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Phosphatidylserine Stimulation of Drs2pzCdc50p Lipid
Translocase Dephosphorylation Is Controlled by
Phosphatidylinositol-4-phosphate*
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Background: Transport of phosphatidylserine (PS) analogs by the Drs2p flippase is regulated by PtdIns(4)P.

Results: PS stimulates dephosphorylation of the Drs2pzCdc50p complex only in the presence of PtdIns(4)P.

Conclusion: The step at which PtdIns(4)P regulates lipid transport is identified.

Significance: Our coordinated overexpression system provides mechanistic insight into PS transport and will be useful for

further Drs2p characterization and crystallization.

Here, Drs2p, a yeast lipid translocase that belongs to the fam-

ily of P4-type ATPases, was overexpressed in the yeast Saccha-

romyces cerevisiae together with Cdc50p, its glycosylated part-

ner, as a result of the design of a novel co-expression vector. The

resulting high yield allowed us, using crude membranes or

detergent-solubilized membranes, to measure the formation

from [g-32P]ATP of a 32P-labeled transient phosphoenzyme at

the catalytic site of Drs2p. Formation of this phosphoenzyme

could be detected only if Cdc50pwas co-expressedwithDrs2p but

wasnotdependenton full glycosylationofCdc50p. Itwas inhibited

by orthovanadate and fluoride compounds. In crude membranes,

the phosphoenzyme formed at steady state at 4 °C displayedADP-

insensitive but temperature-sensitive decay. Solubilizing concen-

trations of dodecyl maltoside left this decay rate almost unaltered,

whereas several other detergents accelerated it. Unexpectedly, the

dephosphorylation rate for the solubilizedDrs2pzCdc50p complex

was inhibitedby the additionof phosphatidylserine. Phosphatidyl-

serineexerted its anticipatedacceleratingeffecton thedephospho-

rylation of Drs2pzCdc50p complex only in the additional presence

of phosphatidylinositol-4-phosphate. These results explain why

phosphatidylinositol-4-phosphate tightly controls Drs2p-cata-

lyzed lipid transport and establish the functional relevance of the

Drs2pzCdc50p complex overexpressed here.

A hallmark of eukaryotic cells is the fact that plasma mem-
branes as well as membranes of the late secretory pathway,
including the trans-Golgi network (TGN),2 display asymmetric

lipid distribution with the aminophospholipids phosphatidyl-
serine (PS) and phosphatidylethanolamine essentially confined
in the cytosolic leaflets (1, 2). Maintenance of this asymmetry is
critical formanyphysiological processes as PS externalization is
associated, for example, with blood coagulation, macrophage-
dependent clearance of apoptotic cells, and virus entry (3–5).
The transbilayer distribution of aminophospholipids is largely
determined by the presence of ATP-driven lipid translocases or
“flippases” (6–8), and converging lines of evidence indicate
that members of the P4 subfamily of P-type ATPases (9), here-
after referred to as P4-ATPases, constitute such flippases. There
are five P4-ATPases in the yeast Saccharomyces cerevisiae

among which Drs2p and Dnf3p are located in the TGN (10, 11)
andDnf1p andDnf2p are located at the plasmamembrane (12).
Deletion of Dnf1p and Dnf2p inhibits ATP-dependent NBD-
PC, -PS, and -phosphatidylethanolamine transport (12),
whereas removal of Drs2p abolishes NBD-PS and -phosphati-
dylethanolamine transport (13, 14). The yeast P4-ATPase
Drs2p, like the mammalian P4-ATPase ATP8A2, was recently
purified and reconstituted into proteoliposomes, demonstrat-
ing that these P4-ATPases are directly involved in the translo-
cation of PS analogs (15–17).
It is also clear now that the association of P4-ATPases with

members of the Cdc50 protein family is of primary importance.
Indeed, Cdc50 proteins have been shown to be required for
stability and export of P4-ATPases from the endoplasmic retic-
ulum in yeast and in mammalian cells (14, 18–21) as well as for

* This work was supported by the CNRS and Commissariat à l’Energie Atom-
ique, by a fellowship from the “Ministère de l’Enseignement Supérieur et
de la Recherche” (to A. J.), and by a grant from the Agence Nationale pour
la Recherche (to C. M., C. J., and M. l. M.).
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CEA Saclay, F-91191 Gif-sur-Yvette, France. Tel.: 33-1-6908-7589; Fax: 33-1-
6908-8139; E-mail: guillaume.lenoir@cea.fr.

2 The abbreviations used are: TGN, trans-Golgi network; P2- or P4-ATPase,
P-type ATPase of subtype 2 or 4; P2 or P3 membranes, membrane fraction

obtained after intermediate or high speed centrifugation; SERCA1a, sarco-
endoplasmic reticulum Ca21-ATPase, isoform 1a; Bad, biotin acceptor
domain; TEV, tobacco etch virus; DDM, n-dodecyl b-D-maltoside; C12E8,
octaethylene glycol mono-n-dodecyl ether; diC7PC, 1,2-diheptanoyl-sn-
phosphatidylcholine; NBD, 7-nitrobenz-2-oxa-1,3-diazol-4-yl; PC, phos-
phatidylcholine; PtdIns(4)P, phosphatidylinositol-4-phosphate; POPC,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPS, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoserine; SB, solubilization buffer; NTA, nitrilo-
triacetic acid; C12E9, nonaoxyethylene n-dodecyl ether; TAP, tandem affin-
ity purification; PS, phosphatidylserine; DOPC, 1,2-dioleoyl-sn-glycero-3-
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proper functioning of the lipid-pumping complex (20, 22–24).
Nevertheless, the molecular mechanism responsible for lipid
translocation by P4-ATPasezCdc50 protein complexes remains
largely unknown.
Recent studies in yeast have shown that availability of a phos-

phoinositide, phosphatidylinositol-4-phosphate (PtdIns(4)P),
is required for the Drs2p-dependent flip of a fluorescent analog
of PS from the exoplasmic to the cytosolic leaflet of the TGN
and that a cluster of basic amino acids in the C-terminal region
of Drs2p forms a potential binding site for this phosphoinosit-
ide (25). In TGN membranes, PtdIns(4)P serves as a platform
for the recruitment of effector proteins such as clathrin adaptor
or lipid transfer proteins involved in membrane trafficking (for
reviews, see Refs. 26 and 27). In addition, Drs2p has been shown
to physically interact with the PtdIns(4)P phosphatase Sac1p, a
negative regulator of secretory vesicle formation at the TGN
(28). Collectively, these data highlight an important regulatory
role for PtdIns(4)P in the control of Drs2p activity, but much
remains to be elucidated on how this control is exerted.
For deeper characterization of the enzymatic basis for the

lipid translocation machinery and because the preparation of
sufficient amounts of high quality samples remains amajor bot-
tleneck in membrane protein functional and structural charac-
terization, we devised a high yield co-expression system for the
yeast P4-ATPaseDrs2p and its associated subunit Cdc50p. This
allowed us to measure the formation from [g-32P]ATP of a
transient phosphorylated intermediate during the catalytic
cycle of Drs2p without the need for purification of this protein
complex. Here we describe inhibitors of the formation of this
32P-labeled phosphoenzyme and characterize its time-depen-
dent decay in crude yeast membranes or in the presence of
detergents. Specifically, we reveal the dependence of the
dephosphorylation kinetics on the presence of PtdIns(4)P:
stimulation of Drs2p dephosphorylation by PS can be achieved
only if PtdIns(4)P is present together with PS. Stimulation by
PtdIns(4)P of the lipid flippase activity of Drs2p is therefore
most probably exerted through acceleration of the fairly slow
dephosphorylation step.

