to the purified GFP-Spf1 pro-
tein increased the yield of EP (Fig. 5C), an effect apparently not
accompanied by an increase in theATPase activity (Fig. 2A).On
the other hand, only amodest increment in the ATPase activity
was observed when the amount of C12E10 detergent was
decreased, and the protein was reconstituted in lipid mixtures
containing increasing amounts of PS (Fig. 2B). Although these
results suggest that Spf1 has functional properties that differ
from those of the P4-ATPases, future work will be needed to
examine in more detail the involvement of specific lipids as
substrates or regulators of P5-ATPases.
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