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After the initial discovery of an ATPdriven transporter of aminophospholipids
as a principal generator of phospholipid
asymmetry in the erythrocyte membrane
(Seigneuret and Devaux, 1984), it took
another 25 years before flippase activity
was demonstrated directly by functional
reconstitution of the purified enzyme (Zhou
X, Graham TR 2009, PNAS 106, 16586-16591,
Coleman JA, Kwok MCM, Molday RS 2009,
JBC ahead of print). As described in Chapter
1, the enzymes that catalyze flippase activity
belong, surprisingly, to the P-type ATPase
superfamily of cation pumps. These so-called
P4-ATPases display extensive sequence
similarity with the other family members, and
the high similarity between the quaternary
structures of three distinct P-type ATPases
that have been crystallized thus far has
resulted in a single concept of the transport
mechanism thought to be applicable to all
P-type ATPases. However, phospholipids
are considerably bigger in size and display
very different physicochemical properties
than metal ions and small cations, the usual
substrates of P-type ATPases. Hence, a
challenging problem is to understand how
this mechanism is adapted to translocate
phospholipids instead of simple ions.
Their kinship to cation pumps raised the
possibility that P4-ATPases require additional
machinery to accomplish this task. Indeed,
as opposed to most other P-type pumps, P4ATPases form heteromeric complexes with
accessory Cdc50 proteins. Whether these
or other subunits participate in P4-ATPasecatalysed lipid transport is not known. The
central aim of this thesis was to elucidate the
inner workings of a flippase. To this end we
focused on two key objectives: i) to define
the minimal P4-ATPase transport machinery;
ii) to establish the primary role of the Cdc50
subunit in the transporter complex.
In Chapter 2 we used a proteomicsbased strategy to identify binding partners

of the yeast Golgi P4-ATPase Drs2p. By using
in vivo chemical cross-linking, we set out
to capture also transient or weak protein
interactions that occur in live cells prior to
cell lysis. This led to the identification of
one known and eight novel Drs2p-binding
partners. Using a genetic interaction assay, we
verified the majority of the identified proteins
as true interactors of Drs2p. Interestingly,
three of the newly identified proteins are
involved in phosphoinositide metabolism.
Especially the PI(4)P phosphastase Sac1p
was of interest, since a physical interaction
between Drs2p and Sac1p may interconnect
flippase activity and coat recruitment during
biogenesis of secretory vesicles at the Golgi.
Cdc50 proteins have been suggested
to function as chaperones that promote
the proper maturation and intracellular
targeting of P4-ATPases. In Chapter 3 we
provide experimental evidence that Cdc50
proteins play a more direct and intimate
role in P4-ATPase-catalyzed phospholipid
transport. We show that specific interactions
between P4-ATPases and Cdc50 subunits are
required to render the enzyme competent
for phosphorylation at the catalytically
important aspartate residue. Moreover,
we find that the affinity of the P4-ATPase
for its Cdc50 binding partner fluctuates
during the reaction cycle, with the strongest
interaction occurring at a point where the
enzyme is loaded with phospholipid ligand.
These findings suggest that acquiring Cdc50
subunits might be a key step in the evolution
of flippases from a family of cation pumps.
In view of these findings, we next
explored the structural basis of the dynamic
association between P4-ATPases and Cdc50
proteins. In Chapter 4 we show that the
ectodomain of Cdc50 proteins is a critical
mediator of P4-ATPase binding and function.
Moreover, we identified a disulfide bridge
between two conserved cysteines in the
Cdc50 ectodomain as a critical determinant of
productive transporter-subunit interactions.
These findings are consistent with a role of
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the subunit in loading the transporter with
phospholipid ligand and/or in creating a
sizeable pathway for its translocation across
the bilayer.
In Chapter 5 we discuss the major
findings of this thesis and present a novel
model for the mechanism of P4-ATPasecatalysed phospholipid transport. Hopefully,
this will aid in devising novel experimental
strategies to tackle both the inner workings
and biological significance of the P4-ATPase
class of phospholipid transporters.
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abstract
Members of the P4 subfamily of P-type ATPases are believed to catalyze phospholipid transport across
membrane bilayers, a process inﬂuencing a host of cellular functions. Atomic structures and functional
analysis of P-type ATPases that pump small cations and metal ions revealed a transport mechanism that
appears to be conserved throughout the family. A challenging problem is to understand how this mechanism
is adapted in P4 ATPases to ﬂip phospholipids. P4 ATPases form oligomeric complexes with members of the
CDC50 protein family. While formation of these complexes is required for P4 ATPase export from the
endoplasmic reticulum, little is known about the functional role of the CDC50 subunits. The Na+/K+-ATPase
and closely-related H+/K+-ATPase are the only other P-type pumps that are oligomeric, comprising
mandatory β-subunits that are strikingly reminiscent of CDC50 proteins. Besides serving a role in the
functional maturation of the catalytic α-subunit, the β-subunit also contributes speciﬁcally to intrinsic
transport properties of the Na+/K+ pump. As β-subunits and CDC50 proteins likely adopted similar
structures to accomplish analogous tasks, current knowledge of the Na+/K+-ATPase provides a useful guide
for understanding the inner workings of the P4 ATPase class of lipid pumps.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
An intriguing aspect of cellular membranes is that the different
lipid species are often non-randomly distributed across the bilayer [1].
This lipid asymmetry serves a multitude of cellular functions and is
maintained by unidirectional ﬂippases. The identity of these activities
remains to be established, but prime candidates are members of the P4
subfamily of P-type ATPases. P4 ATPase dysfunction has been
implicated in membrane trafﬁcking defects [2], aberrant phagocytic
clearance of cells [3], and a life-threatening liver disease [4].
Consequently, deﬁning the machinery responsible for creating lipid
asymmetry and its functional implications has become a major focus
of interest.
P4 ATPases belong to the P-type ATPase superfamily. Members of
this family exploit a phosphorylated reaction cycle intermediate of
ATP hydrolysis to translocate ligands, predominantly cations, across
cellular bilayers. The sarcoplasmic reticulum Ca2+-ATPase (SERCA)
and plasma membrane-associated Na+/K+-ATPase are among the
best-studied P-type ATPases. While SERCA plays a vital role in muscle
function [5], the Na+/K+-ATPase generates electrochemical gradients
for sodium and potassium that ensure basic cellular homeostasis, the
excitability of neuronal and contractile tissues, and the re-adsorption
of sodium in renal epithelia [6]. As both P-type pumps are important
targets for theurapeutics, elucidation of their architecture and work-

1388-1981/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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2. Transbilayer lipid asymmetry: origin and signiﬁcance
2.1. Lipid gradients along the secretory pathway
The broad range of lipid species found in cellular membranes
suggests that they contribute to multiple cellular processes. Indeed,
besides providing the core components of the membrane matrix,
lipids are used for energy storage and as important regulatory and
signaling molecules [1]. In line with this diversity of functions, lipids
display non-random distributions between subcellular organelles as
well as between the two leaﬂets of individual organellar membranes.
For instance, sterols and sphingolipids form concentration gradients
along the secretory pathway with the highest levels in the plasma
membrane (Fig. 1; [7]). This arrangement has important functional
consequences. Due to their high packing density, sphingolipids and
sterols contribute to the compactness and thickness, and hence the
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ing mechanism has been subject to intense investigations. Atomic
structures combined with functional analysis and homology models
revealed that fundamental aspects of the transport mechanism are
conserved among all P-type ATPases. This has raised considerable
interest in understanding how P4 ATPases acquired the ability to
translocate phospholipids instead of simple ions.
In this review, we will ﬁrst discuss the experimental evidence for a
ﬂippase function of P4 ATPases. Next, we will use an unexpected
similarity between P4 ATPases and the Na+/K+-pump to gain insight
into the working mechanism of this putative class of ﬂippases.
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Fig. 1. Non-random lipid distributions in a polarized epithelial cell. See text for details. AP, apical membrane; TJ, tight junction; BL, basolateral membrane; Go, Golgi apparatus; ER,
endoplasmic reticulum; SLs, sphingolipids; APLs, aminophospholipids; PC, phosphatidylcholine.

barrier function of the plasma membrane. The low levels of
sphingolipids and sterols in the endoplasmic reticulum (ER), on the
other hand, result in a loose packing of its membrane lipids, which
facilitates the insertion of newly synthesized proteins and thereby
supports the biogenic function of the organelle.
A unique type of lipid heterogeneity exists in the plasma
membrane of polarized epithelial cells. The basolateral domain of
these cells has a composition very similar to that of the plasma
membrane of non-polarized cells, but the apical domain is enriched in
glycosphingolipids [7]. These differences exist exclusively in the
exoplasmic leaﬂet of the plasma membrane where they are preserved
by the presence of a barrier to lipid diffusion, the tight junction. The
high concentration of densely-packed glycosphingolipids at the apical
surface of intestinal epithelial cells serves to protect these cells from
mechanical stress and from the detergent action of hydrophobic bile
salts.

Printed by Xerox

2.2. Transbilayer lipid asymmetry
A striking example of lipid heterogeneity is the non-random or
asymmetric lipid distribution across membranes of the late secretory
pathway. The paradigm for this lipid asymmetry is the plasma
membrane, in which the bulk of the aminophospholipids (APLs)
phosphatidylserine (PS) and phosphatidylethanolamine (PE) are
conﬁned to the cytosolic leaﬂet (Fig. 1; [8]). This asymmetry is also
present in Golgi-derived secretory vesicles [9] and in compartments of
the endosomal system [10]. The biological signiﬁcance of lipid
asymmetry is multifold. The tight packing of sphingolipids and sterols
in the exoplasmic leaﬂet is important for membrane stability and
impermeability, which is particularly relevant for epithelial cells that
line the gastroenteric tract (see above). Conversely, the enrichment of
APLs (notably PE) in the cytosolic leaﬂet of the plasma membrane and
at the surface of endocytic and exocytic vesicles may serve to keep
these membranes in a fusion-competent state [11]. In addition, the
regulated dissipation of lipid asymmetry and externalization of APLs is
associated with many (patho)physiological processes, including
platelet activation, sperm capacitation, myoblast fusion, virus entry
into host cells, and the phagocytic recognition and clearance of
apoptotic cells [12,13]. Phospholipid randomization may also affect
the structure and activity of cell surface receptors, channels and
transporters by altering the lipid shell of these membrane proteins
[14]. Finally, the dynamic process of lipid translocation responsible for

the generation and maintenance of lipid asymmetry has been
implicated in membrane bending and the biogenesis of endocytic
and secretory vesicles [15].
2.3. Cells require proteins to facilitate transbilayer lipid movement
Although phospholipids can diffuse rapidly in the lateral plane of
the bilayer, they face a substantial energy barrier to ‘ﬂip’ their polar
head groups through the hydrophobic membrane interior. Yet a
prerequisite for the expansion of biogenic membranes such as the ER
is that phospholipids produced on the cytosolic surface can ﬂip to the
other side at a rate close to that of their production. This led to the idea
that ﬂip-ﬂop in the ER is mediated by a ﬂippase, i.e. a proteinaceous
component that facilitates the energetically unfavorable migration of
phospholipids across the bilayer. ER ﬂippases function independently
of metabolic energy and catalyze a fast transverse movement of most
phospholipid classes in both directions [16]. However, their identity is
not known. The observation that peptides mimicking the α-helices of
transmembrane proteins stimulate ﬂip-ﬂop in synthetic bilayers
indicates that the ability to catalyze ﬂip-ﬂop is not necessarily
restricted to one speciﬁc protein [17]. Yet the hypothesis that the
mere presence of transmembrane helices would be sufﬁcient to
catalyze ﬂip-ﬂop only holds for speciﬁc organellar membranes. Flipﬂop in the plasma membrane, for example, is a slow process [18,19],
even though this organelle contains a large variety of membranespanning proteins. Interestingly, helix-mediated ﬂip-ﬂop is strongly
inhibited by cholesterol [20], an abundant component of the plasma
membrane. Cholesterol may exert its inhibitory effect by causing an
increased packing of the acyl chains through which the polar head
group has to travel. Consequently, the sterol gradient along the
secretory pathway may serve as a regulatory device to switch from
constitutive ﬂip-ﬂop in the ER to a more tightly controlled lipid
translocation in the late secretory pathway [20].
As facilitators of non-vectorial lipid transport, ER ﬂippases
promote a random or symmetrical lipid distribution across the bilayer.
Lipid asymmetry must therefore be generated as membrane ﬂows
through the Golgi or upon arrival at the plasma membrane. This
process relies, at least in part, on a combination of slow ﬂip-ﬂop and
the presence of selective unidirectional ﬂippases or translocases.
These activities use ATP hydrolysis to move speciﬁc lipid species
against a concentration gradient. The best-studied example is the APL
translocase (APLT), which catalyzes a fast inward movement of PS and
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PE across the plasma membrane. Although ﬁrst discovered in human
red blood cells [18], APLT activities have now been detected in the
plasma membrane of many nucleated cells [21], in the trans-Golgi
[22], and in Golgi-derived secretory vesicles [9,23]. Some cell types
show a similar inward transport of phosphatidylcholine (PC) due to
the presence of either a PC translocase in addition to the APLT, or a
translocase of different speciﬁcity that ﬂips both APLs and PC [21].
3. P4 ATPases as key regulators of lipid asymmetry
3.1. The P4 ATPase family of putative lipid transporters
The biochemical characteristics of the APLT activity in human red
blood cells (e.g. vanadate sensitivity, high selectivity for PS) served as
selection criteria for identiﬁcation of the responsible enzyme.
Puriﬁcation of the bovine chromafﬁn granule-associated APLT activity,
termed ATPase II, led to the cloning of a gene currently referred to as
ATP8A1 [24]. The corresponding enzyme is homologous to Drs2p, a
trans-Golgi network (TGN)-resident protein in yeast. ATP8A1 and
Drs2p are founding members of a conserved subfamily of P-type
ATPases (type IV or P4) that includes ﬁve yeast (Drs2p, Dnf1p, Dnf2p,
Dnf3p, Neo1p; Fig. 2) [25] and 14 human members (ATP8A1–ATP11C)
[26]. Ever since the cloning of ATP8A1, a growing body of evidence
indicates that P4 ATPases catalyze phospholipid transport and create
transbilayer lipid asymmetry in the late secretory and endocytic
pathways.
3.2. Evidence for P4 ATPase-catalyzed lipid transport
Table 1 lists the current evidence that P4 ATPases possess
phospholipid translocase activity. For instance, removal of the
yeast plasma membrane-resident P4 ATPases Dnf1p and Dnf2p
abolishes inward translocation of NBD-labeled PS, PE and PC, and
causes aberrant exposure of endogenous APLs at the cell surface
[27]. The same P4 ATPases have been implicated in the transport of
lyso-PE and lyso-PC as bona ﬁde native phospholipid substrates
across the plasma membrane [28, 29]. Trans-Golgi membranes
puriﬁed from yeast strains that lack the Dnf proteins and contain a
temperature-sensitive drs2 allele become defective in NBD-PS
translocation when shifted to the nonpermissive temperature [22].
The latter ﬁnding provides compelling evidence that Drs2p is
directly coupled to an APLT activity, and subsequent studies showed
that Drs2p, together with Dnf3p, is required for maintaining APL
asymmetry in post-Golgi secretory vesicles [9].
Removal of the C. elegans P4 ATPase TAT-1 causes an increased cell
surface exposure of PS, resulting in an aberrant phagocytic clearance
of living cells [3]. A primary role of P4 ATPases in APL translocation is
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Organism

P4 ATPase

Speciﬁcity

Location

Refs.

Yeast

Dnf1p
Dnf2p
Dnf3p
Drs2p
ALA1
ALA3
LdMT
TAT-1
Atp8A1
ATP8A1 isoforms
ATP8B1

PC, PE (PS)
PC, PE (PS)
PC, PE
PS, PE
PS, PE
PC, PE (PS)
PS, PE, PC
PS
PS (PE)
PS, PE
PS (PE)

PM
PM
Golgi/SV
Golgi/SV
?
Golgi
PM
PM
Golgi/SV
Golgi/SV
PM/AM

[27,28,60]
[27–29,60]
[9]
[9,22,24,27,60]
[75]
[38]
[76,77]
[3,78]
[30]
[55]
[32,33]

Arabidopsis
Leishmania
C. elegans
Mouse
Bovine
Human

PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; PM,
plasma membrane; SG, secretory vesicles; AM, apical membrane.

further supported by the observation that the ATPase activity of
murine ATP8A1 is selectively activated by PS and displays the same
stereochemical preference for the sn-1,2-glycerol isomer as the APLT
activity in human red blood cells [30]. A deﬁciency of ATP8B1, a P4
ATPase located in the canalicular membrane of hepatocytes and
implicated in familial intrahepatic cholestasis type 1 (FIC1) disease, is
accompanied by an enhanced recovery of PS in bile [31]. Moreover,
heterologous expression of ATP8B1 restores the non-endocytic uptake
of NBD-labeled PS in PS transport-defective CHO mutant cells (UPS-1
cells) [32,33].
All available evidence suggests that P4 ATPases actively transport
phospholipids. However, whether P4 ATPases alone are sufﬁcient to
mediate phospholipid transport remains to be established. This would
require reconstitution of ﬂippase activity with a puriﬁed P4 ATPase.
4. Mutations in P4 ATPases cause pleiotropic phenotypes
In multicellular organisms, lipid asymmetry at the plasma
membrane is critical for cell survival. Exposure of PS on the cell
surface is an early marker of apoptosis and tags the dying cell for
recognition and removal by phagocytes [34]. The impact of lipid
asymmetry on the functioning of individual cells has also begun to
emerge. During cell division, PE is transiently exposed on the cell
surface of the cleavage furrow. Immobilization of cell surface PE by a
PE-binding peptide inhibits disassembly of the contractile ring,
thereby preventing the ﬁnal separation of daughter cells [35]. These
ﬁndings suggest that local redistributions of PE across the plasma
membrane are essential for progression of cytokinesis.
Another fundamental cellular process that requires a dynamic
regulation of transbilayer lipid arrangements is the biogenesis of
endocytic and secretory vesicles. This has become apparent from the
notion that many P4 ATPase mutants display perturbations in
membrane and protein trafﬁcking [2]. For example, yeast dnf1dnf2
mutant cells show a cold-sensitive defect in endocytosis [27].
Inactivation of temperature-sensitive Drs2 in vivo rapidly blocks
formation of a clathrin-dependent class of post-Golgi secretory
vesicles carrying exocytic cargo [36]. Moreover, conditional alleles of
the essential yeast P4 ATPase Neo1p perturb ADP-ribosylation factordependent vesicle formation from endosomes [37,38]. Loss of ALA3, a
Golgi-resident P4 ATPase in Arabidopsis thaliana, causes a defect in the
production of slime vesicles containing polysaccharides and enzymes
for secretion, and impairs growth of roots and shoots [39]. Finally, the
C. elegans P4 ATPase TAT-1 is required for yolk uptake in oocytes and for
an early step of ﬂuid-phase endocytosis in the intestine [40].
Essentially two models have been proposed to explain how P4
ATPases contribute to vesicle formation. One model is that P4 ATPases
help recruit coat proteins (e.g. clathrin) to the membrane through
protein–protein interactions and/or by increasing the concentration
of APLs in the cytosolic leaﬂet. This model is supported by the
observation that Drs2p directly interacts with the ADP-ribosylation
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Fig. 2. Phylogenetic tree of the yeast P-type ATPase family. Transporter substrates are
marked by a circle and P4 ATPase subfamily members are on a grey background. PL,
phospholipid; HM, heavy metal.