EXPERIMENTAL PROCEDURES

Materials—Products for culture of yeast and bacteria were
from Difco (BD Biosciences). Restriction and modification
enzymes as well as peptide-N-glycosidase F were purchased
from New England Biolabs. Phusiont high fidelity polymerase
was fromFinnzymes. TheClone JETTMPCR cloning kit and the
histidine probe (India HisprobeTM-HRP) were from Thermo
Fischer Scientific. DDM was from Anatrace, C12E8 was from
Nikkol Chemical, Triton X-100 was from Pierce, CHAPS was
from Serva, octyl glucoside was from Calbiochem, Tween 20
was fromBio-Rad, digitoninwas fromSigma, andHecamegwas
a gift from H. Wroblewski and D. Plusquellec (CNRS, Rennes,
France). POPC, DOPC, POPS, DMPS, lysophosphatidylcho-
line, egg lecithin, diC7PC, and PtdIns(4)P were from Avanti
Polar Lipids. [g-32P]ATP was from PerkinElmer Life Sciences
(catalog number BLU002A). Chemicals were generally from
Sigma (including desferrioxamine B and the avidin-peroxidase
probe). Glass fiber A/E filters (1-mm porosity) were from Pall
Corp. The EDTA-free protease inhibitor mixture was from

Roche Diagnostics. BSA (albumin fraction V) was from Roth
Sochiel. Precision Plus Protein Standards were from Bio-Rad.
Rabbit polyclonal antibodies against Tlg2p were obtained as
described (29). Mouse monoclonal anti-Dpm1p was from
Molecular Probes. Rabbit sarcoplasmic reticulum membranes
(30) and yeast-expressed SERCA1a-Bad (31) were prepared as
described previously.
Yeast Strains—The S. cerevisiae W303.1b/GAL4 (a, leu2-3,

his3-11, trp1-1::TRP1-GAL10-GAL4, ura3-1, ade2-1, canr,
cir1) yeast strainwas the same as described previously (32). The
Ddrs2 andDcdc50 deletionmutantswere created in aW303.1b/
GAL4 background using a loxP-HIS3-loxP cassette as described
(12). Plasmid pYeDP60 was generously given by Denis Pompon
(Laboratoire d’Ingénierie des Systèmes Biologiques et des Procé-

dés, Toulouse, France).
Strategy for Coordinated Overexpression of Drs2p and

Cdc50p in Yeast and Functionality of Constructs—The DRS2

open reading framewas supplemented either at its 39- or 59-end
with a sequence coding for a biotin acceptor domain (Bad) and
a sequence coding for a protease cleavage site (thrombin or
TEV). The cleavage site was flanked by 2 glycines toward Bad
and 4 glycines toward DRS2. Similarly, a sequence coding for a
decahistidine tag was added at the 39-end of CDC50. The fused
genes were cloned independently in pYeDP60 expression plas-
mids (32–34), resulting in the generation of pYeDP60_DRS2-
Bad and pYeDP60_CDC50-His10 vectors. In these vectors,
DRS2 andCDC50 are both placed under the control of a strong
galactose-inducible GAL10/CYC1 promoter. Starting from the
pYeDP60_CDC50-His10 vector, a cassette containing this pro-
moter, the CDC50 coding sequence, and the PGK terminator
was then amplified by PCR and subsequently inserted in the
pYeDP60_DRS2-Bad companion vector, resulting in the plas-
mid illustrated in Fig. 1. The complementation properties,
growth curves, glycosylation properties, and phosphorylation
abilities were essentially similar for the constructs bearing
either a thrombin or a TEV cleavage site. Unless otherwise
noted, the results illustrated in the various figures below were
obtained with the thrombin constructs.
Expression of Drs2p-Bad and Cdc50p-His10 in Fernbach

Flasks and Yeast Membrane Preparation—Yeast growth and
induction of protein expression were performed essentially as
described previously (31, 32). Yeast growth took place in a glu-
cose-containing rich growthmedium at 28 °C for 36 h, whereas
expression of the proteins of interest took place during an addi-
tional 18 h in the presence of galactose at 18 °C. Membrane
fractionation by differential centrifugation was performed
essentially as described previously (31, 32). One modification
consisted in using a “Pulverisette 6” planetary mill (Fritsch) for
breaking yeast cells with glass beads before fractionation. The
crude extract was then submitted to differential centrifugation,
resulting in “P2” and “P3” membrane pellets recovered after
intermediate and high speed centrifugation, respectively.
Protein Estimation and Immunodetection—Protein concen-

trations weremeasured using the bicinchoninic acid procedure
(35) in the presence of 2% (w/v) SDS using bovine serum albu-
min as a standard. For electrophoretic separation and identifi-
cation, proteins were loaded onto 8% Laemmli polyacrylamide
gels and transferred to PVDF membranes using transfer buffer
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(30mMTris, 200mM glycine, 10% (v/v)methanol). Detection of
the biotinylated Drs2p-Bad was performed using a biotin probe
(avidin conjugated toHRP), and detection of Cdc50p-His10was
performed using a His probe conjugated to HRP. When indi-
cated, rabbit anti-Tlg2p was used as a Golgi marker, andmouse
anti-Dpm1p was used as an endoplasmic reticulum marker
(with goat anti-rabbit horseradish peroxidase- and goat anti-
mouse horseradish peroxidase-conjugated secondary antibod-
ies, respectively). Blots were revealed by chemiluminescence
with the ECL kit (GE Healthcare).
Solubilization of P3 Membranes with Detergent—D1 P3

membranes (i.e. P3membranes obtained after co-expression of
wild-type Drs2p-Bad and Cdc50p-His10) were diluted to 2 mg
of total protein/ml in ice-cold solubilization buffer (SB) (10mM

Tris-HCl, pH 7.5, 300 mM NaCl, 20% (w/v) glycerol, 5 mM

MgCl2) supplementedwith 1mMPMSF and anEDTA-free pro-
tease inhibitor mixture. Detergent was then added to mem-
branes at the desired detergent-to-protein ratio, and the sus-
pension was stirred gently on a wheel for 1 h at 4 °C. Insoluble
material was pelleted by centrifugation at 100,000 3 g for 1 h at
4 °C. The supernatant was withdrawn, and the pellet was resus-
pended in the same volume of SB as that of the total membrane
fraction. Solubilization of Drs2p-Bad and Cdc50p-His10 was
analyzed by Western blotting.
Glycosidase Assay—D1 P3 membranes were diluted to 2

mg/ml in SB supplemented with 1 mg/ml DDM, 1 mM PMSF,
and an EDTA-free protease inhibitor mixture. Samples were
incubated for 15 min on ice in the absence or presence of 10
mg/ml peptide-N-glycosidase F (i.e. 20,000 units/ml) before
immunodetection and phosphoenzyme formation from
[g-32P]ATP.
Phosphorylation from [g-32P]ATP—Formation (on ice) of

the transient phosphoenzyme intermediate of the Drs2p cat-
alytic cycle was measured after incubation with [g-32P]ATP
followed by acid quenching and filtration (see e.g. Ref. 36).
For most experiments, 200-ml samples were preincubated on
ice at 0.5 mg of total protein/ml in buffer A (100 mM KCl, 5
mM Mg21, 50 mM Mops-Tris at pH 7) generally supple-
mented with 100 mM Ca21, various amounts of EGTA, and
detergent in the presence or absence of exogenous lipid. In
some cases, 1 mM orthovanadate was added. Phosphoryla-
tion was triggered by addition of [g-32P]ATP (at 0.25–1mCi/
mmol and generally at a final concentration of 0.5 mM) fol-
lowed by acid quenching (typically 2 ml of 500 mM TCA 1 30
mM H3PO4). After quenching, samples were left on ice for
15–20 min, a period sufficient for aggregation of the precip-
itated protein and therefore its retention by the filter (this
aggregation period was critical in the presence of detergent).
This was followed by filtration on an A/E glass fiber filter (or
on two filters on top of each other) and careful rinsing with
diluted acid (50 mM TCA 1 3 mM H3PO4). Note that for yet
unknown reasons mere preincubation of crude membranes
in phosphorylation buffer before addition of [g-32P]ATP
allowed their vanadate-dependent phosphorylation level to
slowly increase with time (see Fig. 5D, dotted line).
Turnover-dependent Dephosphorylation of Drs2pzCdc50p—

The kinetics of turnover-dependent dephosphorylation were
measured by first phosphorylating the sample for 25 s on ice

under the above conditions and then chasing 32P from the

phosphoenzyme by adding excess non-radioactive nucleotide

(usually 1 mM Mg21-ATP) and simultaneously changing the

temperature to 37 °C (if desired). Two slightly different proto-

cols were used for that purpose.