Table 1
Substrate speciﬁcity of P4 ATPases
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factor (ARF) activator, Gea2p. The latter protein is a GTP-exchange
factor that regulates recruitment of ARF, adapter protein-1 (AP-1) and
clathrin coat proteins to membranes of the trans-Golgi [41]. However,
a recent study shows that membrane association of ARF, AP-1 and
clathrin does not require Drs2p [42]. Importantly, this indicates that
membrane recruitment of these coat proteins is insufﬁcient to form
the clathrin-dependent class of post-Golgi secretory vesicles when
Drs2p is absent.
The other model is that the inward phospholipid translocation
catalyzed by P4 ATPases creates an imbalance in phospholipid number
between the two leaﬂets, which causes an inward bending of the
membrane required for vesicle formation (Fig. 3). Consistent with this
hypothesis, insertion of exogenous APLs in the exoplasmic leaﬂet of
the plasma membrane and their subsequent translocation to the
cytosolic leaﬂet by the APLT causes dramatic shape changes of red
blood cells [18,43], provokes the formation of endocytic-like vesicles
in these cells [44] and accelerates endocytosis in erythroleukemia
K562 cells [45]. The concept that P4 ATPases are capable of driving
membrane vesiculation by catalyzing unidirectional lipid transport
awaits experimental conﬁrmation.
The pleiotropic effects of mutations in P4 ATPases are medically
signiﬁcant, which urges for a proper deﬁnition of the consequences of a
loss of function for these enzymes. For example, deletion of the mouse
ATP10C gene causes diet-induced obesity and a defect in insulinstimulated glucose uptake into muscle and adipocytes [46]. This type-2
diabetes-like phenotype could be due to defects in the regulated
trafﬁcking of the GLUT4 glucose transporter. Mutations in ATP8B1
cause hereditary intrahepatic cholestasis (FIC1), an impairment in bile
ﬂow through the liver, which in its most severe form results in liver
failure [4]. However, this is not due to a defective delivery of the bile
salt export pump to the canalicular membrane of hepatocytes. Instead,

Fig. 3. Role of uni- and bidirectional ﬂippases in vesicle formation. Membrane curvature
during vesicle budding requires a selective increase in surface area of the cytosolic
leaﬂet. In ER and cis-Golgi membranes, phospholipids can easily cross the bilayer in
both directions due to the presence of an energy-independent, bidirectional ﬂippase. In
these ﬂexible membranes, assembly of a coat would be sufﬁcient to deform the bilayer
into a bud. In the trans-Golgi and plasma membrane, the free ﬂip-ﬂop is constrained
due to a high concentration of sterols. Here, coat assembly may no longer be sufﬁcient to
drive vesicle budding, and this process would require assistance of a unidirectional
ﬂippase (P4 ATPase) to expand the cytosolic leaﬂet at the expense of the exoplasmic
one. Selectivity of this ATP-fuelled ﬂippase for APLs would primarily serve to prevent
destabilization of the bilayer, but may also help create a lipid environment favorable for
coat recruitment.

ATP8B1 dysfunction is believed to cause lipid randomization, which
would reduce the lipid packing in the exoplasmic leaﬂet of the
canalicular membrane and enhance its sensitivity towards hydrophobic bile salts. It has been postulated that the ensuing cholesterol
extraction leads to a reduced cholesterol content of the bilayer, which
in turn would affect the activity of the bile salt export pump and cause
cholestasis [31].
5. Working mechanism of P4 ATPases
5.1. P-type ATPase transport cycle
Besides P4 ATPases, the P-type ATPase superfamily comprises softtransitional metal-transporting ATPases (P1), Ca2+-ATPases (P2A/B),
+
Na /K+-ATPases and H+/K+-ATPases (P2C), H+-ATPases (P3), and a
class of ATPases whose substrate speciﬁcity is not known (P5) [47]
(Fig. 4). P-type ATPases are multi-domain membrane proteins that
form a phosphorylated intermediate during the transport cycle,
hence the designation ‘P-type’. Two main conformations exist, E1
and E2, with conformational changes being accompanied by
translocation of the ligand across a membrane [48,49]. The ligand
binding sites are buried deep inside the M domain, the region of the
pump that crosses the membrane. In E1, these sites are accessible
for ligands from the cytosol, i.e. three Na+ ions in the case of the Na+/K
+
-ATPase (Fig. 5). Ligand binding promotes the phosphorylation of the
pump at a conserved Asp residue in the phosphorylation (P) domain.
The phosphate is donated by an ATP molecule, which binds to the
nucleotide-binding (N) domain. The side product, ADP, remains brieﬂy
associated with the pump. Formation of the E1P intermediate is
coupled to occlusion of the ligands, i.e. they become inaccessible from
either side of the membrane. The pump then releases ADP and relaxes
to a lower energy E2P conformation, whereupon a pathway opens to
discharge the ligands to the exoplasmic side. The ligand-binding site
now has high afﬁnity for the counter-transported ligands, i.e. two K+
ions in the case of the Na+/K+-ATPase, which bind from the
exoplasmic side. Hydrolysis of the phosphorylated Asp residue,
catalyzed by the actuator (A) domain, which is accompanied by the
transition to another state with occluded ligands, E2. Mg2+ and inorganic phosphate (Pi) dissociate, and the enzyme reverts to the E1 state,
in which the counter-transported ligands are released into the cytosol.
The P-type ATPase transport cycle is strictly controlled so that access
to the ligand binding sites alternates between the two sides of the
membrane, with the ligands becoming temporarily occluded after each
ligand-binding event. This mechanism allows P-type ATPases to pump
ions against a gradient, while avoiding ion leaks in the opposite direction.
High-resolution X-ray structures of sarcoplasmic reticulum Ca2+-ATPase
[50,51], Na+/K+-ATPase [52] and H+-ATPase [53] indicate that these
pumps share the same architecture, regardless of the size, charge, or
number of cations that they transport. Differences are largely conﬁned to
the cation-binding pocket, which consists of a congregation of
glutamates and aspartates whose anionic carboxyl groups serve to
neutralize the charge of the cations. Counter-transport has been
established for the Na+/K+-ATPase, H+/K+-ATPase, plasma membrane
Ca2+-ATPase and sarcoplasmic reticulum Ca2+-ATPase [54]. Ca2+ATPases translocate two Ca2+ ions per hydrolyzed ATP molecule into
the ER lumen/extracellular space, and pump two to three H+ ions in the
opposite direction. In H+-ATPase, however, the requirement for counter
transport appears to be relieved by the presence of a conserved Arg
residue that would act as a built-in counter-ion, neutralizing the
deprotonated negatively-charged Asp residue in the ligand-binding
pocket [53].
5.2. P4 ATPases and the giant substrate problem
Even though no 3D structural information is available for P4
ATPases, some insight into their working mechanism can be deduced
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Fig. 4. P-type ATPase structure and topology. (A) Structure of the Ca2+-ATPase SERCA in the E1 conformation, modiﬁed from [74]. Indicated are the phosphorylation (P), nucleotidebinding (N), actuator (A) and transmembrane domains (M). (B) Membrane topology of P type ATPases. Transmembrane helici (TM) are shown as cylinders and functional domains
are marked as above. The position of the catalytically important, phosphorylated Asp residue in the large cytoplasmic loop connecting TM4 and TM5 is indicated.

from their amino acid sequence. Besides a common membrane
domain organization, P4 ATPases display a clear overall sequence
homology with the cation-transporting P-type ATPases. Conserved
sequence motifs include the canonical phosphorylation site in the P
domain, the nucleotide-binding site in the N domain, and a TGESlike sequence in the A domain [55]. This implies that P4 ATPases and
cation pumps use the same mechanism of ATP-fuelled ligand
transport. Phospholipid transport by P4 ATPases would correspond
to the transport of K+ ions by the Na+/K+-ATPase, as the direction
of ﬂipping is from the exoplasmic to the cytosolic leaﬂet. This
predicts that the phospholipid ligand in P4 ATPases binds to the
phosphoenzyme intermediate E2P, as opposed to the Na+ ions in
the Na+/K+-ATPase, which bind to E1 (Fig. 5). Consistent with this
model, PS triggers dephosphorylation of the P4 ATPase ATP8A1 [56].
Binding from the cytosolic side of another ligand should then
initiate the phosphorylation process, like Na+ ions do in the case of
the Na+/K+-ATPase. At present, the nature of this theoretical
counter-ligand for P4 ATPases is not known. One possibility is that,
analogous to the situation in H+-ATPase, the structural requirement
for counter-transport in P4 ATPases is removed by the presence of
one or more residues in the ligand-binding pocket that function as a
constitutive counter-ligand.
How did P4 ATPases acquire the ability to translocate phospholipids instead of simple ions? In the M domain of P4 ATPases, the
anionic residues typical for the ligand-binding pocket of cation
pumps have been replaced by a mixture of hydrophobic and polar
uncharged residues. While this change in composition may hint at
the transport of amphipathic molecules, it is difﬁcult to envision
how a ligand-binding pocket in the center of a 10-helix bundle can
adapt to handle both small cations and bulky phospholipids.
Flippases must provide a sizeable hydrophilic pathway for the
polar headgroup to pass through the membrane as well as
accommodate the hydrophobic nature of the lipid backbone. In
addition, they must be able to discriminate phospholipids based on
atoms in the lipid headgroup and backbone. A growing body of
evidence indicates that P4 ATPases require additional machinery to
accomplish this task.
5.3. The CDC50 family of P4 ATPase binding partners
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In view of their overall similarity to cation-transporting P-type
ATPases, it has been postulated that P4 ATPases pump cations to

generate a concentration gradient that drives phospholipid translocation through a second protein by a symport mechanism [48].
One prediction of this model is that mutation of the putative
symporter should also block phospholipid transport and phenocopy
mutations in P4 ATPase genes. Mutations in members of the CDC50
protein family produce indeed such phenotypes. This family
includes three yeast (Cdc50p, Crf1p, Lem3p) [57] and three
human proteins (CDC50A, CDC50B, CDC50C) [58] that consist of
two membrane spans and an N-glycosylated exoplasmic loop,
which is stabilized by one or more disulﬁde bonds. LEM3
(previously ROS3) was recovered in two unbiased, genetic screens
for yeast mutants that either aberrantly expose endogenous PE on
the cell surface [59] or are resistant to a toxic PC analogue [60].
Deletion of LEM3 causes a defect in the translocation of NBD-PC
and NBD-PE across the plasma membrane. CDC50 was identiﬁed in
a screen for cold-sensitive, cell-division-cycle mutants, but how
cdc50 causes a cold-sensitive block in the G1 to S transition is
unknown. However, CDC50 proteins lack any similarity to known
transporters. Instead, they form heteromeric complexes with P4
ATPases. Formation of these complexes is required for P4 ATPase
stability and export from the ER [32,57,61,62]. Hence, CDC50
proteins function as chaperones responsible for the proper
targeting of P4 ATPases, rather than serving as translocases or
symporters themselves.
In addition to their chaperone function, CDC50 proteins may
inﬂuence the transport properties of the P4 ATPase complex once it
has arrived at the proper membrane. For example, they may help
determine the substrate speciﬁcity of the complex. This would
explain why the yeast trans-Golgi P4 ATPases Drs2p and Dnf3p,
which exhibit different translocation proﬁles [9], interact with
different CDC50 homologues (Cdc50p and Crf1p, respectively;
[57,62]), while the plasma membrane P4 ATPases Dnf1p and
Dnf2p, which have the same substrate speciﬁcity [27], both interact
with Lem3p [57,62]. An intimate role for CDC50 proteins in P4
ATPase-catalyzed transport can also be inferred from our recent
ﬁnding that separation of Drs2p from its binding partner Cdc50p
affects its ability to form a phosphoenzyme intermediate (G. Lenoir,
P. Williamson, C. Puts and J. Holthuis; unpublished data). At
present, the role of CDC50 proteins in P4 ATPase-catalyzed lipid
transport awaits further elucidation. As discussed below, CDC50
proteins are strikingly reminiscent of the β-subunit of the Na+/K+ATPase. Current knowledge of the multi-subunit Na+/K+-pump

Introduction

Printed by Xerox

608

C.F. Puts, J.C.M. Holthuis / Biochimica et Biophysica Acta 1791 (2009) 603–611

Fig. 5. P2C and P4 ATPase reaction cycles. (A) Albers-Post scheme for the P2C (Na+/K+)
ATPase reaction cycle. (B) Albers-Post scheme for the P4 ATPase reaction cycle. Whether
P4 ATPase-catalyzed phospholipid (PL) transport is coupled to counter-transport of
another ligand is not known, as indicated by the question mark. (C) Cartoons of the αsubunit structural forms. Movements of the three cytoplasmic domains (P, N, A) and
changes in the intramembrane region (M) are shown for the P2C ATPase (Na+/K+ATPase; top panel) and P4 ATPase (lower panel). E1 is accessible for ligands from the
cytosol (Na+ in the case of the P2C ATPase, and unknown for P4 ATPases) that, upon
binding, promotes phosphorylation. In E2P, ligands are discharged to the exoplasmic
side, and counter-transported ligands now can bind (K+ and PL, respectively). Then the
enzyme reverts to the E1 state, in which the counter-transported ligands are released
into the cytosol. See text for details. Pi, inorganic phosphate.

subunits: α and β. The α-subunit is the major catalytic subunit. The βsubunit is required for the correct membrane insertion, functional
maturation, and ER export of the α-subunit [63]. A third subunit, the
γ-subunit, is not required for function, but has a role in ﬁne-tuning
Na+/K+-ATPase activity in a tissue-speciﬁc manner [64]. Besides the
Na+/K+-ATPase, the H+/K+-ATPase is the only other cationtransporting P-type ATPase that requires a β-subunit for function.
With only 20–30% overall sequence identity, the three Na+/K+ATPase β-subunit isoforms and one H+/K+-ATPase β-subunit are
much less conserved than the α-subunits. Yet all share the same
basic overall structure: a short cytosolic N-terminal tail, followed by a
single membrane span and a large C-terminal ectodomain with
multiple glycosylation sites and disulﬁde bonds (Fig. 6).
Interestingly, CDC50 proteins display a striking degree of similarity
with β-subunits. To begin with, CDC50 proteins structurally resemble
β-subunits, except for having one additional membrane span at the Cterminus. As pointed out previously [65], CDC50 proteins mimic a
fusion between the β- and γ-subunits of the Na+/K+-ATPase in terms
of polypeptide chain lengths and membrane topology (Fig. 6). Second,
both CDC50 proteins and β-subunits are heavily N-glycosylated and
contain highly-conserved, disulﬁde bridge-forming cysteine residues
[59,63] (G. Lenoir and J. Holthuis; unpublished data). Third, both
groups of proteins share essential roles in the proper folding and
trafﬁcking of their P-type ATPase binding partners. It is feasible that
CDC50 proteins and β-subunits adopted similar structures to
accomplish analogous tasks.
Besides its chaperone function, it has been well established that
the β-subunit of Na+/K+-ATPase also contributes to the intrinsic
transport properties of the pump. Studies on puriﬁed Na+/K+-ATPase
indicated that both α- and β-subunits are essential for activity
because any effort to separate them resulted in inactive enzyme [6].
Reduction of the disulﬁde bridges in the ectodomain of the β-subunit
by DTT caused a drop in K+ afﬁnity and impaired the enzymatic
activity of the pump [66, 67]. As this was prevented in the presence of
K+ ions, it has been suggested that the β-subunit serves a role in
stabilizing the K+ occluded state of the pump. Functional analysis of
chimeras between Na+/K+- and H+/K+-ATPase β-subunits conﬁrmed that the β-subunit inﬂuences the afﬁnity for extracellular K+,
and revealed that mostly α–β ectodomain interactions are responsible
for the β-subunit's effect on K+ afﬁnity [68,69]. The latter is in line
with the X-ray structure of the Na+/K+-ATPase, which shows that the
β-ectodomain forms a lid covering the extracellular M5/M6 and M7/
M8 loops of the α-subunit [52].
Yet not only ectodomain interactions have been shown to inﬂuence
the transport properties of the Na+/K+-ATPase. Tryptophan scanning
mutagenesis revealed that disrupting interactions between selected
residues within the membrane spans of the α- and β-subunits shifts
the distribution of the E1/E2 conformational states of the pump
towards E1, as evidenced by a decreased afﬁnity for extracellular K+,
an increased afﬁnity for intracellular Na+, and a reduced sensitivity
towards the E2-speciﬁc inhibitor vanadate [70,71]. In line with the
previously observed effects of DTT on K+ afﬁnity [66,67], these results
demonstrate that the β-subunit serves a crucial role in stabilizing the
E2 conformation of the Na+/K+-ATPase. Similar conformational
effects were observed for the H+/K+-ATPase [71], indicating that
the E2-stabilization mediated by α–β subunit interactions is a
common feature of oligomeric P2C ATPases.

may therefore provide a useful guide for understanding the inner
workings of the P4 ATPase/CDC50 transporter complex.

7. CDC50 proteins: integral components of the P4 ATPase ﬂippase
machinery?

6. Lessons from a multi-subunit Na+/K+-pump

Considering the substantial structural and functional overlap
between β-subunits and CDC50 family members, it is tempting to
speculate that CDC50 proteins serve to stabilize the E2 conformation
of P4 ATPases, the state in which these enzymes become loaded with
phospholipid ligand (Fig. 5). Using a split-ubiquitin interaction assay,

While cation-transporting P-type ATPases require only a single
protein to carry out ATP hydrolysis and ion pumping, the Na+/K+ATPase forms a notable exception and comprises two mandatory
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Fig. 6. Composition of the oligomeric P2C and P4 ATPases. (A) Schematic representation of P2C and P4 ATPases, and their accessory subunits. See text for details. (B) Architecture of the
Na+/K+-ATPase αβγ complex, modiﬁed from [52].

we found evidence that the afﬁnity between CDC50 subunits and P4
ATPases is not static but ﬂuctuates during the transport cycle, with the
E2P form of the ATPase displaying the highest apparent afﬁnity for the
subunit (G. Lenoir, P. Williamson, C. Puts, J. Holthuis, unpublished
data). These ﬁndings are consistent with the notion that CDC50
proteins actively contribute to P4 ATPase-catalyzed phospholipid
transport. They could do this in several ways. For instance, creation of
a high-afﬁnity phospholipid-binding site may require CDC50-induced
conformational changes in the M domain of P4 ATPases, analogous to
the role of the β-subunit in oligomeric P2C ATPases. Alternatively, by
donating two additional helices to the M domain of the transporter,
CDC50 proteins may help complete a pathway for phospholipid
translocation; this would allow them to contribute directly to the
transport speciﬁcity of P4 ATPases (Fig. 7).
So far, a higher number of P4 ATPase family members compared to
CDC50 homologues have been identiﬁed in each organism. This
imbalanced ratio is particularly striking in humans, which contain 14
P4 ATPases and only three CDC50 proteins [26]. This implies that each
CDC50 protein interacts with multiple P4 ATPases or, alternatively,
that some P4 ATPases function without a CDC50 binding partner. In
yeast, Lem3p interacts and sustains functionality of Dnf1p and Dnf2p
[57,62], while in humans CDC50A and CDC50B have been shown to
facilitate ER export and support the function of the same P4 ATPase,
ATP8B1 [32]. This indicates that one CDC50 homologue can interact
with multiple P4 ATPases and vice versa. Remarkably, no CDC50
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8. Outlook
Studies in yeast, plants, worms, mammals and parasites indicate
that P4 ATPases are prime candidates for the ﬂippases that create
transbilayer lipid asymmetry in cellular membranes. Yet the fact that
genetic disruption of P4 ATPases usually causes pleiotropic phenotypes such as perturbations in membrane trafﬁcking makes it hard to
pinpoint their primary function. P4 ATPases do not act on their own,
but operate as part of heteromeric complexes with CDC50 proteins. A
next challenge therefore is to deﬁne the minimal composition of the
P4 ATPase-dependent ﬂippase machinery through functional reconstitution of puriﬁed components in synthetic bilayers. P4 ATPase/
CDC50 complexes are strikingly reminiscent of oligomeric P2C
ATPases. As the mandatory β-subunits of these Na+/K+ and H+/K+
pumps play a crucial role during the inward translocation of K+ ions, it
is a fair assumption that CDC50 proteins actively participate in P4
ATPase-catalyzed lipid transport. For example, CDC50 proteins may
help form a speciﬁc phospholipid-binding site or complete a pathway
for the translocation of this bulky substrate. This arrangement would
provide an attractive target for regulation.
It remains mysterious why only P2C and P4 class P-type ATPases
need an accessory subunit for function, as phospholipids and K+ ions
do not share any obvious chemicophysical properties. Apparently, an
important function of the β subunit in oligomeric P2C ATPases is to
stabilize the E2 conformation of the enzyme, the state in which the
enzyme becomes loaded with K+ ions from the exoplasmic side. For
proton-pumping P3 ATPases, the E2-to-E1 transition in the transport
cycle will be fast due to the presence of a constitutive, built-in counterligand. This arrangement makes the transition speed independent of
the time required for an external counter-ligand to reach the ligandbinding pocket of the pump. For Ca2+-pumping P2A/B ATPases, the E2to-E1 transition speed would depend on the loading of protons. This
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Fig. 7. Authors' impression of the P4 ATPase-dependent ﬂippase machinery. The cartoon
illustrates an active role of CDC50 proteins in P4 ATPase-catalyzed phospholipid
transport. As indicated, ﬂipping might occur at the interface between the P4 ATPase and
its CDC50 binding partner, an arrangement that would allow CDC50 proteins to
contribute directly to the transport speciﬁcity of the complex. Alternatively, creation of
a high-afﬁnity phospholipid binding site may require CDC50-induced conformational
changes in the M domain of P4 ATPases, analogous to the role of the β subunit in the
oligomeric Na+,K+-ATPase.

binding partner has thus far been identiﬁed for the yeast P4 ATPase
Neo1p. Among the ﬁve P4 ATPases in yeast, Neo1p is unique in that
deletion of its gene is lethal [25]. This suggests that Neo1p possesses a
biochemical activity that is different from the other P4 ATPases and for
which it may not require a CDC50 binding partner. Experimental
evidence that Neo1p catalyzes phospholipid transport is lacking.
Consequently, how Neo1p executes its essential function remains to
be established.
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would be accomplished in a relatively short time period, as protons
can travel by prototropic transfer through the hydrogen-bond
network of water at a speed much higher than the diffusion rate of
ions. Consequently, calcium and proton-pumps remain only brieﬂy in
the unloaded E2 state, hence alleviating the need of an E2-stabilizing
subunit. In contrast, the two-dimensional diffusion rate of phospholipids is at least three orders of magnitude lower than prototropic
transfer of H+ ions along the surface of a membrane bilayer [72,73].
And so a relatively inefﬁcient loading of ligand at the E2 step of the
transport cycle may be the primary reason why P4 ATPases require a
subunit. This concept may provide a useful framework for future
experiments addressing the working mechanism of the P4 ATPase
class of lipid pumps.
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High-throughput analysis of protein-protein interactions can provide unprecedented insight into how
cellular processes are integrated at the molecular level. Yet membrane proteins are often overlooked
in these studies owing to their hydrophobic nature and low abundance. Here we used a proteomicsbased strategy with the specific intention of identifying membrane-associated protein complexes. One
important aspect of our approach is the use of chemical cross-linking to capture transient and lowaffinity protein interactions that occur in living cells prior to cell lysis. We applied this method to identify
binding partners of the yeast Golgi P4-ATPase Drs2p, a member of a conserved family of putative
aminophospholipid transporters. Drs2p was endogeneously tagged with both a polyhistidine and a
biotinylation peptide, allowing tandem-affinity purification of Drs2p-containing protein complexes under
highly stringent conditions. Mass-spectrometric analysis of isolated complexes yielded one known and
nine novel Drs2p binding partners. Binding specificity was verified by an orthogonal in vivo membrane
protein interaction assay, confirming the efficacy of our method. Strikingly, three of the novel Drs2p
interactors are involved in phosphoinositide metabolism. One of these, the phosphatidylinositol-4phosphatase Sac1p, also displays genetic interactions with Drs2p. Together, these findings suggest
that aminophospholipid transport and phosphoinositide metabolism are interconnected at the Golgi.
Keywords: Split-ubiquitin assay • aminophospholipid translocase • Drs2p • P-type ATPase • phosphoinositide metabolism • membrane protein complex • mass spectrometry • in vivo cross-linking • Golgi
• vesicle biogenesis

Introduction
Proteins rarely function in isolation; rather, they operate in
macromolecular complexes that both carry out and integrate
cellular processes.1 Current approaches for mapping proteinprotein interactions on a proteome-wide scale include tandemaffinity purification (TAP) of protein complexes followed by
identification of individual components using mass spectrometry.2,3 While these approaches are very effective in reducing
nonspecific background, they cannot effectively capture weak
or transient protein interactions. In this respect, identification
of interaction networks involving integral membrane proteins
is particularly challenging. Solubilization of membrane proteins
requires the use of detergents, which may disrupt low affinity
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Chemical cross-linking can be used to freeze protein-protein
interactions by introducing covalent bonds between proteins
while they are still in their native cellular environment.7,8 In
principle, cross-linked protein complexes can remain intact
during cell lysis and then survive purification under highly
stringent conditions. Guerrero et al.9 recently developed an
integrated approach using in vivo cross-linking of protein
complexes combined with TAP under denaturing conditions
to allow identification of weak and/or transient protein-protein
interactions. This strategy has been used successfully to map
the yeast 26S proteasome interaction network, employing
histidine-biotin-histidine (HBH)-tagged proteasome subunits
as baits.9,10 In vivo cross-linking may overcome the inherent
difficulty associated with preserving the integrity of low affinity
interactions with native protein complexes embedded in cellular membranes. However, the potential of chemical crossJournal of Proteome Research XXXX, xxx, 000 A
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tion of integral membrane proteins by mass spectrometry is
hampered by their overall low abundance, resistance to proteolytic cleavage, and relative high content of uncharged,
hydrophobic residues. As a result, membrane proteins are
largely underrepresented in studies analyzing protein interaction networks, even though they represent one-third of the
proteome and nearly two-thirds of all known drug targets.6
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linking combined with TAP under highly stringent conditions
for mapping the interaction network of low-abundance integral
membrane proteins remains to be explored.
The P-type ATPases are a large family of polytopic membrane
pumps characterized by transient autophosphorylation at a
conserved aspartate residue as part of the reaction cycle. While
P-type ATPases usually pump small cations or metal ions,
members of the P4 subfamily of P-type ATPases form a notable
exception. P4-ATPases are required for transbilayer phospholipid transport and are believed to create aminophospholipid
asymmetry across membranes of the late secretory pathway.11,12
The P4-ATPase Drs2p resides primarily in the trans-Golgi
network (TGN) of yeast and is essential for a flippase activity
present in purified TGN membranes with specificity for phosphatidylserine (PS) and phosphatidylethanolamine (PE).13,14 P4ATPases Dnf1p and Dnf2p are mainly found in the yeast plasma
membrane, where they are required for transport of PC, and
contribute to the transport of PE and PS.15 P4-ATPases form
specific complexes with members of the Cdc50 family of
membrane proteins. For example, Cdc50p associates with
Drs2p, whereas Dnf1p and Dnf2p associate with Lem3p.16
The recent finding that Cdc50p serves a vital role in the
transport cycle of Drs2p indicates that Cdc50 subunits are
integral components of the P4-ATPase flippase machinery.17
Proteoliposomes containing purified Drs2p-Cdc50p complexes
display NBD-PS translocation activity,18 indicating that P4ATPases associated with their Cdc50 binding partners form the
minimal flippase unit. Whether P4-ATPases require additional
subunits for catalyzing efficient lipid transport is unclear.
P4-ATPases also play an essential role in membrane trafficking between the Golgi and plasma membrane.19,20 For instance,
loss of Dnf1p and Dnf2p causes a cold-induced defect in the
formation of endocytic vesicles at the plasma membrane.15
Moreover, inactivation of Drs2p rapidly blocks formation of a
clathrin-dependent class of post-Golgi secretory vesicles carrying exocytic cargo to the cell surface.21 Two models have been
proposed to explain how P4-ATPases may contribute to vesicle
formation. One possibility is that P4-ATPases recruit coat
proteins to the membrane through protein-protein interactions and/or by increasing the concentration of aminophospholipids in the cytosolic leaflet.20,22 While this idea is consistent with the finding that Drs2p physically interacts with Arf
activator Gea2p and clathrin adaptor protein AP-1, recruitment
of AP-1 and clathrin to the TGN has been shown to occur
independently of Drs2p.23,24 An alternative possibility is that
the physical displacement of aminophospholipid from the
luminal to the cytosolic leaflet catalyzed by P4-ATPases bends
the membrane toward the cytosol, and in this way assists the
coat machinery during vesicle budding.20,22 How P4-ATPases
cooperate with coat proteins in vesicle biogenesis remains to
be established.
To gain further insight into the mechanistic and biological
functions of P4-ATPases, we set out to map the protein
interaction network of the yeast P4-ATPase Drs2p. To this end,
Drs2p was endogenously tagged with a polyhistidine and
biotinylation peptide and subjected to in vivo cross-linking with
formaldehyde. Cells expressing untagged Drs2p served as
controls. Drs2p complexes were isolated by TAP under highly
denaturing conditions. Mass-spectrometric analysis of isolated
complexes yielded one known (i.e., Cdc50p) and nine novel
Drs2p binding partners, including three enzymes involved in
phosphoinositide metabolism, two of which were only captured
after cross-linking. The authenticity of Drs2p binding partners

Printed by Xerox

B

Puts et al.
was confirmed using a methodologically independent in vivo
membrane protein interaction assay. Our findings demonstrate
that TAP combined with in vivo cross-linking is a valuable
approach to map the interaction networks of low-abundance
membrane proteins and uncover an unexpected link between
aminophospholipid transport and phosphoinositide metabolism with potential relevance for vesicle budding at the TGN.

Experimental Section
Yeast Strains. Yeast strains used for TAP of Drs2p complexes
were isogenic to JHY074 (sec6-4, TPI1::SUC2::TRP1, ura3-52
his3-∆200 leu2-3 -112 trp1-1 MATR). Strains used for the splitubiquitin assay were THY.AP4 (MATa ura3 leu2 lexA::lacZ::trp1
lexA::HIS3 lexA::ADE2) and THY.AP5 (MATR ura3 leu2 trp1 his3
loxP::ade2). All strains were grown in synthetic defined (SD)
minimal media.
Assembly of HAH-Tag and pBirA Expression Construct. The
HAH (3HA-Avi-10His) tag for PCR-based gene tagging in yeast
was assembled as follows. An EcoR1/Hind3 fragment from
pFA6a-HIS3MX25 containing three copies of the HA epitope and
the HIS5 gene from Schizosaccharomyces pombe was ligated
into EcoR1/Hind3-digested pBluescript II SK-, yielding p3XHAtHIS5. A DNA fragment coding for the 15-residue Avi peptide
(GLNDIFEAQKIEWHE) followed by a 10-residue long histidine
tail and stop codon was created by primer extension and PCR
amplification using pHusion DNA polymerase (Finnzymes,
Espoo, Finland). The Avi-10His-STOP DNA fragment was
inserted immediately downstream of the triple HA-tag in
p3XHA-HIS5 by fusion PCR and DNA ligation, yielding p3XHAAvi-10XHIS-HIS5. The open reading frame of Escherichia coli
biotin ligase BirA was PCR amplified from pJMR126 (kindly
provided by Christine Jaxel, CEA Saclay, France) and ligated
behind the PMA1 promoter into EcoR1/Not1-digested
pRS426,27 yielding pBirA.
HAH-Tagging and Cross-Linking. Drs2p was HAH-tagged
at its carboxy terminus at the chromosomal locus using the
PCR knock-in approach25 and plasmid p3XHA-Avi-10XHISHIS5. Expression of tagged Drs2p was verified by immunoblotting using rabbit antibodies against Drs2p (kindly provided
by T. Graham, Vanderbilt University, Nashville, TN) and the
HA epitope (Santa Cruz Biotechnology, Santa Cruz, CA). For
chemical cross-linking, Drs2pHAH-expressing yeast (strain CPY033)
was grown to A600 ) 1.2 and then incubated with 1% formaldehyde (added from a 20% formaldehyde stock in PBS, pH 7.2)
in SD medium at 30 °C for the indicated time period while
shaking. Cross-linking was quenched by addition of 125 mM
glycine for 5 min at 30 °C. Cells were collected by centrifugation
(500gav, 10 min, 4 °C), washed in ice-cold water and then
washed again in ice-cold TES buffer (50 mM Tris-HCl, pH 7.5,
1 mM EDTA, 0.6 M sorbitol, 1 mM benzamidine, 1 mM PMSF,
1 µg/mL apoprotein, 1 µg/mL leupeptin, 1 µg/mL pepstatin
and 5 µg/mL antipain) before storage at -80 °C.
Tandem-Affinity Purification of HAH-Tagged Drs2p. The
Drs2pHAH-expressing yeast strain (CPY033) was transformed
with pBirA and then grown to A600 ) 1.2 in uracil-deficient SD
medium supplemented with 10 nM biotin. In vivo cross-linking
was performed as described above. Cells were resuspended at
100 A600/mL in ice-cold TES buffer and then lysed with glass
beads by vortexing 10-15 times for 30 s with intermittent
cooling on ice. The lysate was cleared by centrifugation at
700gav (5 min, 4 °C). Membranes were collected by centrifugation at 100 000gav (1 h, 4 °C) and solubilized in DDM buffer
(0.5% dodecyl-�-D-maltoside, 100 mM NaCl, 20% glycerol, 5
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mM imidazole, and 5 mM MgCl2 supplemented with protease
inhibitors) at a final protein concentration of 2 mg/mL on a
rotating wheel for 2 h at 4 °C. Insoluble material was removed
by centrifigation at 100 000gav (1 h, 4 °C). The supernatant was
mixed with Ni2+-NTA sepharose (Amersham Biosciences) using
25 µL of a 50% slurry/mg of protein and then incubated on a
rotating wheel for 4 h at 4 °C. The sepharose was washed at
room temperature in 20 bed volumes of buffer A (8 M urea,
300 mM NaCl, 0.5% DDM, 50 mM NaH2PO4, pH 8.0); 20 bed
volumes of buffer A at pH 6.3; and 20 bed volumes of buffer A
at pH 6.3 containing 20 mM imidazole. Proteins were eluted
in 3 × 1 bed volume of buffer B (8 M urea, 200 mM NaCl, 50
mM NaH2PO4, 2% SDS, 10 mM EDTA, 100 mM Tris, pH 4.3).
The eluate was adjusted to pH 8.0 with 100 mM Tris and then
loaded onto immobilized streptavidin beads (Pierce) preequilibrated in buffer B at pH 8.0 using 10 µL of a 50% slurry/
mg of protein present in the crude membrane extract. After
incubation overnight at room temperature, the streptavidin
beads were washed in 25 bed volumes each of buffer C (8 M
urea, 200 mM NaCl, 2% SDS, 100 mM Tris-HCl, pH 8.0); buffer
D (8 M urea, 1.2 M NaCl, 0.2% SDS, 10% ethanol, 10%
isopropanol, 100 mM Tris-HCl, pH 8.0); buffer E (8 M urea,
200 mM NaCl, 0.2% SDS, 10% ethanol, 10% isopropanol, 100
mM Tris-HCl, pH 5.0); buffer F (8 M urea, 200 mM NaCl, 0.2%
SDS, 10% ethanol, 10% isopropanol, 100 mM Tris, pH 9.0); and
buffer G (8 M urea, 100 mM Tris-HCl, pH 8.0). Finally, the beads
were washed extensively with 100 mM Tris-HCl, pH 8.0, prior
to trypsin digestion and mass spectrometric analysis.
LC-MS/MS. Proteins captured on streptavidin beads were
subjected to on-bead Lys-C/trypsin digestion essentially as
described in Guerrero et al.9 Lys-C/trypsin digests were desalted
using Stage-tips (50), and analyzed on a nanoflow LC-MS/MS
system using a LTQ ion trap mass spectrometer (Thermo
Electron, Bremen) operated as described.51 All MS/MS spectra
were converted to single DTA files using Bioworks 3.1 (Thermo)
with default parameters, and merged into a file in Mascot
generic format. This was searched against the yeast SGD
database (5779 entries, obtained from http://www.yeastgenome.org, June 2007) using a Mascot search engine (version
2.2.03). Cysteine carbamidomethylation was used as a fixed
modification; methionine oxidation and deamidation (at Asn
and Gln) were chosen as a variable modification. A mass
tolerance of 0.6 Da were used for both precursor and fragment
masses, and Trypsin was chosen as proteolytic enzyme allowing
one missed cleavage. All data were loaded into Scaffold (version
02.01.00, Proteome-Software, Portland, OR) to probabilistically
validate peptide and protein identifications. Peptide and
protein identifications were accepted when reaching a minimum of 95% probability, requiring a minimum of two peptides
per protein.
Split-Ubiquitin Assay. The mating-based split-ubiquitin
assay of Obrdlik et al.28 was used. Proteins fusions with the
C-terminus of ubiquitin (Cub) were constructed in yeast strain
THY.AP4 by in vivo recombination between the linearized
single copy vector pMETYCgate and PCR fragments, which
were generated with pHusion DNA polymerase using yeast
genomic DNA as template and the primer sets listed in
Supplemental Table 1. Protein fusions with the N-terminus of
ubiquitin (Nub) were made in yeast strain THY.AP5 by in vivo
recombination between the linearized low copy vector pNXgate33-3HA or pXNgate-3HA and PCR fragments, which were
generated as above. Interaction assays were carried out beginning with matings between Cub and Nub strains on SD plates,