In the experiments illustrated in Fig. 8, we used a protocol

“with dilution” in which the phosphorylated sample (200 ml)

was diluted 5-fold into a dephosphorylation medium (800 ml of

buffer A supplemented with Ca21 and EGTA) devoid of radio-

active ATP but containing non-radioactive nucleotide and pre-

equilibrated at 37 °C so that the temperature immediately after

mixing was already close to the final temperature (at least 30 °C

because of the 5-fold dilution of the initially ice-cold phospho-

rylation medium). Acid quenching was subsequently per-

formed after various periods by adding concentrated acid (typ-

ically 1 ml of acid (1 M TCA 1 60 mMH3PO4) was added to the

1-ml sample undergoing dephosphorylation).

In the experiments displayed in Fig. 9, we used an ATP chase

protocol “without dilution.” The sample was first phosphoryl-

ated on ice and then transferred into a tube pre-equilibrated at

37 °C and containing a droplet of concentrated non-radioactive

Mg21-ATP for dephosphorylation during the desired time

period. Buffer A had been supplemented with 0.1mMCa21 and

1 mM EGTA to keep free Ca21 close to “physiological” condi-

tions. We checked that free Ca21 had no effect on the dephos-

phorylation rate (data not shown).

Removal of Bad and His10 Tags—Removal of the tags from

Drs2p-Bad and Cdc50p-His10 was performed by incubating

yeast membranes at 2 mg of protein/ml in buffer A supple-

mentedwith 100mMCa21 for 17 h at 8 °C (withmild stirring on

awheel) in the presence of a sufficient amount of TEVprotease.

The TEV protease was expressed in Escherichia coli and affini-

ty-purified as described (37).

RESULTS

Large Scale Co(over)-expression of Drs2p-Bad and Cdc50p-

His10, Cdc50p Glycosylation, and Vanadate-dependent

Phosphorylation of Drs2p-Bad—We devised a pYeDP60_

DRS2-Bad/CDC50-His10 plasmid (Fig. 1) appropriate for co-

expression with high yield of Drs2p-Bad and Cdc50p-His10.

Our various constructs proved functional as deduced (data not

shown) from their ability to reverse the cold-sensitive growth

phenotype of Ddrs2 and Dcdc50 yeast cells (38). After yeast

growth, cells were broken, and “light” (P3) and “heavy” (P2)

membrane fractions were prepared by differential centrifuga-

tion (31, 32).

The top gel of Fig. 2A compares the Drs2p-Bad contents of

the P3 and P2 fractions obtained for wild-type Drs2p co-ex-

pressed with Cdc50p (hereafter referred to as “D1”) and shows

for comparison the results obtained for an inactive Drs2p

mutant co-expressed with Cdc50p as well (hereafter referred to

as “D*1”). In D1 P3 membranes, comparison with yeast mem-

branes expressing a known amount of SERCA1a-Bad (31)

allowed us to estimate that the recombinant Drs2p protein

accounted for about 3% of the total protein present in that frac-

tion; this corresponds to about 10 mg of Drs2p/liter of culture

(data not shown).
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Detection of Cdc50p-His10 (Fig. 2A) revealed several bands:
the slowest band ran just above the 50-kDa marker, and the
fastest band ran between 37 and 50 kDa. In view of the fact that
the expected molecular mass for Cdc50p-His10 is about 43 kDa
and that Cdc50p contains four consensus sequences for
N-linked glycosylation (Asn-Xaa-(Ser/Thr)) in its large lume-
nal loop, a likely hypothesis is that the slowest band corre-
sponds to glycosylated Cdc50p-His10, whereas the fastest band
corresponds to a less mature, unglycosylated form (with bands
of intermediate mobility corresponding to intermediate levels
of glycosylation). This hypothesis was supported by deglycosy-
lation experiments using peptide-N-glycosidase F (see Fig. 3B
below).
The pattern of Cdc50p-His10 glycosylation exhibited signifi-

cant differences in P2 versus P3 membranes: in P3 membranes,
but not in P2 membranes, the mature form of Cdc50p-His10
was predominant (see Fig. 2A, two central lanes). This suggests
that Cdc50p in the P3 fraction has reached compartments
where more complete maturation has occurred. In line with
this observation, we found that the TGNmarker Tlg2p (29) was
more abundant in the P3 fraction than in the P2 fraction (Fig.
2A). Conversely, the endoplasmic reticulum marker Dpm1p
was found distributed fairly equally between P3 and P2 mem-
branes (Fig. 2A). Note that the glycosylation degree of Cdc50p
in the D*1 sample (where the D560N mutant of Drs2p is
expressed in combination with Cdc50p) was significantly
reduced compared with that in the D1 sample even in P3
membranes.
Those members of the P-type ATPase family that have been

studied extensively are known to transiently form a phospho-
rylated intermediate during their catalytic cycle. Therefore, our
aimwas to reveal the formation of such a phosphorylated inter-
mediate by incubating P3 or P2 membranes with [g-32P]ATP
followed by acid quenching and filtration. In a previous work,

vanadate-sensitive phosphorylation of overexpressed Drs2p
had been detected only after membrane solubilization and
Drs2p purification (23). Here, vanadate-sensitive phosphoryla-
tion was already observed in crude yeast membrane fractions.
As displayed in Fig. 2B, phosphorylation of Drs2p in P2 mem-

FIGURE 1. Map of plasmid used for co-expression of Drs2p-Bad and
Cdc50p-His10. The co-expression plasmid, derived from pYeDP60, contained
sequences coding for CDC50 fused to a C-terminal His10 tag (gray arrow) and
for DRS2 fused to a C-terminal Bad tag (black arrow) both under the control of
an inducible GAL10/CYC1 hybrid promoter. A short sequence coding for a TEV
or a thrombin cleavage site was also inserted between DRS2 and CDC50 open
reading frames and their respective tags. ADE2, auxotrophy selection marker
for adenine; Ori, bacterial replication origin; AmpR, gene conferring resistance
to ampicillin; 2m, yeast replication origin; URA3, auxotrophy selection marker
for uracil; SbfI, restriction sites.