which were then replicated on SD-Leu-Trp plates to select for
diploids. The diploids were then replicated on SD-Leu-TrpHis-Ade plates to test for growth. Sensitivity of these growth
assays was determined by methionine (Meth) controlled expression of the Cub construct. Growth assays were carried out
on plates containing 150 µM Meth. For quantitative assays of
�-galactosidase expression, diploids were grown overnight in
SD-Leu-Trp suspension cultures at 30 °C to an A600 between
0.5 and 1.2. One A600 of each culture was centrifuged, permeabilized in 100 µL of YPER permeabilization reagent (Pierce
Chemical, Rockford, IL) for 20 min at room temperature, and
then combined with 1 mL of Z buffer (60 mM Na2HPO4, 40
mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, pH 7.0) containing 4
mg/mL freshly added o-nitrophenyl-�-D-galactopyranoside
(ONPG). After incubation at 30 °C for 10 min, the assay mixture
was sedimented, and the A420 of the supernatant was measured
to obtain specific activity for �-galactosidase.

Results
Strategy for the Identification of Drs2p Binding Partners.
To identify novel binding partners of the yeast P4 ATPase Drs2p,
we used a modified version of the strategy developed by
Guerrero et al.9 for the purification of chemically cross-linked
protein complexes (Figure 1). As a first step, we created a novel
tandem-affinity (HAH) tag. The HAH tag consists of a triple
HA epitope (3×HA) for immunodetection of tagged protein, a
15-residue Avitag peptide (Avi; GLNDIFEAQKIEWHE) and a
polyhistidine sequence (10×His; Figure 1A). The 3-kDa HAH
tag is much smaller than the 6×His-Bio-6×His (HBH) tag used
for mapping the yeast 26S proteasome interaction network (20
kDa; ref 9), and therefore less likely to interfere with functionality. The Avitag serves as an in vivo recognition signal for the E.
coli biotin ligase BirA that links biotin to a key lysine residue
in position 10 of the peptide.29 When coexpressed with BirA,
HAH-tagged Drs2p can be sequentially purified by Ni2+ chelate
chromatography and binding to streptavidin resin.
As both binding of a polyhistidine sequence to Ni2+ chelating
resin and biotin to streptavidin tolerate extremely stringent
washing conditions (e.g., 8 M urea, 4% SDS), we reasoned that
combining these two steps would greatly facilitate the purification of low-abundance, polytopic membrane proteins such as
Drs2p (10 membrane spans, ∼600 molecules per cell).30 The
high affinity between biotin and streptavidin hampers efficient
elution of HAH-tagged proteins from streptavidin beads.
However, this does not pose a problem for mass spectrometric
analysis because trypsin digestion is efficient on bead-bound
proteins while streptavidin itself is largely resistant to trypsin
digestion.31 Prior to cell lysis, half of the culture was subjected
to in vivo formaldehyde cross-linking to capture also transient
and low affinity Drs2p interaction partners (Figure 1D). Next,
cellular membranes were collected and solubilized in dodecyl�-D-maltoside (DDM), a detergent that proved very effective
in extracting Drs2p.17 Drs2p protein complexes were isolated
from DDM extracts by Ni2+ chelate chromatography and
immobilized on streptavidin beads under highly denaturing
conditions (8 M urea, 2% SDS). The purified complexes were
digested with trypsin, and their composition was analyzed by
LC-MS/MS for protein identification.
HAH-Tagged Drs2p Is Functional and Can Be Efficiently
Biotinylated. Drs2p was HAH tagged at its carboxy terminus
at the chromosomal locus so that endogenous levels of the
tagged protein were expressed. Expression of HAH-tagged
Drs2p (Drs2pHAH) was verified by immunoblotting using anti-
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Figure 1. Strategy for the identification of novel binding partners
of the yeast P4-ATPase Drs2p. (A) HAH tag for tandem-affinity
purification of Drs2p. The tag consists of three copies of the HA
epitope (3HA) for immuno-detection, a 15 amino acid-residue
Avitag peptide (Avi) for in vivo biotinylation by E. coli biotin ligase
BirA, and a polyhistidine peptide (10His) for binding to Ni2+-NTA
resin. (B) Immunoblots of membrane extracts of yeast cells
expressing untagged (DRS2) or HAH-tagged DRS2 (DRS2HAH)
were stained with anti-Drs2p and anti-HA antibodies. (C) Wildtype (DRS2), drs2 null mutant (∆drs2) or DRS2HAH-expressing
yeast cells (DRS2HAH) transfected with DRS2 (+pDRS2) or biotin
ligase BirA (+pBirA) were streaked out onto SD plates and then
incubated at the indicated temperature for 4 days. (D) Schematic
outline of the strategy. After in vivo cross-linking with formaldehyde, yeast cells coexpressing HAH-tagged Drs2p and BirA are
lysed. Membranes collected by ultracentrifugation are solubilized
using dodecyl-D-maltoside (DDM). Cross-linked, Drs2pHAH protein
complexes are sequentially purified by Ni2+-NTA chromatography and binding to streptavidin agarose beads under fully
denaturing conditions (8 M Urea, 2% SDS). Peptides released
after on-bead digestion with trypsin are analyzed by LC-MS/MS
to identify Drs2p binding partners.

HA and anti-Drs2p antibodies. HAH tagging results in a mass
increase of ∼3 kDa, which can be observed as a slight decrease
in mobility during SDS-PAGE (Figure 1B). HAH-tagging did not
interfere with Drs2p function, since cells expressing only
Drs2pHAH lacked the cold-sensitive growth phenotype of ∆drs2
mutant cells (Figure 1C). Unlike ∆drs2 mutant cells, cells
expressing Drs2pHAH were also fully resistant to PE-binding
peptide cinnamycin (data not shown). Resistance to low
temperature and cinnamycin was also retained after heterologous expression of biotin ligase BirA, indicating that biotinylation of Drs2pHAH does not perturb its functionality (Figure
1C; data not shown).
We first tested the efficiency of biotinylation and purification
of Drs2pHAH in the absence of formaldehyde cross-linking. Two
strains were used, one expressing Drs2pHAH and the other
coexpressing both Drs2pHAH and BirA. Membranes from these
cells were solubilized in 0.5% DDM and incubated with Ni2+NTA resin. The resin was washed extensively under denaturing
conditions (8 M urea, 0.5% SDS) and then Drs2pHAH was eluted
with a buffer that disrupts interaction of the polyhistidine
sequence with the Ni2+-NTA resin (8 M urea, 2% SDS, 10 mM
EDTA, pH 4.3). Immunoblot analysis of the Ni2+-NTA eluate
showed that >70% of Drs2pHAH was recovered following binding
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Figure 2. Tandem-affinity purification of HAH-tagged Drs2p. (A)
Drs2p with a carboxy-terminal HAH tag was expressed from the
chromosomal locus of a control strain (DRS2HAH control) or a
strain transfected with biotin ligase BirA (DRS2HAH + pBirA) and
then purified by Ni2+-NTA chromatography. Aliquots of the
solubilized membrane fraction (input) and Ni2+-NTA eluate (ENTA)
were immunoblotted and stained with anti-Drs2p antibody
(RDrs2p) or horseradish peroxidase-conjugated streptavidin (avidin-HRP). Note that biotinylated Drs2pHAH was only detectable
in the strain expressing BirA. The endogenous biotinylated
proteins Acc1p and Pyc1p are much more abundant than Drs2p
so that their detection with avidin-HRP produced the major
bands. (B) Ni2+-NTA eluates of (A) were passed over streptavidin
agarose beads to capture biotinylated Drs2pHAH. Aliquots of the
Ni2+-NTA eluate (ENTA) and the flow-through of streptavidin
agarose (FTAVI) were immunoblotted and stained with RDrs2p
antibody or avidin-HRP. Note that Drs2pHAH purified from the
BirA-expressing strain, but not from the control, was efficiently
retained on streptavidin agarose, indicating that the bulk was
biotinylated by BirA.

and elution from the resin (Figure 2A upper panel; data not
shown). Probing these blots with horseradish peroxidaseconjugated streptavidin (avidin-HRP) showed that the eluate
of the BirA-expressing strain contained biotinylated Drs2pHAH
whereas the eluate of the control strain did not (Figure 2A,
lower panel). While the first purification step by Ni2+ chelate
chromatography removed the bulk of the endogenously biotinylated yeast proteins Acc1p (205 kDa), Pyc1/2p (120 kDa) and
Arc1p (45 kDa), residual contamination by these proteins was
sufficient to be visualized in the Drs2pHAH-containing eluate
(Figure 2A, lower panel; not shown for Arc1p).
After readjusting the pH to 8.0, the Ni2+-NTA eluates were
incubated with streptavidin-agarose. Immunoblot analysis
showed that Drs2pHAH isolated from the control strain was fully
recovered in the flow-through. In contrast, over 90% of
Drs2pHAH isolated from the BirA-expressing strain was retained
on the streptavidin resin (Figure 2B), demonstrating that in vivo
biotinylation of Drs2pHAH by BirA is highly efficient.
Purification of in vivo Cross-Linked Drs2p Protein Complexes. To capture low affinity and transient Drs2p binding
partners, yeast cells coexpressing Drs2pHAH and BirA were
treated with the cross-linking reagent formaldehyde prior to
tandem-affinity purification. Formaldehyde cross-links amino
and imino groups between residues (mostly lysines) that are
in close physical proximity (∼2 Å).32 To determine optimal
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example of the latter are the endogenously biotinylated proteins
Acc1p, Pyc1/2p and Arc1p. As noted above, residual amounts
of these proteins were present in Ni2+-NTA eluates of wildtype and Drs2pHAH-expressing strains, and so they were routinely captured on the streptavidin resin.
Proteins retained on the streptavidin resin were digested by
trypsin and analyzed by LC-MS/MS. Table 1 lists all proteins
captured specifically from the Drs2pHAH-expressing strain; the
corresponding peptides identified by LC-MS/MS are listed in
Supplemental Table 2. Proteins also captured from the wildtype strain were excluded. Besides the biotinylated proteins
Acc1p, Pyc1/2p, and Arc1p, background proteins included the
mitochondrial proteins (Ilv5p, Por1p) and translation machinery components (Rpl3p, Rpl28p, Tef2p; Supplemental Table 3).
Cross-linking caused a substantial rise in the number of
background proteins and allowed the recovery of several
previously identified binding partners of Acc1p (i.e., Hsc82p),
Pyc1/2p (i.e., Rpl40p) and Arc1p (i.e., Gus1p, Etf2p, Hsc82p).

Figure 3. Tandem-affinity purification of cross-linked
Drs2pHAHprotein complexes. (A) Yeast cells expressing Drs2pHAH
were incubated with 1% formaldehyde for the indicated time
period at 30 °C and then subjected to immunblotting using
RDrs2p antibody. (B) Tandem-affinity purification of Drs2pHAH
from a BirA-expressing strain after in vivo cross-linking with 1%
formaldehyde for 15 min. Aliquots of the solubilized membrane
fraction (input), the Ni2+-NTA eluate (ENTA) and the flow-through
of streptavidin agarose (FTAVI) were immunoblotted and stained
with RDrs2p antibody or avidin-HRP.

cross-linking conditions, cells were incubated with 1%
formaldehyde at 30 °C for different time periods. Cross-linking
efficiency was monitored by immunoblot analysis. High molecular weight, cross-linked, Drs2pHAH-containing protein complexes were formed within 5 min of incubation (Figure 3A). At
an incubation time of 20 min or longer, there was a substantial
(>70%) drop in the total recovery of Drs2pHAH and its crosslinked adducts, suggesting that prolonged incubation with
formaldehyde nonspecifically links proteins to insoluble material (e.g., chromatin) that is lost when the lysate is cleared
by low speed centrifugation. Alternatively, neutralization of
large numbers of basic groups by formaldehyde cross-linking
may result in protein precipitation. We chose 15 min as the
incubation time for all subsequent cross-linking experiments.
We also evaluated the effect of cross-linking on the efficiency
of purification of Drs2pHAH-containing protein complexes.
Semiquantitative immunoblot analysis showed that g65% of
untreated or cross-linked Drs2pHAH could be bound to the Ni2+NTA resin, and that at least 90% of this material could be eluted
(Figures 2B and 3B; data not shown). Moreover, the bulk
(∼85%) of Drs2pHAH-containing complexes in the Ni2+-NTA
eluate (ENTA) could be captured on streptavidin beads. Together,
these results demonstrate that cross-linking does not interfere
with purification of Drs2pHAH.
Identification of Drs2p Binding Partners. After optimizing
the cross-linking and tandem-affinity purification conditions,
we next analyzed Drs2p complexes isolated from a strain
coexpressing Drs2pHAH and BirA. The effect of in vivo crosslinking on the composition of Drs2pHAH-containing complexes
was determined by comparison with tandem-affinity purification from the same strain without prior cross-linking. In both
cases, we used a preparation from a wild-type strain expressing
untagged Drs2p as control for background proteins that bind
Ni2+-NTA and streptavidin resin independently of Drs2p. An

The known Drs2p-binding partner, Cdc50p, was among the
proteins captured specifically from the Drs2pHAH-expressing
strain. In addition, we identified nine novel interactors with
Drs2p. Four of these were transmembrane proteins (Sac1p,
Itr1p, Tcb3p and Vnx1p), four others were cytosolic proteins
(Ino1p, Sec26p, Mhp1p and Ssd1p), and one was a resident of
the ER lumen (Kar2p/BIP). Some of the binding partners were
found only after cross-linking (i.e., Sac1p, Ino1p and Kar2p),
while others were captured regardless of cross-linking (Cdc50p
and Sec26p). A third group was captured only without prior
cross-linking (Itr1p, Tcb3p, Vnx1p, Ssd1p and Mhp1p). The
latter two groups seem to represent interactions that are strong
enough to resist tandem-affinity purification under denaturing
conditions.
Validation of Drs2p Binding Partners. Remarkably, three
of the newly identified putative interactors of Drs2p are
proteins involved in phosphoinositide metabolism, namely,
phosphatidylinositol-4-phosphatase Sac1p, myo-inositol transporter Itr1p, and myo-inositol 1-phosphate synthase Ino1p
(Table 1). Other binding partners include the synaptotagmin
orthologue Tcb3p, COPI β-subunit Sec26p, cation/H+ antiporter
Vnx1p, TOR pathway component Ssd1p, ER chaperone Kar2p/
BIP, and microtubule-associated protein Mhp1p. From these,
we selected all integral membrane proteins and proteins
involved in phosphoinositide metabolism (i.e., Sac1p, Itr1p,
Ino1p, Tcb3p and Vnx1p) for validation of their interactions
with Drs2p by an independent method. To this end, we
employed the split-ubiquitin assay, a method for monitoring
membrane protein interactions in vivo.28,33 When two proteins
carrying the C-terminal “Cub” and N-terminal “Nub” halves
of ubiquitin interact, a complete ubiquitin can be formed. This
results in the proteolytic release of a transcription factor that
activates reporter genes required for growth on selective media
and for expression of β-galactosidase, whose activity can be
measured quantitatively.
As shown in Figure 4A, an interaction between Drs2p and
Cdc50p can be detected by the growth assay when Cub and
Nub moieties are fused to the C-terminus of Drs2p and the
N-terminus of Cdc50p, respectively. This interaction is specific,
as a similar interaction was not observed with two other tagged
Cdc50 family members, Nub-Lem3 and Nub-Crf1. Conversely,
Nub-Lem3 and Nub-Crf1 showed specific interactions with the
Cub-tagged P4 ATPases Dnf1 and Dnf3, respectively (Figure 4A).
These results were confirmed by quantitative measurements
of β-galactosidase activity (Figure 4C) and show that each P4-
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Table 1. Identified Drs2p Binding Partnersa
no. unique peptides found
ID

function

localization

MW

no. TMD

no. molecules per cell*

- FA

+ FA

SUS verified

Drs2p
Cdc50p
Sac1p
Ino1p
Itr1p
Tcb3p
Vnx1p
Ssd1p
Kar2p
Sec26p
Mhp1p

P4 ATPase transporter
P4 ATPase � subunit
PI4P phosphatase
Inositol 1-phosphate synthase
Myo-inositol transporter
Synaptotagmin orthologue
Cation/H+ antiporter
TOR pathway component
BIP/chaperone
COPI � subunit
Microtubule-associated protein

Golgi (PM)
Golgi (PM)
ER/Golgi
Cytosol
PM
PM
Vacuole
Cytosol
ER
Cytosol
Cytosol

153834
44967
71108
59626
63553
171063
102498
139940
74467
109006
155193

10
2
2
0
12
1
13
0
0
0
0

606
589
48,000
unknown
unknown
4,280
259
1,100
337,000
26,000
279

36
1
0
0
2
11
3
2
0
5
4

17
3
3
2
0
0
0
0
3
2
0

NA
+
+
+
+
+
+
ND
ND
ND
ND

a
Summary of proteins identified by LC MS/MS as components of native (-FA) or in vivo cross-linked (+FA) Drs2pHAH complexes purified by TAP.
*Numbers based on a global analysis of protein expression in yeast.29 ID, identity; MW, molecular weight; TMD, transmembrane domain; SUS,
split-ubiquitin system; NA, not applicable; ND, not determined; FA, formaldehyde; PM, plasma membrane; ER, endoplasmic reticulum.

Figure 4. Split-ubiquitin assay showing interactions between P4ATPases and their cognate Cdc50 subunits. (A) Split-ubiquitin
growth assay reporting interactions of Drs2-Cub, Dnf3-Cub and
Dnf1-Cub and their Cdc50 binding partners Nub-Cdc50, Nub-Crf1
and Nub-Lem3. (B) Modulation of Cub fusion expression by
varying the methionine (Meth) concentration in the medium.
Membrane extracts from equal amounts of cells were immunoblotted using an antibody directed against the PLV moiety of the
Cub fusion (RVP16). (C) Quantitative measurement of Nub-Cdc50,
Nub-Crf1 and Nub-Lem3 interactions with P4-ATPase-Cub fusions
in cells grown in 75 µM Meth (Drs2-Cub, Dnf1-Cub) or 40 µM Meth
(Dnf3-Cub) using the split-ubiquitin �-galactosidase assay. Specific �-galactosidase activity levels were expressed as percentage
of the maximum level, with the 100% values corresponding to
2.39 (Nub-Cdc50), 2.12 (Nub-Crf1) and 2.30 U/mg protein (NubLem3).

ATPase interacts with a different Cdc50 subunit in vivo, a
conclusion consistent with coimmunoprecipitation analysis.16,34
Importantly, these results demonstrate the suitability of the
split-ubiquitin assay as an independent method to test the
authenticity of the newly identified proteins as binding partners
of Drs2p.
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Figure 5. Validation of newly identified Drs2p binding partners
by the split-ubiquitin assay. (A) Split-ubiquitin growth assay
reporting interactions of Drs2-Cub, Dnf3-Cub and Dnf1-Cub with
C- or N-terminal Nub-fusions of Sac1, Itr1, Ino1, Vnx1 and Tcb3.
(B) Quantitative measurement of interactions of C- or N-terminal
Nub-fusions of Sac1, Itr1, Ino1, Vnx1 and Tcb3 with P4-ATPaseCub fusions in cells grown at 75 µM Met (Drs2-Cub, Dnf1-Cub)
or 40 µM Met (Dnf3-Cub) using the split-ubiquitin �-galactosidase
assay. Specific �-galactosidase activity levels were expressed as
percentage of the maximum level, with the 100% values corresponding to 1.11 (Nub-Sac1), 0.68 (Sac1-Nub), 1.45 (Nub-Itr1),
0.93 (Itr1-Nub), 1.57 (Nub-Ino1), 1.10 (Ino1-Nub), 0.88 (Nub-Vnx1),
and 1.11 U/mg protein (Tcb3-Nub).

We then applied the split-ubiquitin assay to validate association of Drs2p with the five selected candidate binding partners.
As shown in Figure 5A, an interaction between Drs2-Cub and
Nub-tagged Sac1 was detected in the growth assay, regardless
of whether the Nub moiety was fused to the N- or C-terminus
of Sac1p. This interaction appears specific for Drs2p, since a
similar interaction was not observed with the closely related
P4-ATPases Dnf3-Cub or Dnf1-Cub. While Dnf1p primarily
resides at the plasma membrane, Drs2p and Dnf3p both
localize in the trans-Golgi network,15,19 indicating that the
differences in interaction are not just the result of differences
in the subcellular distribution of the transporters. Immuno-
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phenotype in ∆sac1 cells, we found that overexpression of
Sac1p partially suppresses the corresponding phenotype in
∆drs2 cells (Figure 6B). The demonstration that Drs2p and
Sac1p display genetic interactions suggests that their physical
interaction is functionally important for anterograde membrane
trafficking from the Golgi.

Discussion

Figure 6. Drs2p and Sac1p interact genetically. (A) Serial dilutions
of a ∆sac1 mutant strain transfected with empty vector (empty),
multicopy SAC1 vector (pSAC1-2 µ) or multicopy DRS2 vector
(pDRS2-2 µ) were spotted onto SD plates and incubated at 30
or 18 °C for 4 d. (B) Serial dilutions of a ∆drs2 mutant strain
transfected with empty vector (empty), multicopy DRS2 vector
(pDRS2-2 µ) or multicopy SAC1 vector (pSAC1-2µ) were spotted
onto SD plates and incubated as in (A).

blotting revealed that Dnf3-Cub was expressed at approximately 5-fold lower levels than Drs2-Cub or Dnf1-Cub, raising
the possibility that the difference in apparent interaction might
be a consequence of lower levels of Dnf3-Cub expression. This
possibility could be tested because transcription of the Cub
fusions is under the control of the Met promotor, and so their
expression levels can be adjusted by varying the methionine
concentration in the medium (Figure 4B). When methionine
concentrations were adjusted to equalize P4 ATPase-Cub
expression levels, the level of �-galactosidase activity in cells
expressing Nub-tagged Sac1 with Drs2-Cub was still much
higher than in cells expressing Dnf3-Cub or Dnf1-Cub (Figure
5B). This result shows that the apparent preferential interaction
between Drs2p and Sac1p is not an artifact of the expression
levels of the Cub-tagged proteins. Similar results were obtained
for Itr1p, Ino1p, Tcb3p and Vnx1p (Figure 5), confirming that
these proteins form specific complexes with Drs2p. Together,
this entirely independent method for detecting protein-protein
interactions validates the majority of Drs2p interactors identified by our mass spectrometry approach (six out of six
analyzed) as authentic binding partners of Drs2p.
Drs2p and Sac1p Display Genetic Interactions. Of all Drs2p
binding partners identified, Sac1p is of particular interest. Like
Drs2p, Sac1p has been reported to play a critical role in
anterograde trafficking from the Golgi complex.35-37 Loss of
Drs2p causes a constitutive defect in the formation of one class
of exocytic vesicles21 and in an AP-1/clathrin-dependent
pathway from the Golgi to early endosomes.19 At temperatures
of 20 °C or below, ∆drs2 cells cease growth. This is likely due
to a cold-sensitive defect in a Golgi-localized, γ-ear-containing
Arf-binding protein (GGA)/clathrin-dependent pathway from
the Golgi to the vacuole combined with the constitutive defect
in the AP-1/clathrin pathway.38 Sac1p has been proposed to
negatively regulate a Golgi-associated pool of phosphatidylinositol-4-phosphate that is essential for anterograde trafficking.36 As would be expected if this function antagonizes
anterograde trafficking from the Golgi, loss of Sac1p partially
restores growth in ∆drs2 cells at 20 °C.38 Curiously, at temperatures below 20 °C, cells lacking Sac1p also display a coldsensitive growth phenotype (Figure 6A). While overexpression
of Drs2p is unable to suppress the cold-sensitive growth

Studies of the protein interactome have so far been of limited
value for identifying interactions involving integral membrane
proteins, presumably because of the many technical artifacts
introduced by the highly hydrophobic nature of these proteins.
In this work, we applied a proteomics-based strategy to identify
proteins that interact with a specific integral membrane
protein, the yeast Golgi P4-ATPase Drs2p. In vivo cross-linking
was used in combination with tandem-affinity purification
under stringent conditions to capture also transient and low
affinity protein interactions that might be lost during conventional purification methods. This approach benefited from the
previous identification of one integral membrane protein that
specifically interacts with Drs2p, namely, Cdc50p. We could
confidently predict that this protein should be identified in a
stringent search for Drs2p binding partners. In fact, our
approach led to the identification of this known protein and
nine novel Drs2p binding partners, with half of them representing integral membrane proteins. Six of the identified
binding partners were subjected to further analysis using an
orthogonal in vivo membrane protein interaction assay, which
confirmed them as authentic interactors with Drs2p. This group
included two low-abundance proteins (fewer than 600 molecules per cell) with multiple membrane spans. Together, the
data qualify our method as a valuable approach for elucidating
the membrane protein interactome.
The term “Drs2p interactor” or “Drs2p binding partner” is
hereby used for describing a protein that is either in direct
physical contact with or in close spatial proximity of Drs2p by
forming part of the same protein complex. While the total
number of Drs2p binding partners identified appears rather
high, it has been estimated that all major processes in cells
are carried out by assemblies of 10 or more proteins.1 It is
unlikely that all of these proteins assemble into a single
complex. Rather, the 9 newly identified Drs2p binding partners
are more likely to be part of a heterogeneous population of
Drs2p containing complexes. Although Drs2p primarily resides
in the trans-Golgi network at steady state, we identified an ERresident chaperone (i.e., Kar2p/BIP) as well as two plasma
membrane proteins (i.e., Itr1p, Tcb3p) among its binding
partners. The ER chaperone Kar2p/BIP presumably represents
a transient and low affinity interactor that may assist in the
correct assembly of the Drs2p/Cdc50p heterodimer, which is
required for Drs2p export from the ER.16 This model is
consistent with the capture of Kar2p/BIP only after in vivo
cross-linking with formaldehyde. We previously showed that
Drs2p enters post-Golgi secretory vesicles.14 This indicates that
Drs2p is at least a transient occupant of the plasma membrane,
which may account for its ability to interact with Itr1p and
Tcb3p that are located there.
While our analysis reconfirmed Cdc50p as an authentic
binding partner of Drs2p, it did not yield another known Drs2p
interactor, Gea1p.24 Formaldehyde cross-links lysine residues
at ∼2 Å distance, and it is entirely possible that some Drs2p
interactors do not have lysine residues in close enough proximity to be captured by this method. Using cross-linkers with
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longer spacer arms might overcome this problem. Because
formaldehyde reacts primarily with lysines, its application
should reduce the availability of trypsin cleavage sites and
hence decrease the recovery of fragments for mass spectrometric analysis. This effect may explain why the number of
unique peptides derived from Drs2p itself is substantially lower
in the cross-linked sample as compared to the untreated
sample, and why several Drs2p-binding partners were picked
up only in the absence of cross-linker. Application of a
reversible cross-linker may help prevent this drop in sensitivity.
Nevertheless, three Drs2p binding partners were captured
uniquely after cross-linking with formaldehyde (Kar2p/BIP,
Ino1p, Sac1p). As indicated above for Kar2p/BIP, this behavior
suggests that these proteins bind Drs2p only weakly or very
transiently. Conversely, other interactors were identified regardless of cross-linking (Cdc50p, Sec26p) or only in the
absence of cross-linker (Itr1p, Tcb3p, Vnx1p, Ssd1p, Mhp1p),
indicating that their interaction with Drs2p is strong enough
to survive highly denaturing conditions (8 M urea, 2% SDS).
Together, our data indicate that the identification of both stable
and transient interactors is best served by combining the
analysis of samples with and without cross-linking.
The Drs2p binding partners identified in this study fall in
different functional categories. The protein Mhp1p was described as a stabilizer of microtubules.39 The movement of
Drs2p-containing vesicles along microtubule tracks may bring
Drs2p into proximity with this protein. Similarly, Sec26p
corresponds to the β-subunit of COPI, which is involved in
retrograde Golgi-to-ER membrane trafficking.40 An association
between Drs2p and Sec26p in the Golgi may account for this
interaction. COPI subunits have been shown to physically
interact with Sac1p,41 suggesting that Sec26p might associate
with Drs2p in a ternary complex with Sac1p. Tcb3p is a member
of the tricalbin protein family. Tricalbins contain three C2
domains that show Ca2+-dependent binding to phosphatidylserine and multiple phosphoinositides.42 Because they are
similar to synaptotagmin, it has been proposed that tricalbins
may contribute to fusion-related events in membrane trafficking.43 While the biological relevance of the interaction between
Tcb3p and Drs2p is unclear, both proteins have previously been
identified as components of a complex containing the putative
flavin carrier Flc2p and the multidrug transporter homologue
Pdr5p.2
Strikingly, three of the verified Drs2p binding partners
(Ino1p, Itr1p and Sac1p) are proteins involved in phosphoinositide metabolism. The myo-inositol 1-phosphate synthase
Ino1p catalyzes the rate-limiting step in the production of
inositol phosphate, a precursor for the biosynthesis of phosphatidylinositol and its phosphorylated derivatives.44,45 The
other major route of inositol supply in yeast is uptake from
the medium by the principal inositol transporter Itr1p.46
Phosphatidylinositol is a direct precursor of phosphoinositolcontaining sphingolipids, which are synthesized on the luminal
aspect of the Golgi,47 and sphingolipid biosynthesis is controlled, at least in part, by the supply of phosphatidylinositol.48
As Drs2p corresponds to a prominent aminophospholipid
transport activity in yeast,13,14 its association with both Ino1p
and Itr1p may be relevant for the establishment of a proper
transbilayer lipid arrangement in membranes that pass through
the Golgi complex on their way to the plasma membrane.
Sac1p is a member of the synaptojanin family of lipid
phosphatases and predominantly acts as a phosphatidylinositol-4-phosphatase.49 Sac1p antagonizes anterograde membrane

Printed by Xerox

H

Puts et al.
trafficking from the Golgi by restricting the local pool of PI(4)P
required for efficient recruitment of the vesicle budding
machinery.37,50 Drs2p facilitates vesicle formation independently of coat recruitment.23 Instead, it has been proposed that
translocation of aminophospholipid from the exoplasmic to the
cytosolic leaflet by Drs2p induces membrane curvature, which
is captured by coat proteins in vesicles.20,23 An intriguing
possibility is that a physical interaction between Drs2p and
Sac1p may link flippase activity to coat recruitment as part of
the properly organized segregation of cargo molecules into
secretory vesicles. The recent observation that Drs2p-catalyzed
flippase activity is stimulated by binding of PI(4)P to a regulatory domain in the C-terminal tail of the enzyme is fully
consistent with this notion.51 However, our finding that overexpression of Sac1p partially suppresses the cold-sensitive
growth defect in ∆drs2 cells suggests that the model of an
antagonistic relationship between the two proteins is too
simple.38

Conclusions
Our findings demonstrate that tandem-affinity purification
of in vivo cross-linked protein complexes under strongly
denaturing conditions can provide a snapshot of the interaction
networks of low abundance integral membrane proteins. This
approach allowed us to uncover a link between aminophospholipid transport and phosphoinositide metabolism with
potential relevance for membrane maturation and vesicle
biogenesis in the secretory pathway.
Abbreviations: Cub, C-terminal half of ubiquitin; DDM,
dodecyl-β-D-maltoside; ENTA, Ni-NTA eluate; HA, hemagglutinin; HAH, hemagglutinin-avidine-histidine; LC-MS/MS, liquid
chromatography-tandem mass spectrometry; meth, methionine; Ni-NTA, nickel-nitrilotriacetic acid; Nub, N-terminal half
of ubiquitin; ONPG, o-nitrophenyl-β-D-galactopyranoside; TAP,
tandem affinity purification; TES, Tris-EDTA-sorbitol; TGN,
trans-Golgi network; PE, phosphatidylethanolamine; PI(4)P,
phosphatidylinositol-4-phosphate; PS, phosphatidylserine;
SD,synthetic minimal medium; SDS, sodium dodecyl sulfate;
TOR, target of rapamycin; YPER, yeast permeabilization reagens.
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P-type ATPases form a large family of membrane pumps that
are transiently autophosphorylated at a conserved aspartate
residue, hence the designation P-type. Prominent examples
include the Ca2-ATPase SERCA,4 which pumps Ca2 from
the cytosol into the lumen of the sarcoplasmic reticulum of
skeletal muscle cells (1), and the Na/K-ATPase, which generates the electrochemical gradients for sodium and potassium
that are vital to animal cells (2). Transport is accomplished by
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cyclic changes between two main enzyme conformations, E1
and E2, during which the ATPase is phosphorylated by ATP at
the aspartate residue and subsequently dephosphorylated.
These processes are coupled to vectorial transport and countertransport by a controlled opening and closing of cytoplasmic
and exoplasmic pathways, which give access to the ion-binding
sites that are buried inside the membrane-spanning region of
the pump (3). A host of crystal structures of the Ca2 pump
SERCA in well defined states of the reaction cycle revealed
important aspects of the transport mechanism (4, 5). Sequence
homology and structures of other ATPases show that this
mechanism rests on principles and structural elements that
apply to all P-type ATPases (6 – 8).
Although P-type ATPases usually pump small cations or
metal ions, members of the P4 subfamily form a notable exception. A growing body of evidence indicates that P4-ATPases
catalyze phospholipid transport and create membrane lipid
asymmetry (9 –11). This process contributes to a multitude of
cellular functions, including membrane vesiculation, cell division, and life span. The yeast Saccharomyces cerevisiae contains
five P4-ATPases, namely Dnf1p and Dnf2p at the plasma membrane, Drs2p and Dnf3p in the trans-Golgi network, and Neo1p
in an endosomal compartment (12–14). Removal of Dnf1p and
Dnf2p abolishes inward translocation of 12-(N-methyl-N-(7nitrobenz-2-oxa-1,3-diazol-4-yl))-labeled analogs of phosphatidylethanolamine (PE), phosphatidylserine (PS), and phosphatidylcholine (PC) and causes an aberrant exposure of
endogenous aminophospholipids at the cell surface (13, 15).
Trans-Golgi membranes isolated from a yeast strain that lacks
the Dnf proteins and contains a temperature-sensitive drs2
allele display a defect in 12-(N-methyl-N-(7-nitrobenz-2-oxa1,3-diazol-4-yl))-PS translocation when shifted to the non-permissive temperature (16). The latter finding provides strong
evidence that Drs2p is directly coupled to flippase activity, and
subsequent studies showed that Drs2p, together with Dnf3p,
are required for maintaining PE asymmetry in post-Golgi secretory vesicles (17).
Although no P4-ATPase has been shown to display flippase
activity in reconstitution experiments with purified enzyme,
the relationship of P4-ATPases to flippase activity and lipid
asymmetry has gained further support from functional studies
in various other organisms, including parasites (18), plants (19),
worms (20), and mice (21). Besides a common domain organization, P4-ATPases display a clear sequence homology with cation-transporting P-type pumps. Shared sequence motifs
include the canonical phosphorylation site in the P domain, the
nucleotide-binding site in the N domain, and a TGES-related

Downloaded from www.jbc.org at Universiteitsbibliotheek Utrecht on June 26, 2009

Members of the P4 subfamily of P-type ATPases are believed
to catalyze transport of phospholipids across cellular bilayers.
However, most P-type ATPases pump small cations or metal
ions, and atomic structures revealed a transport mechanism that
is conserved throughout the family. Hence, a challenging problem is to understand how this mechanism is adapted in P4ATPases to flip phospholipids. P4-ATPases form heteromeric
complexes with Cdc50 proteins. The primary role of these additional polypeptides is unknown. Here, we show that the affinity
of yeast P4-ATPase Drs2p for its Cdc50-binding partner fluctuates during the transport cycle, with the strongest interaction
occurring at a point where the enzyme is loaded with phospholipid ligand. We also find that specific interactions with Cdc50p
are required to render the ATPase competent for phosphorylation at the catalytically important aspartate residue. Our data
indicate that Cdc50 proteins are integral components of the
P4-ATPase transport machinery. Thus, acquisition of these subunits may have been a crucial step in the evolution of flippases
from a family of cation pumps.