FIGURE 2. Characterization of P2 and P3 membranes from yeast co-ex-
pressing Drs2p-Bad and Cdc50p-His10. A, P3 and P2 membranes were
obtained from yeast co-expressing Cdc50p-His10 and either wild-type Drs2p
(D1) or the Drs2pD560N mutant (D*1), or from yeast transformed with an
empty vector (EV). For detection of Drs2p-Bad and Cdc50p-His10 (using a bio-
tin probe and a His probe, respectively), 0.4 mg of total P3 or P2 proteins was
loaded for SDS-PAGE. For detection of Tlg2p (with a-Tlg2p polyclonal anti-
body), 5 mg of total P3 or P2 proteins was loaded for SDS-PAGE. For detection
of Dpm1p (using an anti-Dpm1p monoclonal antibody), 20 mg of total P3 or
P2 proteins was loaded. B, D1 P3 and P2 membrane fractions were tested for
the ability of Drs2p to become phosphorylated from ATP (here at 0.5 mM

[g-32P]ATP) in the absence or presence of 1 mM orthovanadate (open bars or
gray bars, respectively). Data are presented as the mean 6S.D. (error bars) of
duplicates.
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branes was 3–4-fold lower than that in P3 membranes (for the
same amount of Drs2p or Cdc50p; Fig. 2A). This is consistent
with the idea that proper trafficking is a prerequisite for recov-
ery of a functional Drs2pzCdc50p complex. We thus used P3
membranes for further functional characterization of Drs2p.
Cdc50p-dependent Phosphorylation from [g-32P]ATP of

Drs2p-Bad at Its Catalytic Aspartate and Effects of Cdc50p

Deglycosylation—BecauseCdc50 proteins have previously been
shown to be required for phosphorylation of purified Drs2p or
ATP8B1 (23, 39), we first checked whether this would still be
the case in crude membranes obtained with our new overex-
pression system. As can be seen in Fig. 3A, vanadate-sensitive
phosphorylation was indeed strictly dependent on the co-ex-
pression of Drs2p and Cdc50p (D1 sample as opposed to the

D2 sample where Drs2p was expressed in the presence of
endogenous Cdc50p alone), whereas for the inactive D*1

mutant, vanadate-sensitive phosphorylation was insignificant.
The virtual insensitivity to VO4 of D*

1 and D2 samples con-
firms that endogenous Drs2p and Cdc50p are present in negli-
gible amounts compared with the overexpressed proteins.
To checkwhether the different phosphorylation levelsmeas-

ured in P3 or P2 membranes (see Fig. 2B) imply any direct role
of the Cdc50p N-linked sugars on the Drs2p catalytic cycle, we
subjected Cdc50p expressed in D1 P3 membranes to in vitro
deglycosylation by peptide-N-glycosidase F.We found (Fig. 3B)
that the ability of the initially correctly folded Drs2p to become
phosphorylated from [g-32P]ATP did not suffer from deglyco-
sylation under incubation conditions (15min at 4 °C) sufficient
to allow the fully glycosylated Cdc50p to disappear.
We then looked for optimal conditions for measuring the

steady-state phosphorylation level of D1 P3 membranes. The
vanadate-dependent phosphoenzyme formed rapidly even at a
low concentration of [g-32P]ATP: it reached a maximal level
after 20–30 s on ice in the presence of 0.5 mM [g-32P]ATP (data
not shown and Fig. 8, dotted lines), a low concentration that
minimized vanadate-independent phosphorylation. We also
found that the measured steady-state phosphorylation level for
D1 P3 membranes was relatively insensitive to ionic condi-
tions. Changes in pH (between 6 and 8.5; Fig. 4A) and in theKCl
or NaCl concentration (between zero and 0.3 M; Fig. 4B) only
had minor effects. Adding EGTA to Ca21-containing medium
ruled out any significant effect on the steady-state phosphoryl-
ation level of the free Ca21 concentration (from 0.01 to 100mM)
or of the many (and possibly endogenous) metal species that
can be chelated by EGTA. The phosphorylation level was also
unaltered if the freeMg21 concentrationwas reduced from 5 to
1 mM, but it decreased for much lower concentrations of free
Mg21 consistent withMg21-ATP being the substrate for phos-
phorylation as generally accepted for P-type ATPases (40–42).
Moderate concentrations of Co21, Zn21, La31, carbonyl cya-
nide m-chlorophenylhydrazone, sulfate, oxalate, or arsenate
did not greatly affect the steady-state phosphorylation level
(Fig. 4 and data not shown).
Inhibition of Phosphorylation by Orthovanadate and Fluo-

ride Compounds—We next studied in more detail the effect of
putative inhibitors (Fig. 5). Micromolar concentrations of
orthovanadate were sufficient to strongly inhibit Drs2p phos-
phorylation. The temperature of incubation did not affect the
resulting inhibition (Fig. 5A), and the kinetics of inhibition by
0.1mMVO4were fairly rapid, being completed within 1min on
ice (Fig. 5C). It is well known that in the case of P2-typeATPases
like SERCA1aVO4 binds rapidly to theCa

21-free (“E2”) formof
the pump only, not to its Ca21-bound (“E1”) form (43). The fact
that phosphorylation of Drs2p was inhibited by VO4 after only
a short incubation suggests that in P3 membranes Drs2p “at
rest” essentially resides in an E2-like conformation.
We also addressed the effect of fluoride compounds known

to be reactive with E2-like states of other P-type ATPases (see
e.g.Ref. 30).We found that Drs2p phosphorylationwas severely
inhibited by 1mM fluoride combinedwith either 50mMBeCl2or
50 mMAlCl3 (Fig. 5B) and that inhibition was completed within
1min in the presence of BeCl2 andwithin 5min in the presence

FIGURE 3. Co-expression of Cdc50p, but not its full glycosylation, is
required for phosphorylation (from [g-32P]ATP) of Drs2p-Bad expressed
in P3 membranes. A, P3 membranes containing either Drs2p mutated at the
catalytic site and co-expressed with Cdc50p (Drs2pD560N, D*1), wild-type
Drs2p co-expressed with Cdc50p (D1), or wild-type Drs2p expressed alone
(i.e. in the presence of endogenous Cdc50p only (D2)) were used. Samples
(200 ml) were incubated on ice at 0.5 mg of total protein/ml in buffer A sup-
plemented with 100 mM Ca21 in the absence or presence of 1 mM orthovana-
date. At time 0, phosphorylation was triggered by addition of a final concen-
tration of 2 mM [g-32P]ATP; after 25–30 s, this was followed by acid quenching
and filtration. This graph shows one representative experiment of several
independent experiments with similar results. Inset, after loading 0.25 mg of
total protein for SDS-PAGE, Drs2p-Bad was detected using a biotin probe. In
the range of molecular masses illustrated, the probe also weakly detected the
biotinylated yeast proteins Acc1p (;250 kDa) and Pyc1/2p (;130 kDa). Ctrl,
yeast membranes that were not transformed with DRS2- or CDC50-containing
plasmid. B, D1 P3 membranes suspended at 2 mg/ml in SB containing 1
mg/ml DDM were incubated on ice for 15 min in the absence or presence of
10 mg/ml peptide-N-glycosidase F (PNGase F) (i.e. 20,000 units/ml). Mem-
branes were subsequently diluted to 0.5 mg/ml in buffer A supplemented
with 0.1 mM Ca21 and 1 mM EGTA, and the ability of these samples to become
phosphorylated was measured after addition of 0.5 mM [g-32P]ATP in the
absence (open bars) or presence (gray bars) of 1 mM orthovanadate. Data are
presented as the mean 6S.D. (error bars) of duplicates. 1.5 mg of total protein
was loaded for Western blot analysis. Detection of Drs2p was performed
using a biotin probe, and detection of Cdc50p was performed using a His
probe (gels on the right).
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of AlCl3 (Fig. 5C). 1 mM fluoride alone only exerted very slow
inhibition (Fig. 5C). Because of the presence of 5 mM Mg21 in
the medium, this slow inhibition could well correspond to
inhibitory binding of a magnesium fluoride complex (the same
order of reactivity for the various fluoride compounds was also
found in the case of SERCA1a; see e.g.Ref. 30). In the absence of
KF, BeCl2 orAlCl3 only hadminor effects on the total phospho-
rylation level (Fig. 5B).
Inhibition of Drs2p phosphorylation by aluminum fluoride

compounds was further characterized. At pH 7 in the presence
of 1 mM KF, inhibition was virtually complete already in the
presence of 5 mM total AlCl3, but the efficiency for inhibition
strongly decreased under alkaline conditions (data not shown
and Fig. 5D). The latter fact is consistent with the idea that, as
for other P-type ATPases, the inhibitory complex could be
AlF4

2 whose concentration strongly decreases under alkaline
conditions due to increased formation of Al(OH)4

2 competitors
(44). Similarly, at pH 7, inhibition by the aluminum fluoride
complex could be minimized or prevented by including an alu-
minumchelator, either the classical Ca21 chelator EGTAor the
iron and aluminum chelator desferrioxamine B (Fig. 5D). If
these chelators (or hydroxyl ions) were added after inhibition
by aluminum fluoride had developed, Drs2p slowly recovered
from its previous inhibition, showing that the inhibitory com-
plex was not formed irreversibly (Fig. 5D).

Solubilization of D1 P3 Membranes by Detergents and Short
or Long Term Effects of Detergents on Phosphorylation of Solu-

bilizedDrs2pzCdc50pComplex—We then investigated the abil-
ity of various detergents to interact with Drs2p-Bad and
Cdc50p-His10, solubilize these proteins, and possibly affect
their function or stability. Fig. 6A shows that DDM allowed

FIGURE 4. Effect of various ionic conditions on phosphorylation (from
[g-32P]ATP) of Drs2p-Bad. A and B, the effect of pH and KCl was explored in
the absence (open symbols) or presence (gray symbols) of 1 mM orthovana-
date. C, the effect of manipulating the concentrations of a few metal ions was
tested by adding either 0.6 or 5 mM EGTA (which reduced the free Ca21 con-
centrations to 0.1 or 0.01 mM as indicated below the corresponding bars); by
adding 4, 7.5, or 15 mM EDTA (which also lowered the free Ca21 concentra-
tions to various extents but in addition reduced the free Mg21 concentra-
tions); or by adding 50 or 500 mM Zn21 or Co21, or 50 mM La31, or 10 mM H1

ionophore carbonyl cyanide m-chlorophenylhydrazone (CCCP). Phosphoryl-
ation (on ice for 30 s) was triggered by addition of 0.5 mM [g-32P]ATP followed
by acid quenching. Data are presented as the mean 6SD (error bars) of
duplicates.

FIGURE 5. Orthovanadate or fluoride compound inhibition of phospho-
rylation (from [g-32P]ATP) of Drs2p-Bad in P3 membranes. D1 P3 mem-
branes were incubated at 0.5 mg of protein/ml in buffer A supplemented with
0.1 mM CaCl2, and phosphorylation was subsequently measured 25 s after
addition of 0.5 mM [g-32P]ATP (on ice). A and B, incubation lasted 1 h and was
performed either at 24 °C (open symbols) or on ice (gray symbols) followed in
both cases by an additional 20 – 40 min on ice. A, incubation was performed in
the presence of various concentrations of orthovanadate. B, incubation was
performed in the absence or presence of KF (1 mM when present) and in the
additional presence of either 50 mM BeCl2 (squares) or 50 mM AlCl3 (triangles)
or in the presence of 5 mM MgCl2 only (diamonds). C, time dependence on ice
of the inhibition by 100 mM VO4 (gray circles) or by 1 mM KF in the absence
(diamonds) or presence of either 50 mM BeCl2 (squares) or 50 mM AlCl3 (trian-
gles). Open circles, control incubation in the absence of any added compound.
D, D1 P3 membranes were diluted on ice to 0.5 mg/ml at time 0 (open circles,
dotted line), 50 mM AlCl3 and 1 mM KF were added at t 5 20 min, and the
residual phosphorylation level was assayed after various periods. To trigger
recovery from inhibition, free aluminum was subsequently chelated at t 5 95
min by adding either hydroxyl ions (Tris base) to bring the pH up to 8
(squares), 10 mM EGTA (upside down triangles), or 0.2 mM desferrioxamine
(diamonds). For a control, Tris, EGTA, and desferrioxamine were also added to
the membranes together with AlCl3 and KF at t 5 20 min (open squares, trian-
gles, or diamonds).
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almost complete solubilization of the biotinylated Drs2p-Bad
(compare total membrane (T), supernatant (S), and pellet (P)
lanes) at DDM-to-protein ratios as low as 0.5 g/g. Solubilization
of Drs2p-Bad with C12E8 proved possible too (Fig. 6A). In all
cases, the unglycosylated portion of Cdc50p-His10 remained
insoluble, whereas solubilization of the glycosylated, mature
form displayed a similar dependence on detergent concentra-
tion as that of Drs2p-Bad (Fig. 6A). Triton X-100 or L-a-lyso-
phosphatidylcholine as well as high critical micelle concentra-
tion detergents like CHAPS, Hecameg, or octyl glucoside also
efficiently solubilized Drs2p-Bad and glycosylated Cdc50p-
His10 (data not shown). When DDM-solubilized D1 P3 mem-
branes (at 0.5 g/g DDM-to-protein ratio) were subjected to
Ni21-NTA affinity chromatography, a large fraction of both
Cdc50p-His10 and Drs2p-Bad did bind to the resin (Fig. 6B,
compare supernatant (S) and flow-through (FT) lanes), indicat-
ing that both proteins still interact with each other after solu-
bilizationwithDDM.The two proteins could be co-eluted from
the Ni21-NTA beads using imidazole (elution buffer (El) lane).

For testing the effect of various solubilizing detergents on
Drs2p function, detergent at a relatively high detergent-to-pro-
tein ratio (10 g/g) was added to D1 or D*1 P3 membranes, and
[g-32P]ATP-dependent phosphorylation was measured. After

short term incubation (1 min), the presence of various deter-
gents in the phosphorylation assay resulted in various levels of
phosphorylation for Drs2p (Fig. 7A). DDM led to phosphoryl-
ation levels slightly higher than in the absence of detergent.
Some other detergents, including Triton X-100, digitonin (pre-
viously used in Ref. 23), or the short-chain lipid diC7PC (45), led
to lower levels of phosphorylation. In similar experiments,
Nonidet P-40, a close relative to Triton X-100, and n-dodecyl-
N,N-dimethylamine-N-oxide were found to be rather poor
(data not shown).
Because of the known ability of detergents in some cases to

induce time-dependent inactivation ofmembrane proteins (see
e.g. Ref. 46), the long term effects of incubation with DDM,
C12E8, and Triton X-100 were also investigated. Of these three
non-ionic detergents, DDM appears to be the least inhibitory
after incubation for hours on ice (Fig. 7B). Compared with
DDM, CHAPS either in the absence or in the presence of egg
lecithin and DTT (16) did not lead to any gain in stability (data
not shown). Similar experiments also demonstrated that
a-DDM, C11-b-maltoside, or C10-b-maltoside did not preserve
phosphorylation more effectively. Octyl thioglycoside and
CYMAL-5 were not stabilizing detergents either (data not
shown). Reducing the detergent-to-protein ratio helped to