Role of Cdc50 subunit in P4-ATPase reaction cycle

Role of Cdc50 Subunit in P4-ATPase Reaction Cycle

Printed by Xerox

EXPERIMENTAL PROCEDURES
Reagents, Plasmids, and Yeast Strains—All yeast strains, plasmids, antibodies, and reagents used in this study are described
in the supplemental data.
Purification of Drs2p-Cdc50p Complex—Yeast cdc50
mutant strain GL001 was co-transfected with pH2-DRS2 and
pCDC50-Myc, and then grown at 30 °C to midlogarithmic
phase (0.5–1.0 A600) in selective synthetic dextrose (SD)
medium using a 14-liter fermentor (New Brunswick Scientific).
JULY 3, 2009•VOLUME 284•NUMBER 27

Cells were washed, resuspended in ice-cold TES lysis buffer (50
mM Tris-HCl, pH 7.5, 1 mM EDTA, 0.6 M sorbitol) containing
protease inhibitors (28) at a density of 100 A600/ml, and then
broken by vortexing with glass beads. The lysate was clarified by
centrifugation at 700 gav (5 min, 4 °C). Membranes were collected by centrifugation at 100,000 gav (1 h, 4 °C), resuspended
in storage buffer (20 mM Hepes-KOH, pH 7.2, 0.3 M sucrose) to
a protein concentration of 10 –20 mg/ml, snap-frozen in liquid
N2, and stored at 80 °C. Protein concentration was measured
using the BCA protein assay kit (Pierce). For detergent extraction, membranes were resuspended at 2 mg/ml protein in
S-buffer (50 mM Hepes-KOH, pH 8.0, 0.1 M NaCl, 20% glycerol,
5 mM MgCl2, 1 mM phenylmethylsulfonyl fluoride, protease
inhibitors, 0.5% digitonin), allowed to shake gently at 4 °C for 75
min, and then cleared of insoluble material by centrifugation at
100,000 gav (1 h, 4 °C).
Detergent-solubilized H2-Drs2p was purified in two steps,
starting with Ni2-NTA affinity chromatography. To this end,
500 l of prewashed Ni2-NTA beads (Qiagen) was added to 35
ml of membrane extract and gently shaken at 4 °C for 2 h. The
beads were then transferred to a column and washed with 40
volumes of Buffer 1 (50 mM Hepes-KOH, pH 7.2, 0.2 M NaCl,
20% glycerol, 5 mM MgCl2, 0.05% digitonin, 0.2 mg/ml dioleoylphosphatidyl choline/dioleoylphosphatidic acid, 10 mM
imidazole) followed by 30 volumes of Buffer 2 (Buffer 1 containing 0.1 M NaCl and 25 mM imidazole). H2-Drs2p was eluted with
5 400 l of Elution Buffer 1 (Buffer 1 containing 10 mM NaCl
and 250 mM imidazole). The eluate was mixed with 100 l of
-HA mAb-coupled agarose beads (mAb HA-7, Sigma) and
then gently shaken for 2 h at 4 °C. The beads were washed 4 
15 volumes of Buffer 1 (without imidazole). H2-Drs2p was
eluted with 2 400 l of Elution Buffer 2 (50 mM MOPS-Tris,
pH 6.5, 100 mM KCl, 20% glycerol, 5 MgCl2, 0.05% digitonin, 3
mg/ml HA3 peptide) at 30 °C. To purify 100% subunit-bound
H2-Drs2p, the Ni2-NTA eluate was mixed with 100 l of
-Myc mAb-coupled agarose beads (mAb 9E10, Santa Cruz
Biotechnology) and then eluted in Elution Buffer 2 containing 3
mg/ml Myc3 peptide, as above. Fractions were subjected to
SDS-PAGE and immunoblotting, as described (13). Purity was
checked by silver staining on 8% Laemmli gels. Quantification
of H2-Drs2p was performed with a GS-700 densitometer on
Coomassie Blue-stained gels, using known amounts of the
Ca2-ATPase SERCA1a as a standard and Molecular Analyst
software (Bio-Rad).
Phosphorylation Assay—Phosphorylation from [-32P]ATP
was performed as described (29, 30) on purified H2-Drs2p preincubated with 1 mg/ml dioleoylphosphatidyl choline/dioleoylphosphatidic acid (9/1) in MOPS buffer (50 mM MOPSTris, pH 7.0, 100 mM KCl, 5 mM MgCl2, 0.05% digitonin) for 1 h
at 4 °C under gentle agitation. One g/ml H2-Drs2p (0.1
g/reaction) in MOPS buffer supplemented with 6 units/ml
pyruvate kinase was incubated at 4 °C for 50 s with 2 M
[-32P]ATP (6 mCi/mol) in the presence or absence of 1 mM
orthovanadate (VO4). Dephosphorylation was initiated at 30 °C
by the addition of 5 mM cold ATP or ADP and 0.1 mg/ml PS in
MOPS buffer. For phosphorylation of the Ca2-ATPase
SERCA1a, rabbit muscle sarcoplasmic vesicles (Ref. 31; provided by Dr. P. Champeil, CEA Saclay, France) were incubated
JOURNAL OF BIOLOGICAL CHEMISTRY
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sequence in the A domain (22). This implies that P4-ATPases
and cation pumps use the same mechanism to couple ATP
hydrolysis to ligand transport. Phospholipid transport by
P4-ATPases would correspond to counter-transport of H ions
by the Ca2 pump and of K ions by the Na/K-ATPase as
the direction of movement is from the exoplasmic to the cytoplasmic leaflet. During the reaction cycle of cation pumps,
access to the ion-binding pocket alternates between the two
sides of the membrane, with the ions becoming temporarily
occluded after each ion binding event (23). How this mechanism is adapted in P4-ATPases to translocate phospholipids is
unclear. Flippases must provide a sizeable hydrophilic pathway
for the polar headgroup to pass through the membrane as well
as accommodate the hydrophobic nature of the lipid backbone.
Whether P4-ATPases alone are sufficient to accomplish this
task is not known.
Recent studies revealed that P4-ATPases form complexes
with members of the Cdc50 protein family (24). Cdc50 proteins
consist of two membrane spans and a large, N-glycosylated
ectodomain with one or more conserved disulfide bonds (25).
The yeast family members Cdc50p, Lem3p, and Crf1p can be
co-immunoprecipitated with Drs2p, Dnf1p/Dnf2p, and Dnf3p,
respectively. Formation of these complexes is required for
proper expression and endoplasmic reticulum (ER) export of
either partner (24, 26) so that mutation of one member of the
complex phenocopies mutations in the other (15, 25). This
behavior in yeast is mirrored in other organisms; Ld Ros3, a
Lem3p homolog in Leishmania parasites, is needed for
proper trafficking of the P4-ATPase Ld MT (18), whereas the
human P4-ATPase ATP8B1 requires a Cdc50p homolog,
CDC50A, for ER exit and delivery to the plasma membrane
(27). Moreover, the Arabidopsis P4-ATPase ALA3 requires its
Cdc50-binding partner ALIS1 to complement the lipid transport defect at the plasma membrane in a dnf1dnf2drs2
yeast mutant (19).
Together, the above findings indicate that Cdc50 subunits
are indispensable for a proper functioning of P4-ATPases and
that it is the combination of the two that yields a physiologically
active transporter. However, these studies have not clarified the
primary function of the Cdc50 polypeptide in the complex.
Here, we provide the first evidence that Cdc50 subunits play a
crucial role in the P4-ATPase reaction cycle. Using a genetic
reporter system, we find that P4-ATPase-Cdc50 interactions
are dynamic and tightly coupled to the ATPase reaction cycle.
Moreover, by characterizing the enzymatic properties of a purified P4-ATPase-Cdc50 complex, we show that catalytic activity
relies on direct and specific interactions between the subunit
and transporter.
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lactopyranoside. After incubation at 30 °C for 10 min, the assay
mixture was sedimented, and the A420 of the supernatant was
measured to obtain specific activity for -galactosidase.

RESULTS
Purification of the Drs2p-Cdc50p Complex—To facilitate
purification of a Drs2p-Cdc50p complex for analysis of its enzymatic properties, the DRS2 coding region was tagged at the N
terminus with 10 histidines and a triple HA epitope and
expressed from a multicopy vector. Tagged DRS2 (H2-DRS2)
retained its activity in vivo because it could restore growth of a
drs2 mutant at 18 °C and suppress its hypersensitivity to the
PE-binding peptide cinnamycin (Fig. 1A). H2-Drs2p was
expressed at about 20-fold higher levels than endogenous
Drs2p (Fig. 1B). Deletion of CDC50 caused a 5-fold drop in
H2-Drs2p levels, whereas expression of Myc-tagged CDC50
from a multicopy vector (CDC50-Myc) restored the level of
H2-Drs2p in the cdc50 mutant (Fig. 1C). H2-Drs2p expressed
in wild type cells primarily localized to the ER, yet co-expression of CDC50-Myc allowed a substantial portion of H2-Drs2p
to reach the Golgi complex (Fig. 1D). These data are consistent
with previous studies indicating that Cdc50p is required for
VOLUME 284•NUMBER 27•JULY 3, 2009
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FIGURE 1. H2-tagged Drs2p is functional. A, serial dilutions of wild type
(DRS2) and drs2 mutant strains transfected with empty vector (EV), pH2DRS2
or pH2DRS2D560N were spotted onto normal SD plates or SD plates containing
10 M cinnamycin (cinnam.) and then incubated at the indicated temperature
for 4 days. B, wild type (DRS2) and drs2 mutant strains transfected with
empty vector () or pH2DRS2 () were analyzed by immunoblotting using
-Drs2p and -Pep12p antibodies. C, wild type and cdc50 mutant strains
co-transfected with pH2DRS2 and empty vector () or pCDC50myc () were
analyzed by immunoblotting using -HA, -Myc, and -Pep12p antibodies.
D, wild type strains transfected with empty vector (control), pH2DRS2 alone, or
pH2DRS2 and pCDC50myc were analyzed by immunofluorescence microscopy using a rat monoclonal -HA antibody (13). Note that H2-Drs2p
expressed alone primarily localizes to the ER, as indicated by the nuclear
envelope staining (arrowheads). H2-Drs2p co-expressed with Cdc50p-Myc
displays a punctuate staining pattern, characteristic of the yeast Golgi.
Bar, 10 m.
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at 4 °C in MOPS buffer at 0.7 g/ml ATPase in the presence of
either 5 mM EGTA (to chelate free Ca2) or 20 M CaCl2. The
reaction was started by the addition of 2 M [-32P]ATP.
Dephosphorylation was triggered at 30 °C by the addition of 5
mM cold ATP. All reactions were stopped by acid quenching
with trichloroacetic acid and H3PO4, added to a final concentration of 16% and 5 mM, respectively, and incubated on ice for
30 min. After centrifugation at 18,000 gav (4 °C, 25 min), protein
pellets were washed with 7% trichloroacetic acid and 0.5 mM
H3PO4, resuspended in 40 l of SDS sample buffer (2% SDS, 10
mM EDTA, 150 mM Tris-HCl, pH 6.8, 16% (v/v) glycerol, 0.8 M
-mercaptoethanol, 0.04% bromphenol blue), and then
loaded onto acidic Sarkadi-type gels for electrophoretic separation. Gels were stained with Coomassie Blue R-250 and
dried exposed to a phosphor screen, as described (29). Radioactivity was revealed with a STORM 860 PhosphorImager
(Amersham Biosciences) and quantified by comparison with
known amounts of [-32P]ATP using the Quantity One software (Bio-Rad). Variations in the amount of precipitated
protein among different samples were corrected for by the
amount of pyruvate kinase detected on gel after Coomassie
Blue staining.
Split Ubiquitin Assay—The mating-based split ubiquitin
assay of Obrdlik et al. (32) was used. Constructs containing C
terminus of ubiquitin (Cub) were made by in vivo recombination in the yeast strain THY.AP4 (MATa ura3 leu2
lexA::lacZ::trp1 lexA::HIS3 lexA::ADE2). Constructs containing
the N terminus of ubiquitin (Nub) were made by in vivo recombination in the yeast strain THY.AP5 (MAT URA3 leu2 trp1
his3 loxP::ade2). Transporter-Cub strains were constructed
in THY.AP4 as described (Basic Protocol 1 in Ref. 33) by in
vivo recombination between the linearized single copy vector pMETYCgate and PCR fragments, which were generated
with pHusion DNA polymerase using pH2-DRS2, pH2-DNF1,
or yeast genomic DNA (DNF3) as template and the primer sets
listed in supplemental Table S1. The resulting transporter-Cub
constructs were reisolated and sequenced to verify fidelity of
recombination. Mutants were constructed using the megaprimer method (41). Subunit-Nub strains were constructed in
THY.AP5 by in vivo recombination between linearized low
copy vector pNXgate33-3HA or high copy vector pNXgate213HA and PCR fragments, which were generated as above.
Interaction assays were carried out beginning with matings
between Cub and Nub strains on YEPD plates, which were
then replicated on SD-Leu-Trp plates to select for diploids.
The diploids were then replicated on SD-Leu-Trp-His-Ade
plates to test for growth. Sensitivity of these growth assays
was determined by Met-controlled expression of the Cub
construct. Growth assays were carried out on plates containing 150 M Met.
For quantitative assays of -galactosidase expression, diploids were grown overnight in SD-Leu-Trp suspension cultures
at 30 °C to an A600 between 0.5 and 1.2. One A600 of each culture
was centrifuged, permeabilized in 100 l of YPER permeabilization reagent (Pierce Chemical, Rockford, IL) for 20 min at
room temperature, and then combined with 1 ml of Z buffer (60
mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, pH
7.0) containing 4 mg/ml freshly added o-nitrophenyl--D-ga-
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proper expression and ER export of Drs2p (15, 24). Myc-tagged
CDC50 was also able to restore growth of a cdc50 mutant at
18 °C (data not shown), indicating that it retained biological
activity.
The Drs2p-Cdc50p complex was purified from a cdc50
mutant co-expressing H2-Drs2p and Cdc50p-Myc. Among various detergents tested, digitonin was the mildest detergent that
proved effective at solubilizing H2-Drs2p and Cdc50p-Myc
(supplemental Fig. S1) while giving a good recovery of purified
protein (data not shown). Digitonin-solubilized membranes
were subjected to Ni2-NTA chromatography, and fractions
containing the peak of H2-Drs2p (ENTA) were pooled and
passed over -HA antibody-coupled agarose beads. H2-Drs2p
was eluted from the -HA beads with a triple HA peptide (EHA).
On a silver-stained gel, EHA contained two clear bands. One had
the expected molecular mass (165 kDa) for H2-Drs2p (Fig. 2A);
this band reacted with both -HA (Fig. 2B) and -Drs2p antibodies (data not shown). The second band had the expected
molecular mass (80 kDa) for Cdc50p-Myc, and its identity was
confirmed by immunoblotting (Fig. 2B) and mass spectrometry
(data not shown). In contrast, another yeast Cdc50 family member, Lem3p, could not be detected in the purified fraction (Fig.
2B). The recovery of Cdc50p-Myc in EHA was strictly dependent on co-expression with H2-Drs2p (Fig. 2C). Thus, H2-Drs2p
and Cdc50p-Myc can be co-purified in a specific protein complex that survives detergent solubilization and tandem affinity
chromatography.
The Purified Drs2p-Cdc50p Complex Undergoes VO4-sensitive Phosphorylation from ATP—The EHA fraction containing
the purified Drs2p-Cdc50p complex showed an ATPase activity that was sensitive to orthovanadate (VO4), a potent inhibitor
of P-type ATPases (34). Although the VO4-sensitive ATPase
activity was stimulated by the addition of PS, the prime substrate of Drs2p (16, 17), it was similarly stimulated by the nonsubstrate lipid PC (supplemental Fig. S2). To test whether this
activity was in fact due to Drs2p, we purified an enzyme-dead
version of Drs2p and analyzed the corresponding EHA fraction
for ATPase activity. P-type ATPases form an aspartyl-phosphate intermediate as an essential step in the reaction cycle
(35). The aspartate at position 560 (Asp-560) in Drs2p is part of
the DKTGTLT signature sequence and is modified to form the
aspartyl-phosphate intermediate (see below). However, an
EHA fraction containing purified H2-Drs2p in which this
aspartate is mutated to asparagine (D560N) still showed a
prominent VO4-sensitive and lipid-stimulated ATPase
activity (supplemental Fig. S2; data not shown). This result
indicates that the bulk of the ATPase activity present in EHA
is unrelated to Drs2p; the identity of the contaminating
enzyme remains to be established.
As an alternative approach to analyzing the catalytic properties of the purified Drs2p-Cdc50p complex, we next investigated its ability to form a phosphoenzyme intermediate from
ATP. The EHA fraction was incubated with 2 M [-32P]ATP in
the presence of Mg2 and then fractionated by gel electrophoresis. Autoradiography showed that the incubation led to
phosphorylation of H2-Drs2p (Fig. 3A). Although this phosphorylation was only partially inhibited by VO4, all of the VO4sensitive phosphorylation was abolished in the D560N mutant
JULY 3, 2009•VOLUME 284•NUMBER 27

FIGURE 2. Purification of the Drs2p-Cdc50p complex. Digitonin-solubilized
membranes prepared from a cdc50 mutant strain co-transfected with
pCDC50myc and pH2DRS2 were subjected to Ni2-NTA and -HA immunoaffinity chromatography, as described under “Experimental Procedures.” A, the
following fractions were loaded onto an 8% SDS-PAGE and subjected to silver
staining: T, total membranes; SN, solubilized membrane fraction; P, insoluble
membrane fraction; FTNTA, flow-through Ni2-NTA beads; ENTA, Ni2-NTA eluate; FTHA, flow-through -HA beads; WHA, washing step; EHA, -HA bead eluate. B, fractions were analyzed by immunoblotting using -HA, -Myc, and
-Lem3p antibodies for detection of pH2-Drs2p, Cdc50p-Myc, and Lem3p,
respectively. ENTA and FTHA fractions were diluted 6-fold, and the EHA fraction
were diluted 12-fold with respect to the other fractions. C, Ni2-NTA chromatography of membrane extracts from cdc50 mutant strains transfected with
pCDC50myc and pH2DRS2 () or pCDC50myc alone (). SN and ENTA fractions
were analyzed by immunoblotting as in B.