FIGURE 6. Detergent-induced solubilization of glycosylated Drs2pzCdc50p complex. A, D1 P3 membranes were diluted to 2 mg of protein/ml in ice-cold
SB supplemented with detergent (DDM or C12E8 with the indicated detergent-to-protein ratio) as well as with PMSF and a mixture of protease inhibitors and
incubated as described under “Experimental Procedures” before high speed centrifugation. Pellet (P) fraction was resuspended in the same volume as that of
the total membrane (T) fraction. 0.5 mg of the total membrane fraction was loaded for SDS-PAGE, and the same volumes of supernatant (S) and pellet fractions
were loaded as well. Drs2p-Bad was detected using a biotin probe, and Cdc50p-His10 was detected using a His probe. B, D1 P3 membranes were solubilized
with 0.5 g of DDM/g of protein (1 mg/ml DDM) and centrifuged as above. The supernatant was then added to Ni21-NTA beads (400 ml of slurry for 10 ml of
solubilized sample) and incubated overnight. Unbound proteins were collected in the flow-through (FT), the resin was washed with 5 ml of “wash” buffer (W)
(SB supplemented with 0.2 mg/ml DDM), and proteins were eluted with 1.2 ml of “elution” buffer (El) (wash buffer supplemented with 250 mM imidazole). 0.8
mg of the total membrane fraction and the same volumes of supernatant, pellet, flow-through, wash buffer, and elution buffer fractions were analyzed by
Western blotting.
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maintainDrs2p phosphorylation ability after long term incuba-
tion (Fig. 7C): at the low (but still solubilizing) DDM-to-protein
ratio of 0.5 g/g, the D1 phosphorylation level even slightly
increased over time as for membranes (Fig. 7C).
Turnover-dependent Dephosphorylation of Drs2pzCdc50p

Complex as Measured upon Isotopic Dilution of [g-32P]ATP—
We revealed turnover-dependent dephosphorylation of Drs2p
by chasing the 32P-labeled phosphorylated species formed in
Drs2pzCdc50p-containing membranes with non-radioactive
Mg21-ATP. At 4 °C, a very significant fraction of Drs2p phos-
phoenzyme resistedATPchase forminutes (Fig. 8A) in contrast
with the much faster and complete phosphoenzyme decay that
was observed for SERCA1a under identical conditions (data not
shown). This decay was not sensitive to the presence of ADP
(instead of Mg21-ATP) in the dephosphorylation medium, but
it was clearly sensitive to temperature as expected for an enzy-
matic process. At high temperature, however, this decay
remained fairly slow: the half-time for the slow component of
Drs2p dephosphorylation was of the order of 1–2 min at 37 °C
(Fig. 8A). The corresponding results for the inactive D*1 sam-
ple (Fig. 8B) clearly show that most of this slow component of
D1 dephosphorylation is indeed attributable to Drs2p phos-
phoenzyme decay, whereas at least part of the observed initial
rapid phase of dephosphorylation in Fig. 8A can be accounted
for by rapid decay of the background phosphorylation also
observed for the inactive mutant.

Turnover-dependent decay of the Drs2pzCdc50p phosphoe-
nzymewas also explored in the presence of detergent. The pres-
ence of DDMdid notmuch affect the kinetics of Drs2pzCdc50p
dephosphorylation at 37 °C (Fig. 8, A and C, compare circles),
whereas phosphoenzyme decay wasmade significantly faster in
the presence of C12E8 and even more so in the presence of the
short-chain lipid diC7PC (Fig. 8C).
Effect of Exogenous PS and PtdIns(4)P on Dephosphorylation

of Drs2pzCdc50p Complex—Our ability to measure phospho-
rylation and dephosphorylation of Drs2p in the presence of
detergent prompted us to test the effect of specific lipids in the
environment of Drs2p. Unexpectedly, when yeast membranes
were solubilized at a relatively high detergent-to-protein ratio
(10 g of DDM/g of total protein), allowing a large dilution of
proteins and endogenous protein-bound phospholipids within
the solubilizing detergent micelles, the presence of exogenous
PS during phosphorylation and dephosphorylation (here, 0.05 g
of PS/g of DDM; hence, 0.5 g of PS/g of protein) slowed down
Drs2p dephosphorylation (Fig. 9A). Control experiments ascer-
tained that most of the non-catalytic phosphorylation dropped
during the first rapid phase in all cases (data not shown). The
slowing down effect of PS was apparently independent of the
nature of the lipid fatty acid chains as it was observed for POPS
(Fig. 9A), DMPS, and for a commercial mixture of E. coli lipids
rich in various types of PS (data not shown). In similar experi-
ments, PS also slowed down the dephosphorylation rate
observed in the presence of C12E8 (data not shown).
Exogenous PS also exerted a slowing down effect on dephos-

phorylation of the solubilized Drs2p in the presence of exoge-

FIGURE 7. Short and long term effects of detergents on phosphorylation
(from [g-32P]ATP) of Drs2p-Bad. P3 membranes, either D1 (open bars or
open symbols) or D*1 (gray bars or gray symbols), were suspended at 2 mg/ml
in SB supplemented with PMSF and a complete protease inhibitor mixture. A,
samples were then incubated for 1 min in the presence of various detergents
all at 20 mg/ml; the detergents used are indicated (Digit, digitonin; TX-100,
Triton X-100). After such incubation, samples were diluted 4-fold into buffer A
supplemented with 0.1 mM CaCl2, and phosphorylation was measured as
described earlier using two superimposed A/E filters. Both filters were
counted, and the sum of the radioactivities in the two filters was plotted. B, for
selected detergents, similar measurements were repeated after incubation
on ice for a few hours. The detergents tested were DDM (triangles), C12E8

(squares), and Triton X-100 (diamonds). C, DDM was tested at various concen-
trations, resulting in the various detergent (det.)-to-protein (prot.) ratios indi-
cated. Data are presented as the mean 6 S.D. (error bars, n 5 3).

FIGURE 8. Turnover-dependent dephosphorylation of Drs2p-Bad either
in membranes or in presence of various detergents. A, D1 P3 membranes
were suspended at 0.5 mg of protein/ml in buffer A supplemented with 100
mM Ca21 on ice. Phosphorylation was triggered by adding 0.5 mM [g-32P]ATP
and quenched after various periods (dotted line). After 25 s (arrow), aliquots
were withdrawn and diluted 5-fold for dephosphorylation under three differ-
ent conditions: first on ice in the presence of 1 mM non-radioactive Mg21-ATP
(squares; in this case, the Mg21-ATP-containing dephosphorylation medium
had previously been supplemented with 0.01 mg/ml pyruvate kinase and 0.2
mM phosphoenolpyruvate); second, on ice but in the presence of 1 mM ADP
instead of Mg21-ATP and without pyruvate kinase or phosphoenolpyruvate
(triangles); and third, in the presence of 1 mM Mg21-ATP but at 37 °C (circles). B,
dephosphorylation in the presence of Mg21-ATP at 37 °C (as in A) using D*1

P3 membranes. C, before triggering phosphorylation of D1 P3 membranes,
the membrane suspension had been supplemented with 1 mg of DDM/ml,
and dephosphorylation was measured after 5-fold dilution into a Mg21-ATP-
containing dephosphorylation medium at 37 °C that also contained a 1
mg/ml concentration of either DDM (circles), C12E8 (triangles), or diC7PC
(squares). In all cases, the dotted line represents the time course for phospho-
rylation itself on ice (the actual data points were removed for clarity except for
the data point at 25 s). This figure shows one representative experiment of
several independent experiments with similar results.
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nously added PC (Fig. 9B). PC alone only slightly slowed down
dephosphorylation, and this effect was again apparently inde-
pendent of the nature of the PC fatty acid chains as POPC and
DOPC had similar slightly inhibitory effects (data not shown).
The combination of PC and PS was as inhibitory as PS alone
(Fig. 9, A and B). Remarkably, if exogenous PtdIns(4)P was
added to DDM for the initial Drs2p solubilization, the addi-
tional presence of exogenous PS led to a clear acceleration of

Drs2p dephosphorylation as expected for a transported phos-
pholipid, whereas PtdIns(4)P alone already induced slight
acceleration (Fig. 9C).
To rule out any possible artifactual role of the C-terminally

located Bad tag in Drs2p-Bad, we investigated whether remov-
ing this tag would induce any change in the phosphorylation or
dephosphorylation properties of Drs2p. Because of proteases
cleavage sites inserted in the C terminus, we were able to
remove Bad and His10 tags from Drs2p-Bad and Cdc50p-His10
(Fig. 9D, inset), respectively, and protease-treated membranes
were solubilized with an excess of DDM. After tag removal, the
effects of PS and PtdIns(4)P on phosphoenzyme decays were
unchanged (Fig. 9D). This shows that the C-terminally located
Bad sequence on Drs2p (as well as the His10 tag on Cdc50p)
does not interfere with catalytic turnover and regulation of
Drs2p function by PtdIns(4)P. Experiments similar to those
illustrated in Fig. 9 but performed in the presence of lower
relative amount of lipids showed weaker effects of POPC,
POPS, and PtdIns(4)P (data not shown), suggesting that these
lipids bind to their sites on Drs2p with relatively poor apparent
affinity when they have to compete with an excess of DDM.

DISCUSSION

Co-expression of Drs2p and Cdc50p—Although several lines
of evidence indicate that Drs2p is responsible for phospholipid
flipping across membranes, much remains to be discovered
about the translocation mechanism itself and the role of the
Drs2p companion protein, Cdc50p. Toward this goal, we con-
structed a plasmid (Fig. 1) carrying both DRS2 and CDC50

genes and allowing for the coordinated overexpression of both
proteins at high cell densities. From 1 liter of culture, 300mg of
protein was recovered in the light P3membrane fraction, 3% of
which (i.e. about 10 mg) was estimated to be biotinylated
Drs2p-Bad accompanied by correctly glycosylated Cdc50p-
His10, whereas the heavy P2 fraction was found to contain
membranes expressing predominantly a non-glycosylated ver-
sion of Cdc50p-His10 corresponding to immature Cdc50p that
had probably not properly trafficked to Golgi membranes (Fig.
2). The poorer glycosylation observed for Cdc50p co-expressed
with the inactive Drs2pD560N mutant (Fig. 2) is consistent with
previous data suggesting that mutation of Asp-560 in Drs2p
alters the interaction between Drs2p and Cdc50p as measured
in vivo by the split ubiquitin assay (23).
Functionality of Overexpressed Drs2pzCdc50p Complex—

The quality of the complex formed was suitable for functional
analysis without requiring any additional purification step.
With Drs2p accounting for about 3% of total proteins in the P3
membrane fraction, the vanadate- or fluoride-sensitive phos-
phorylation level at steady state of about 3 pmol of 32P bound/
100 mg of total protein (Figs. 3–9) would correspond to about 1
nmol of 32P bound/mg of Drs2p protein itself. This suggests
that the stoichiometry for Drs2p phosphoenzyme amounts to
at least a few tens of %, a value comparable with those reported
for purified ATP8A2 in the absence of PS (17). This high phos-
phorylation level, which is much higher than in previous
reports (23, 39), represents a significant improvement for
future dissection of the molecular mechanism underlying
Drs2pzCdc50p-mediated lipid transport.

FIGURE 9. Presence of PtdIns(4)P is required to allow PS to stimulate turn-
over-dependent dephosphorylation of Drs2p in excess DDM. D1 P3 sam-
ples containing 0.5 mg of protein/ml were first solubilized with 5 mg of
DDM/ml supplemented in some cases with various exogenous lipids (0.25 mg
of each lipid/ml), resulting in detergent and exogenous lipid-to-total protein
ratios of 10 g of DDM/g of protein and 0.5 g of each exogenous lipid/g of
protein. After 25 s of phosphorylation from [g-32P]ATP in buffer A supple-
mented with 0.1 mM Ca21 and 1 mM EGTA, samples were either quenched
with acid immediately or transferred into a tube pre-equilibrated at 37 °C and
containing concentrated non-radioactive Mg21-ATP (so that the final con-
centration of ATP was 1 mM) for dephosphorylation for various periods before
acid quenching. A, open circles, DDM alone; closed circles, DDM 1 POPS. B,
open squares, DDM 1 POPC; closed squares, DDM 1 POPC 1 POPS; C, open
triangles, DDM 1 PtdIns(4)P (PI(4)P); closed triangles, DDM 1 PtdIns(4)P 1

POPS. D, dephosphorylation rates in the presence of PtdIns(4)P (open sym-
bols) or PtdIns(4)P 1 POPS (closed symbols) were measured before (triangles)
or after (diamonds) proteolytic excision of the Bad and His10 tags from con-
structs bearing a TEV cleavage site. Cleavage of the tag was performed by
overnight incubation of membranes at 4 °C in the presence of TEV protease.
Aliquots were analyzed by Western blotting for the residual tag contents
using the biotin probe and the His probe (inset). Data from A and B are pre-
sented as the mean 6S.D. (error bars) of four independent experiments. Data
from C are presented as means 6 S.D. (error bars, n 5 5 of three independent
experiments). Data from D are presented as the mean 6S.D. (error bars) of
duplicates.
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We found that after Drs2p has acquired an appropriately
active conformation due to the chaperone role of fully glycosy-
lated Cdc50p, maintenance of the complete glycosylation of
Cdc50p is a prerequisite neither for Drs2p steady-state phos-
phorylation at its catalytic site (Fig. 3B) nor for its dephospho-
rylation (data not shown). This agrees with previous reports
suggesting that glycosylation of only a few of the potential sites
on Cdc50p is sufficient for its function (24).
For subsequent studies after solubilization, DDM was found

to be a fair choice as this detergent allowed maintaining the
formation of significant amounts of phosphoenzyme while
minimizing the rate of detergent-induced irreversible inactiva-
tion and preserving the interaction between Drs2p and fully
glycosylated Cdc50p (Figs. 6 and 7).
Measurement of Catalytic Turnover of Drs2pzCdc50p

Phosphoenzyme—In previous studies with either Drs2pz

Cdc50p complex purified from yeast membranes or human
ATP8B1zCDC50A complex purified from baculovirus-infected
cells, only a very minor fraction of the phosphoenzyme formed
was found capable of undergoing turnover-dependent dephos-
phorylation even in the presence of PS in the dephosphoryl-
ation medium (23, 39). Time-dependent decay of a 32P-labeled
phosphorylated state of the purified ATP8A1 (ATPase II) has
been reported previously (47), but in that study, the time
dependence measured probably does not reflect the true kinet-
ics of the catalytic cycle but merely the time needed for exhaus-
tion of [g-32P]ATP from themedium. In addition, the observed
phosphoenzymewas formed in the absence ofMg21, and it was
detected after alkaline SDS-PAGE, an odd situation for the
anticipated acylphosphate phosphoenzyme (48). Only very
recently has it been possible to clearly observe the turnover-de-
pendent phosphoenzyme decay of a P4-ATPase, namely human
ATP8A2 (17).
Here, we were able for the first time tomeasure turnover-de-

pendent decay of the 32P-labeled Drs2pzCdc50p phosphoen-
zyme (Fig. 8). The kinetics of this decay were found to be ADP-
insensitive (Fig. 8A), which according to classical rationales for
P-type ATPases would characterize Drs2p phosphoenzyme
formed at 4 °C as “mainly E2P.” In contrast, the ATP8A2 phos-
phoenzyme contains a significant proportion of the ADP-sen-
sitive E1P form (17).
Effects of PS and PtdIns(4)P on Turnover-dependent Phos-

phoenzyme Decay—In the case of P2-ATPases like SERCA1a
Ca21-ATPase or Na1,K1-ATPase, it is the binding of counter-
transported H1 and K1 ions to the transport site in the E2P
state that stimulates E2P dephosphorylation via the TGEmotif
of their A-domain (9, 49). Assuming that P4- and P2-ATPases
share the same basic mechanism for transport, binding of the
transported substrate (PS in the case ofDrs2p) should therefore
stimulate dephosphorylation of Drs2p, and this is indeed what
is observedwithATP8A2 (17). However, when solubilization of
yeast membranes was performed with a high DDM-to-protein
ratio, the mere addition of PS to DDM slowed down Drs2p
dephosphorylation. PS exerted its expected stimulatory effect
onDrs2p dephosphorylation only in the presence of PtdIns(4)P
(Fig. 9). Because the solubilized Drs2p was preincubated with
PS in these experiments, there is no doubt that PS had ample
time to reach its binding sites on Drs2p.