Downloaded from www.jbc.org at Universiteitsbibliotheek Utrecht on June 26, 2009

Printed by Xerox

Role of Cdc50 Subunit in P4-ATPase Reaction Cycle

(Fig. 3B). This indicates that wild type Drs2p co-purified with
Cdc50p undergoes VO4-sensitive phosphorylation from ATP
at Asp-560. The VO4-insensitive phosphorylation suggests that
the enzyme is also phosphorylated at sites other than Asp-560;
whether this involves the flippase kinases Fpk1p or Fpk2p (36)
remains to be established. For the remainder of this study, formation of the phosphoenzyme was monitored by analyzing the
VO4-sensitive phosphorylation of Drs2p. Phosphoenzyme formation was abolished by the addition of N-ethylmaleimide
(NEM; Fig. 3C), a well established inhibitor of the aminophospholipid translocase activity (37). The addition of Ca2 or
EGTA had no effect. This is in contrast to the Ca2-ATPase
SERCA, which requires binding of Ca2 to form the phosphoenzyme intermediate (Fig. 3D).
JOURNAL OF BIOLOGICAL CHEMISTRY
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Formation of the Drs2p phosphoenzyme intermediate
reached a maximum within 20 s after the addition of
[-32P]ATP at 4 °C (Fig. 3E). This rate of phosphorylation was
close to that observed for SERCA in the presence of Ca2 (supplemental Fig. S3). The stoichiometry of phosphorylated catalytic sites measured for SERCA was 100 mmol/mol of enzyme
(supplemental Fig. S3). For Drs2p purified and assayed in the
presence of PC and phosphatidic acid (PA) as the only exogenously added lipids, the stoichiometry of phosphorylation was
substantially lower: 7.5 mmol/mol of enzyme (Fig. 3E). The
addition of PS to the exogenous lipid mixture slightly increased
the stoichiometry to 9 mmol/mol of enzyme (Fig. 3E). As
summarized in the four-step catalytic cycle displayed in Fig. 7A,
PS binding would be required for Drs2p to dephosphorylate,
analogous to the role of protons in dephosphorylation of
SERCA (22). The addition of excess cold ATP triggered a fast
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FIGURE 3. The purified Drs2p-Cdc50p complex undergoes VO4-sensitive
phosphorylation from ATP. A, H2-Drs2p and H2-Drs2pD560N were tandem
affinity-purified as in Fig. 2A and then labeled with 2 M [-32P]ATP at 4 °C for
50 s in the absence or presence of 1 mM VO4. Phosphoenzyme formation was
detected by autoradiography (32P) and determined for the same amounts of
protein (WB). B, quantification of 32P labeling of H2-Drs2p and H2-Drs2pD560N.
Data are presented as means  S.D. (error bars) of three independent experiments. C, effect of N-ethylmaleimide (NEM) (100 M) on 32P labeling of
H2-Drs2p. D, effect of Ca2 (0.1 mM) and EGTA (5 mM) on 32P labeling of
H2-Drs2p and the Ca2-ATPase SERCA. E, VO4-sensitive 32P-labeling kinetics
of H2-Drs2p in different lipid mixtures (0.1 mg/ml PC/PA or PC/PA/PS). The
reaction was stopped at the indicated times by acid quenching. F, after 32P
labeling of H2-Drs2p in the presence of 0.1 mg/ml PC/PA (50 s, 4 °C), dephosphorylation was triggered by the addition of 5 mM cold ATP and 0.1 mg/ml PS
and monitored after 60 s at 30 °C. Error bars indicate S.D.

(t1⁄2  2 s) and complete release of 32P from the phosphoenzyme
intermediate of SERCA (supplemental Fig. S3). In contrast,
only a small fraction (maximum 15%) of the phosphoenzyme
intermediate of Drs2p could be dephosphorylated in the presence of PS (Fig. 3F). Hence, PS alone is not sufficient for a fast
and complete dephosphorylation of purified Drs2p.
Phosphoenzyme Formation of Drs2p Is Dependent on Cdc50p—
As only a minor fraction of purified Drs2p undergoes phosphorylation and because so little of the phosphoenzyme intermediate formed can be dephosphorylated, we wondered whether the
enzyme had lost a co-factor required for catalytic activity. A
possible candidate for such a co-factor is Cdc50p, and we therefore quantified the fraction of Drs2p molecules that were associated with Cdc50p after purification. To this end, the ENTA
eluate containing partially purified Drs2p was subjected to
immunoaffinity chromatography with -Myc antibody-coupled agarose beads to capture all of the Cdc50p-bound
enzymes. Immunoblot analysis of the flow-through (Fig. 4A,
FTMYC) and eluate (EMYC) showed that all of the Cdc50p, but
only 10% of the purified Drs2p molecules, were recovered in
the Cdc50p-containing eluate (Fig. 4). This indicates that only
10% of the purified Drs2p molecules was bound to Cdc50p. We
then used combinations of Ni2-NTA, -HA, and -Myc affinity chromatography to purify Drs2p in two forms, namely one
in which all of the enzyme was bound to Cdc50p (100%
Cdc50p-bound) and one in which the enzyme was devoid of
Cdc50p (0.5% Cdc50p-bound; Fig. 4A). When incubated with
[-32P]ATP in the absence of PS, Cdc50p-bound Drs2p formed
a phosphoenzyme intermediate with a stoichiometry of 24
mmol/mol of enzyme. In the monomeric Drs2p fraction, on the
other hand, less than 4 mmol/mol of enzyme was capable of
conversion to the phosphoenzyme intermediate (Fig. 4B).
These results indicate that Drs2p phosphoenzyme formation is
critically dependent on association with Cdc50p.
We next tested whether the presence of Cdc50p is sufficient
to ensure dephosphorylation of Drs2p. As shown in Fig. 4C, the
addition of cold ATP did not substantially reduce the level of
the phosphoenzyme intermediate formed in the 100% Cdc50pbound Drs2p fraction, even if the incubation mixtures contained PS, which would be essential to complete this step.
This result implies that the bulk of the phosphorylatable
Drs2p molecules associated with Cdc50p is unable to progress through the reaction cycle. The phosphoenzyme intermediate of P-type ATPases normally undergoes a conformational transition from a high energy E1P to a lower energy E2P
form (see Fig. 7A). Although the E1P form can readily undergo
back reaction with ADP to reform ATP, the E2P form can no
longer transfer the enzyme-bound phosphate back to ADP (38,
39). As shown in Fig. 4C, only a small fraction (maximum 5%) of
the Cdc50p-bound phosphoenzyme could react with ADP.
From this we conclude that the bulk of the Drs2p-Cdc50p complex entering the ATPase reaction cycle is readily processed
from E1 to E1P and from E1P to E2P but then gets stuck at the
E2P stage. In sum, although the Drs2p fraction associated with
Cdc50p is enriched for molecules capable of phosphoenzyme
formation, Cdc50p binding by itself is not sufficient to allow
subsequent dephosphorylation of the enzyme.
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Cdc50p Contributes Directly and Specifically to the Reaction
Cycle of Drs2p—Loss of CDC50 caused a substantial reduction
in Drs2p protein levels (Fig. 1, A and B). Expression of CDC50Myc in the cdc50 mutant restored Drs2p levels back to wild
type, whereas expression of closely related CRF1-Myc did not.
Surprisingly, expression of LEM3-Myc was very effective in
restoring Drs2p expression, whereas overexpression of
untagged LEM3 had little impact (Fig. 5, A and B). Moreover,
although Lem3p lacked any obvious affinity for Drs2p (Fig. 2B),
Lem3p-Myc could bind Drs2p with an affinity similar to that of
Cdc50p-Myc as comparable amounts of these proteins were
recovered following tandem affinity purification of Drs2p (Fig.
5, C and D). The C-terminal cytosolic tail of native Cdc50p is 19
residues longer than that of Lem3p and rich in negatively
charged residues. It is feasible that these charged residues conJULY 3, 2009•VOLUME 284•NUMBER 27
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FIGURE 4. Formation of the Drs2p phosphoenzyme intermediate is
dependent on Cdc50p. A, to purify 100% Cdc50p-bound and monomeric
Drs2p, the Ni2-NTA eluate (ENTA) fraction obtained in Fig. 2A was subjected
to a second affinity purification step in which -Myc antibody-coupled beads
were used to capture all Drs2p molecules associated with Cdc50p-Myc. The
flow-through (FTMYC) contained primarily monomeric Drs2p (less than 1%
Cdc50p-bound). The molecules bound to the -Myc-coupled beads were
eluted using a triple Myc peptide, yielding 100% Cdc50p-bound Drs2p (EMYC).
That this elution step did not dissociate the complex was verified by a subsequent binding step to Ni2-NTA beads. All fractions were analyzed by immunoblotting, using -HA and -Myc antibodies. FTHA, flow-through -HA
beads; EHA, -HA bead eluate; FTNTA, flow-through Ni2-NTA beads. B, equal
amounts of 100% Cdc50p-bound and monomeric H2-Drs2p were labeled
with 2 M [-32P]ATP at 4 °C for 50 s in the absence or presence of 1 mM VO4.
The VO4-sensitive phosphoenzyme formation is reported on the y axis. Data
presented are means  S.D. (error bars) of three independent experiments.
C, dephosphorylation of 100% Cdc50p-bound Drs2p, triggered by the addition of either 5 mM ATP or 5 mM ADP as described in the legend for Fig. 3. Error
bars) indicate S.D.

tribute to the binding affinity for Drs2p and that tagging Lem3p
with the negatively charged Myc epitope creates a C terminus
mimicking that of Cdc50p. These findings provided an opportunity to purify Drs2p in complex with a non-native binding
partner, Lem3p-Myc, and compare its enzymatic properties
with that of the native Drs2p-Cdc50p complex. As shown in Fig.
5, E and F, the ability of the Drs2p-Lem3p-Myc complex to
undergo phosphoenzyme formation was essentially abolished
(2 mmol EP/mol against 24 mmol EP/mol Drs2p for the
native complex). Importantly, these results indicate that
although binding of Cdc50p seems to stabilize the enzyme, this
stabilizing effect is not how the subunit contributes to the reaction cycle of Drs2p; in addition to binding, specific interactions
between the two proteins are necessary to generate enzyme
molecules capable of phosphorylation.
P4-ATPase-Cdc50 Interactions Are Sensitive to Whether the
P4-ATPase Can Be Phosphorylated—When the D560N variant
of Drs2p was purified, we noticed that the recovery of Cdc50p
co-purifying with Drs2pD560N was substantially lower than the
recovery during purification of wild type Drs2p (Fig. 6A). This
finding could not be ascribed to a difference in Cdc50p expression levels. Instead, it appeared that the D560N mutation
affected the ability of Drs2p to bind Cdc50p. To ascertain that
this loss of interaction also occurs in vivo, we employed the split
ubiquitin system. This system has been used in a variety of
contexts to study membrane protein interactions (32, 40).
When two proteins carrying the C-terminal Cub and N-terminal Nub halves of ubiquitin interact, a complete ubiquitin can
be formed. This causes the proteolytic release of a transcription
factor that activates reporter genes required for growth on
selective medium and for expression of -galactosidase, whose
activity can be measured quantitatively. As shown in Fig. 6B, an
interaction between Drs2p and Cdc50p could be detected by
the growth assay when Cub and Nub moieties were fused to the
C terminus of Drs2p and the N terminus of Cdc50p, respectively. This interaction was specific because a similar interaction was not observed with two other tagged Cdc50 family
members, Nub-LEM3 and Nub-CRF1. Conversely, Nub-LEM3
and Nub-CRF1 showed specific interactions with DNF1-Cub
and DNF3-Cub, respectively (Fig. 6B). These data indicate that
each Cdc50 subunit interacts with a different P4-ATPase in
vivo, a conclusion consistent with results from in vitro interaction assays (24, 26).
We then applied the split ubiquitin assay to assess the interaction of Cdc50p with the D560N mutant of Drs2p. As shown in
Fig. 6B, with this pair, virtually no growth was seen on the selective medium, suggesting that an intact Asp-560 residue is
required for stability of the Drs2p-Cdc50p complex in vivo.
Swapping Asp-560 for glutamate also abolished interaction of
Drs2p with Cdc50p, indicating that Drs2p-Cdc50p complex
formation is not the result of an electrostatic interaction
between the two proteins at this position. These observations
were confirmed by quantitative measurements of -galactosidase activity. Cells expressing DRS2-Cub with the D560N
or D560E mutation contained at least 10-fold lower levels of
-galactosidase activity than cells expressing wild type
DRS2-Cub (Fig. 6D). Although immunoblotting revealed
that the D560N and D560E mutants are expressed at lower
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expressing the mutants, even
when the amount of the wild type
protein is substantially lower than
that of the mutant. The same
behavior was observed for the
D560E mutant.
The above results indicate that
the interaction between Drs2p and
Cdc50p is sensitive to whether
Drs2p can be phosphorylated. To
investigate whether this feature
reflects a more general property of
P4-ATPase-subunit complexes, we
mutated the catalytic aspartate residue in Dnf1p and analyzed the ability of the mutant transporter to
associate with its cognate subunit,
Lem3p. As shown in Fig. 6E, mutation of the catalytic aspartate in
Dnf1p had the same effect as
observed for Drs2p: a substantial
reduction in interaction between
transporter and subunit. These
findings suggest that a phosphorylatable active site is a common prerequisite for stability of P4-ATPaseCdc50 complexes in vivo and that
the interaction between transporter
and subunit may fluctuate during
the reaction cycle.
Drs2p-Cdc50p Interactions Are
Coupled to the ATPase Reaction
Cycle—Although the above results
argue that a phosphorylated intermediate of Drs2p interacts most
strongly with Cdc50p, they do not
define which phosphorylated intermediate that forms during the reaction cycle corresponds to the high
affinity interactor. A simplified
FIGURE 5. Cdc50p contributes directly and specifically to Drs2p phosphoenzyme formation. A, wild type scheme of the P-type ATPase reac(CDC50) and cdc50 mutant strains co-transfected with pH2-DRS2 and pCDC50myc, pCRF1myc, pLEM3myc,
pLEM3, or empty vector were analyzed by immunoblotting as indicated. B, quantification of H2-Drs2p levels in tion cycle is shown in Fig. 7A. The
transfected wild type and cdc50 mutant strains under A. Data presented are means  S.D. (error bars) of four mechanism of ATP-dependent
independent experiments. EV, empty vector. C, H2-Drs2p was co-expressed with either Lem3p-Myc or Cdc50pMyc in a cdc50 mutant strain and then subjected to tandem affinity purification as in Fig. 2A. Following elution phosphorylation and dephosphofrom -HA-coupled beads (EHA), the purified complexes were bound to Ni2-NTA beads. Unbound (FTNTA) and rylation appears to be conserved in
NTA-bound (BNTA) fractions were collected and analyzed by immunoblotting using -HA and -Myc antibod- all P-type ATPases (6, 22). In particies. D, EHA eluates were subjected to -Myc immunoaffinity chromatography as in Fig. 4A to purify 100% Cdc50
subunit-bound Drs2p. EMYC, eluate fraction. E, equal amounts of 100% Cdc50 subunit-bound Drs2p were ular, phosphorylation of the catalabeled with 2 M [-32P]ATP as in Fig. 3A. F, quantification of VO4-sensitive phosphoenzyme formation in the lytic aspartate residue results in a
Drs2p-Cdc50p and Drs2p-Lem3p complexes. Data presented are means  S.D. (error bars) of three independphosphorylated and ADP-bound
ent experiments.
form of the enzyme, which is
denoted E1P. Release of the ADP
levels than the wild type protein (Fig. 6C), this did not clears a binding site for the TGES loop in the A domain of the
account for all of the differences in interaction. Transcrip- enzyme. A rearrangement of the A domain puts the loop in
tion of the Cub fusions is under the control of a Met pro- place and shifts the enzyme to a phosphorylated form, E2P, with
moter, and so their expression levels can be adjusted by vary- a low affinity for the cytoplasmic ligand (Ca2 for SERCA,
ing the methionine concentration in the medium. As shown unknown for P4-ATPases) and a clear exit path for that ligand
in Fig. 6D, the level of -galactosidase activity in cells to the exoplasmic side (4). The TGES loop itself is formed by a
expressing wild type DRS2-Cub is much higher than in cells tight turn in the polypeptide chain at the conserved glycine in the
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TGES sequence. Mutation of this glycine to a bulky leucine residue
(G182L in SERCA) leaves the phosphorylation reaction that creates E1P largely unaffected but blocks the transition from E1P to
E2P, trapping the enzyme in the E1P form (42). To determine
whether this phosphorylated form of Drs2p interacts strongly with
Cdc50p, we generated the corresponding G341L mutant in Drs2pCub and investigated its interaction with Cdc50p in vivo by the
split ubiquitin assay. As shown in Fig. 7, B and D, this mutant
showed no evidence of interaction either by growth on selective
medium or by -galactosidase activity. This loss of interaction
could not be ascribed to differences in Drs2p expression (Fig. 7, C
and D). Hence, the interaction phenotype of Drs2p blocked at the
E1 or E1P step of the reaction cycle appeared to be the same, suggesting that Cdc50p does not interact strongly with those conformations of the enzyme in which the ligand-binding sites are open
to the cytoplasmic side.
JULY 3, 2009•VOLUME 284•NUMBER 27

FIGURE 7. Drs2p-Cdc50p interactions are tied to the ATPase reaction
cycle. A, schematic representation of P2A and P4-ATPase reaction cycles. Residues important for E1 3 E1P, E1P 3 E2P, and E2P 3 E2 transitions in the P2A
ATPase SERCA1a and the corresponding residues in the P4-ATPase Drs2p are
indicated (). B, split ubiquitin growth assay reporting DRS2-Cub, DRS2D560NCub, DRS2E342Q-Cub, and DRS2G341L-Cub interactions with Nub-CDC50 subunits. C, modulation of Cub fusion expression by methionine was performed
as in Fig. 6C. D, split ubiquitin -galactosidase (-gal.) assay, performed as in
Fig. 6D. Data shown are representative of two independent experiments.
E, mutation of Asp-560, Gly-341, or Glu-342 causes loss of Drs2p function in
vivo. Serial dilutions of a drs2 mutant strain transfected with pEV-Cub (empty
vector (EV) control), pDRS2-Cub, pDRS2D560N–Cub, pDRS2G341L–Cub, or
pDRS2E342Q were spotted onto SD plates and incubated at 30 or 18 °C for 4
days.