Note that when membrane solubilization was performed
with a 10-fold lower detergent-to-protein ratio addition of PS
no longer exerted any effect, and PtdIns(4)P was now stimula-
tory both in the absence and the presence of PS (data not
shown). A likely reason for these results is that at such amodest
DDM-to-protein ratio the PS-binding sites on Drs2pzCdc50p
remained occupied by endogenous PS derived from the yeast
Golgimembranes so that addition of exogenous PS did not have
any additional effect. But the PtdIns(4)P-binding sites on
Drs2pzCdc50p remained essentially unoccupied presumably
because of the known instability of PtdIns(4)P and therefore the
absence of any endogenous PtdIns(4)P in the final membrane
fraction (hence the stimulating effect of added PtdIns(4)P).
If this interpretation is correct, the data at a high DDM-to-

protein ratio are those that best reveal the intrinsic modulatory
properties of the membrane lipids, namely the strict require-
ment for PtdIns(4)P for allowing PS to stimulate the catalytic
cycle of Drs2p. Thus, our observations provide the enzymologi-
cal basis for the recently established fact that PtdIns(4)P stim-
ulates NBD-PS translocation in the TGN (25). This stimulation
appears to be due to acceleration of the dephosphorylation step,
a step at which the phospholipid ligand is expected to be loaded
on the flippase.
From a physiological point of view, PtdIns(4)P is a crucial

component of the signaling cascade for clathrin-coated vesicle
formation at the TGN (26, 27). The dependence of Drs2pz

Cdc50p phosphoenzyme decay on PtdIns(4)P is consistentwith
the need of enhanced phospholipid transport by Drs2p when
vesicle budding is required (25).
Itmight appear as a paradox that the ligand to be transported

by Drs2p (PS) does not stimulate pump dephosphorylation
(and therefore completion of its catalytic cycle) in all cases and
may even slow down this step. But this is only because in most
classical cases coupling of P-type pump dephosphorylation to
ion transport is quite tight (see e.g. Ref. 50). From a general
enzymological point of view, this tight coupling is not strictly
necessary. In the absence of PtdIns(4)P, the Drs2p enzyme
might display an uncoupled catalytic cycle. The mitochondrial
P450 enzyme is a classical example of an enzyme for which the
balance between the desired oxidation of substrates andparallel
abortive mechanisms is highly variable from one substrate to
the other (51, 52). Even for P2-type ATPases (for instance
Ca21-ATPase), the existence of uncoupled pathways for
dephosphorylation has been suggested, either for different iso-
forms or under different situations (53–56).
Phosphoenzyme Turnover Is Slower for Drs2pzCdc50p Complex

than for Mammalian Photoreceptor P4-ATPase, ATP8A2—
For our complex, we found rather slow dephosphorylation rate
constants (in themin21 range) both inmembranes and inDDM
(see Figs. 8 and 9).

These slow dephosphorylation rate constants are not incom-
patible with the faster rate constants deduced fromoverall ATP
hydrolysis rates measured previously for purified Drs2p (15).
Indeed, those hydrolysis measurements were performed in the
presence ofC12E9, a detergentmixture related to the pureC12E8
detergent that in the present study strongly accelerated phos-
phoenzyme decay (Fig. 8C). Moreover, the rates of Drs2p-de-
pendent NBD-PS translocation measured in proteoliposomes
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were much slower (15) than what would have been expected
(assuming a coupling ratio close to 1) from the ATP hydrolysis
rates measured in the presence of C12E9.
Nevertheless, the turnover rate constants measured for our

complex are definitely slower than those deduced from the
overall hydrolytic activity as well as from direct dephosphoryl-
ation measurements of human P4-ATPase ATP8A2 from pho-
toreceptor outer segment discmembranes (16, 17). In addition,
ATP8A2ATPase activity has been described to be greatly stim-
ulated by PS without any special requirement for PtdIns(4)P
(16, 17).One possible interpretation for these apparent discrep-
ancies between our results with Drs2p and those for ATP8A2 is
that Drs2p-catalyzed lipid flip-flop in yeast TGN membranes
does not need to be especially rapid. In contrast, ATP8A2 local-
ized in retinamight have to counterbalance rapid dissipation of
lipid asymmetry by the “floppase” activity of opsin (57). From a
mechanistic point of view, the fast turnover rate ofATP8A2 and
its apparent lack of sensitivity to PtdIns(4)P might come from
the fact that there is only poor conservation of the C-terminal
tail (including the putative RMKKQR PtdIns(4)P-binding site
(25)) between these two P4-ATPases.
Directly performing ATPase activity measurements on yeast

P3 membranes with overexpressed Drs2p would of course be
desirable. We made a few attempts along this line, but they
remained unsuccessful because of the high backgroundATPase
activity found in our crude yeast membrane fractions. Com-
pared with this relatively high background activity, the
expected activity resulting from dephosphorylation of 30–40
pmol/mg total protein with a dephosphorylation rate constant
of 0.5–1 min21 would indeed be 2 or 3 orders of magnitude
lower. Reliable measurements must therefore await complete
purification of the Drs2pzCdc50p complex.
N- or C-terminal Location of Drs2p Tag?—A C-terminally

TAP-tagged Drs2p was recently found to be functional in com-
plementation experiments in vivo but not functional in vitro

after affinity purification (15). In contrast, in the present work,
C-terminally tagged Drs2p co-expressed with Cdc50p
remained phosphorylatable from [g-32P]ATP over long periods
of time in the presence of moderate but solubilizing DDM con-
centrations, suggesting that Drs2p experiences only a small
amount of time-dependent irreversible inactivation under
these conditions. As time-dependent inactivation in our exper-
imentswasmuchmore of concern in the presence ofC12E8 (Fig.
7B), it is conceivable that C12E9, which was used in Ref. 15, led
to lability of theC-terminally taggedDrs2p-TAP construct dur-
ing its purification, whereas this lability was somehow not
shared by N-terminally tagged TAP-Drs2p.
Beyond these speculations, we measured phosphorylation

and dephosphorylation of the Drs2pzCdc50p complex
expressed in P3 membranes after removal of the Bad and His10
tags by proteolytic treatment. The fact that we did not detect
any significant difference between treated and untreatedmem-
branes (Fig. 9D) indicates that the C-terminally located Bad tag
does not perturb the catalytic cycle of Drs2p.
Fluoride Compounds and Perspectives for Purification of

Drs2pzCdc50pComplex—For future purification and structural
characterization of the Drs2pzCdc50p complex, the instability
of Drs2p at a high detergent-to-protein ratio should probably

be kept in mind. In the context of such time-dependent deter-
gent-induced denaturation, our finding that fluoride com-
pounds react with Drs2p (Fig. 5) might offer an interesting per-
spective similar to the one that turned out to be very useful for
SERCA1a crystallization. Indeed, preliminary reaction of
SERCA1a with these fluoride compounds was found to afford a
strong protection of SERCA1a against irreversible denatur-
ation during the subsequent lengthy process of purification and
crystallization in the presence of detergent (58). Crystallization
of aluminum or beryllium fluoride forms of Drs2pmight there-
fore be the aim of studies in the near future.
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