Downloaded from www.jbc.org at Universiteitsbibliotheek Utrecht on June 26, 2009

FIGURE 6. Mutation of active site residue Asp-560 affects Drs2p-Cdc50p
complex stability. A, membrane extracts from cdc50 mutant strains cotransfected with pCDC50myc and pH2DRS2 or pH2DRS2D560N were subjected
to tandem affinity purification as in Fig. 2A. Fractions were immunoblotted
using -HA and -Myc antibodies for detection of H2-Drs2p and Cdc50p-Myc,
respectively. SN, solubilized membrane fraction; ENTA, Ni2-NTA eluate; FTHA,
flow-through -HA beads; EHA, -HA bead eluate. B, split ubiquitin growth
assay reporting interactions between wild type DRS2-Cub, DNF1-Cub, DNF3Cub, or mutant DRS2D560E-Cub and their cognate Nub-CDC50 subunits.
C, modulation of Cub fusion expression by varying the Met concentration in
the medium. Membrane extracts from equal amounts of cells were immunoblotted using an antibody directed against the PLV moiety of the Cub fusion.
D, quantitative measurement of Nub-CDC50 interactions with DRS2-Cub,
DRS2D560N-Cub, or DRS2E342Q-Cub in cells grown at the indicated Met concentration. Data shown are representative of two independent experiments.
-gal., -galactosidase. E, split ubiquitin growth assay reporting interactions
of Nub-LEM3 with DNF1-Cub, DNF1D667N-Cub, and DNF1D667E-Cub.

If phosphorylation is required for robust interaction with
Cdc50p and if the E1P conformation does not interact strongly,
then some other phosphorylated intermediate of Drs2p must
interact with Cdc50p. In the reaction cycle, transformation of
the E1P to E2P form makes the ligand-binding sites of the
enzyme accessible from the exoplasmic side. Because the E2P
conformation has low affinity for the cytoplasmic ligand, this
ligand dissociates, and the exoplasmic ligand (H for SERCA, a
phospholipid for P4-ATPases) is taken up (Fig. 7A). Binding and
occlusion of this ligand allows the enzyme to be dephosphorylated, giving rise to the E2 form. In this dephosphorylation reaction, the conserved glutamate in the TGES sequence activates
the water molecule that reacts with the aspartyl phosphate, and
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Although P4-ATPases are thought to catalyze phospholipid
transport across cellular bilayers, their kinship to cation-transporting P-type pumps has raised doubts on whether these
enzymes alone are sufficient to mediate flippase activity.
P4-ATPases form complexes with members of the Cdc50 protein family. The primary role of this additional polypeptide is
not known. Here, we provide two lines of evidence indicating
that Cdc50 subunits directly participate in the P4-ATPase
transport reaction. First, we show that association of the Cdc50
subunit with the ATPase fluctuates during the reaction cycle,
with the strongest interaction occurring at or near a point
where the enzyme would be loaded with phospholipid ligand.
Second, we find that specific interactions with the Cdc50 subunit are vital to render the enzyme competent for phosphorylation. Collectively, our data suggest that Cdc50 proteins are
part of the catalytic mechanism of transport by P4-ATPases.
P4-ATPase-Cdc50 Interactions Are Dynamic—A first indication that Cdc50 interactions are an element of the P4-ATPase
reaction cycle is the fact that the interaction is sensitive to
whether the enzyme is able to carry out the sequence of reactions required for transport. Mutation of the aspartate (Asp560 in Drs2) that is phosphorylated during the reaction cycle
dramatically alters the interaction measured in vivo by the split
ubiquitin assay. The substantial changes in ATPase conformation that occur during the reaction cycle might have generated
this result by making the two ubiquitin halves sterically inaccessible to each other in the non-phosphorylated intermediates. However, the reduced yield of the Cdc50 polypeptide copurifying with the mutated ATPase is direct physical evidence
for a reduced affinity. Moreover, the reduction in affinity is

accompanied by an apparent instability of the ATPase, which is
also observed when the subunit is deleted. Together, the data
suggest that the Cdc50 protein binds most tightly to a phosphorylated conformation of the ATPase and less tightly to nonphosphorylated forms.
Because the reaction mechanism of P-type ATPases is well
understood from studies of the Ca2-ATPase SERCA, it is possible by mutational analysis to refine this conclusion. The phosphorylated E1P form of the enzyme is converted to an E2P form,
with an open pathway to the exoplasmic side that allows Ca2
ions to escape (4). This conversion results from docking of the
TGES loop of the A domain near the phosphorylated aspartate
after release of the ADP. This tight loop can be rendered nonfunctional by substitution of a bulky leucine for the conserved
glycine in the TGES sequence. This mutation blocks the conformational change from E1P to E2P without significantly
degrading the ability of the enzyme to phosphorylate itself (42).
The fact that the Cdc50 subunit interacts weakly with the analogous G341L mutant in Drs2 implies that a strong interaction
does not depend on phosphorylation itself. Rather, phosphorylation is required for the enzyme to reach another step in the
reaction cycle. In SERCA, the conserved glutamate in the TGES
sequence is the critical catalytic residue in the dephosphorylation reaction. Mutation of this residue to the sterically similar,
but chemically insufficient, glutamine blocks the dephosphorylation step that converts the E2P to the E2 form of the enzyme
and thus blocks the cycle with the enzyme in the E2P conformation (42, 43). As shown here, introducing the analogous
E342Q mutation in Drs2 yields a protein that binds strongly to
Cdc50. Moreover, this mutant is enzymatically inactive. This
indicates that tight interactions with the Cdc50 subunit are not
lost in mutants because the cycle is blocked but rather because
of where the cycle is blocked.
The observation that a mutational block in phosphorylation
of Dnf1p leads to a similar reduction in affinity for its binding
partner Lem3p implies that a dynamic interaction of subunit
and transporter during the reaction cycle is general to P4ATPases. So what feature of the transport reaction, common to
this class, might require a subunit? P4-ATPases are thought to
catalyze transport of phospholipids, a substrate that is quite
different from the small, spherical metal ions that are the usual
substrates of P-type pumps. Moreover, the substrate of
P4-ATPases is transported toward the cytoplasmic side of the
membrane, in contrast to most other P-type ATPases, which
pump their principal substrates toward the exoplasmic side.
This raises the possibility that the Cdc50 subunit participates in
the cytoplasmically directed transport step. For instance, by
donating two additional membrane helices, the subunit may
help form a specific phospholipid-binding site or complete a
pathway for translocation of this bulky substrate. Alternatively,
the large ectodomain of Cdc50 proteins may be required for
occlusion of the bound phospholipid (Fig. 8A). Both possibilities are consistent with our finding that the subunit interacts
most strongly with the E2P conformation, the form of the
enzyme that would be loaded with phospholipid ligand. The
possibility that there is a role for the subunit in the occlusion
step finds additional support from our recent observation that

Downloaded from www.jbc.org at Universiteitsbibliotheek Utrecht on June 26, 2009

substitution of a glutamine for this glutamate (E183Q in
SERCA) blocks dephosphorylation, leaving the enzyme stuck in
the E2P conformation (42). To investigate whether Cdc50p
interacts with this conformation, we generated the corresponding E342Q mutation in Drs2p and tested the interaction of the
mutant protein with Cdc50p in vivo. As shown in Fig. 7, B and
D, the E342Q mutant interacted strongly with Cdc50p, as evidenced both by growth on selective medium and by development of -galactosidase activity. Together, these results suggest
that the E2P form of Drs2p interacts strongly with Cdc50p.
The logic of the experiments described above depends on
two assumptions. The first is that Cub-modified Drs2p is enzymatically active. The other is that the mutations that were
introduced are capable of blocking the reaction cycle of the
modified enzyme. To test these assumptions, we took advantage of the fact that inactivation of Drs2p results in a coldsensitive growth phenotype (Fig. 1A). As shown in Fig. 7E, when
Drs2-Cub was introduced into a drs2 strain, it was capable of
restoring growth at 18 °C. In contrast, introduction of any of the
mutated Drs2-Cub proteins failed to restore cold-sensitive
growth, indicating that all were blocked in the reaction cycle,
including the E342Q mutant that interacts strongly with
Cdc50p. Taken together, these results indicate that Cdc50p
preferentially interacts with the E2P phosphoenzyme intermediate of Drs2p, and hence, that Drs2p-Cdc50p interactions are
tied to the ATPase reaction cycle.
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the ectodomain of Cdc50 proteins harbors a high affinity and
reaction cycle-sensitive P4-ATPase-binding site.5
P4-ATPase-Cdc50 Interactions Are Necessary for Catalytic
Activity—The notion that the Cdc50 subunit contributes to the
reaction cycle of P4-ATPases is further substantiated by the
analysis of the catalytic properties of the purified Drs2pCdc50p complex. The two-step purification described here
yields a relatively pure population of ATPase molecules, and the
substoichiometric recovery of Cdc50p in these preparations is
consistent with the proposal that the interaction between the
subunit and ATPase is dynamic. A substantial fraction of the
enzyme can be phosphorylated in vitro, but the genetic evidence shows that only the phosphorylation that is vanadatesensitive is linked to the reaction cycle. Because the enzyme as
purified contains substoichiometric amounts of the Cdc50 subunit, it is possible to separate the preparation into those mole5

C. F. Puts, P. Williamson, and J. C. M. Holthuis, unpublished data.
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FIGURE 8. Model of reaction cycle-dependent transporter-subunit rearrangements in P2- and P2C-ATPase complexes. A and B, schematics of the
E1 and E2P forms of P4 (A) and P2C-ATPases (B) in complex with their accessory
subunit (Cdc50 subunit for P4-ATPases;  subunit for P2C-ATPases). Movements of the three cytoplasmic domains (P, N, and A) and intramembrane
region (M) of the ATPase are accompanied by changes in ATPase-subunit
binding affinity. The E1 form, which has a relatively low affinity for the subunit,
is accessible for ligands from the cytosol (unknown for P4-ATPases; Na or H
for P2C-ATPases). Binding of ligand promotes phosphorylation of E1 to create
E1P (not shown). During conversion of E1P to E2P, the ligands are discharged
to the exoplasmic side, and counter-transported ligands (phospholipid for
P4-ATPases; K for P2C-ATPases) can now bind. This is accompanied by a
tighter association of the ATPase to the subunit, presumably involving a high
affinity interaction between the ATPase and the large ectodomain of the subunit (49, 53).5 The latter may contribute to formation of the ligand-binding
site or serve as a lid to close access to the ligand-binding site from the exoplasmic side. Failure to achieve this specific arrangement may block dephosphorylation of E2P, hence preventing the ATPase from continuing successfully through the remainder of the cycle. During reversion to the E1 state,
counter-transported ligands are released to the cytoplasmic side. See “Discussion” for further details. PL, phospholipid; N, nucleotide-binding domain;
P, phosphorylation domain; A, actuator domain; M, intramembrane domain.

cules that are associated with a subunit and those molecules
that are not and then compare their properties. As shown here,
the subunit-bound enzyme fraction contains the vast majority
of the molecules capable of vanadate-sensitive phosphorylation. This could be due to stabilization of the enzyme by the
presence of a binding partner. However, we show that a stabilizing binding partner for Drs2p can also be provided in the
form of a Myc-tagged Lem3p, yet this complex is not capable of
phosphorylation. Importantly, this demonstrates that specific
interactions between subunit and transporter are vital to render
the transporter competent for phosphorylation.
What competence does the transporter acquire when associated with its native subunit? One possibility is that the subunit
is required for the reaction that converts the ATPase from the
E1 to the E1P form. However, as pointed out above, the reaction
is vanadate-sensitive, which suggests that the E2 form of the
enzyme is relevant to this reaction. Moreover, this model would
suggest that the subunit is important for the reaction cycle at a
point where it is least strongly associated with the ATPase. An
alternative possibility is that the phosphorylation assay measures the fraction of Drs2 molecules that corresponds to, or can
reach the E2 form of the enzyme, which then can proceed to the
phosphorylation reaction. Hence, the reduced phosphorylation
in the fraction that lacks the subunit may reflect the presence of
fewer such molecules. This view is consistent with the interaction data because the E2 form of the enzyme is generated from
the E2P form, which is the conformation of the enzyme that
interacts strongly with the subunit. The fact that more such
phosphorylatable molecules are found in the fraction containing the bulk of the subunit would then be consistent with a role
for the subunit in the E2P to E2 transition.
The bulk of purified Drs2 molecules that can form a phosphoenzyme intermediate cannot continue successfully through
the remainder of the reaction cycle but rather becomes blocked
at the E2P step of the reaction. Because these molecules are
capable of the first step of the reaction, the enzyme preparation
is not denatured in any simple sense. As the fraction capable of
phosphorylation is not substantially increased in the presence
of PS, the problem is not the absence of a transportable phospholipid substrate. It is feasible that loading of the phospholipid
ligand is perturbed by the presence of detergent. Another possibility is that the phosphorylated form is missing a component
required to continue through the cycle. This could be the
Cdc50 subunit itself, if that molecule would dissociate during
the phosphorylation, or it could be another essential, yet
unknown, polypeptide or small molecule co-factor.
Analogy between P4-ATPase-Cdc50 Complexes and Oligomeric P2C ATPases—Besides P4-ATPases, only one other subfamily of P-type ATPases is known to have a subunit, namely
the P2C subfamily of Na/K- and H/K-ATPases (44). P2CATPases are associated with a  subunit, which is indispensable
for their function. The phylogeny of the ATPases suggests that
there is no direct evolutionary relationship between Cdc50 and
 subunits. The presumption that they evolved independently
is supported by the absence of any easily discernable sequence
homology between them. However, at the structural level, the
two proteins share some similarity in that each has a small cytoplasmic N-terminal domain, linked by a membrane span to a
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relatively large globular ectodomain with conserved, disulfide
bridge-forming cysteine residues (45). In the case of Cdc50 proteins, the ectodomain is linked to another membrane span and
a short C-terminal cytoplasmic tail that are absent in the 
subunit. Both the Cdc50 subunit and the  subunit are required
for export of their respective transporters from the ER (24, 27,
44, 46); in each case, there is no clear evidence that this is the
primary role of the subunit. An early suggestion was that the 
subunit might be necessary because P2C-ATPases uniquely catalyze counter-transport (toward the cytoplasm) of the K ion
(44). The fact that P4-ATPases also catalyze counter-transport
of phospholipids suggests that the same consideration applies
in this case as well (47).
The above suggestion implies that the important interaction
of the subunit in either case will be with the form of the enzyme
that interacts with the counter-transported species, namely the
E2P form. This is the conclusion suggested here for the P4ATPases, and there are indications that the same holds for P2CATPases as well. In the case of the Na/K-ATPase, biochemical evidence indicates that disruption of the disulfide bonds in
the ectodomain of the  subunit blocks K occlusion, and conversely, that binding K ions can protect the  subunit from
disruption (48, 49). Moreover, disruption of interactions
between specific residues within the membrane spans of the
Na/K transporter and  subunit results in a shift toward an
E1 conformation (50, 51). This suggests that binding of the
native  subunit exerts a stabilizing effect on an E2 or E2P conformation. Such stabilizing effects would imply a stronger
interaction between the transporter and the subunit at the E2P
conformation. Although this prediction has not been tested
directly, fluorometric measurements and analysis of tryptic
digests have demonstrated that structural rearrangements and
movements between transporter and  subunit accompany the
binding and translocation of K ions (52, 53). Analogous to
what we propose for P4-ATPases, these changes likely reflect
dynamic transporter-subunit interactions that are tightly
linked to the ATPase reaction cycle (Fig. 8B).
In sum, the combination of genetic and biochemical data
presented here provides the first evidence that Cdc50 proteins
directly participate in the reaction cycle of P4-ATPases. Their
function bears a striking similarity to the role of the  subunit in
P2C-ATPases. Our findings mark an important step forward in
understanding how the conserved transport mechanism of
P-type ATPases has been adapted by a family of prime candidate lipid pumps and offer a fresh starting point for the functional reconstitution of these enzymes.
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Reagents - N-octyl-b--D-glucopyranoside and n-dodecylb-D-maltoside (Anagrade) were from Anatrace. Triton
X-100, 12CA5 mouse monoclonal anti-HA and 3f10 rat
monoclonal anti-HA antibodies were from Roche. 9E10
mouse monoclonal anti-Myc antibody was from SantaCruz and mouse monoclonal anti-V5 antibody from
Invitrogen. Rabbit polyclonal antibodies were against
Pep12p (Holthuis et al., 1998), Drs2p (gift from T. Graham,
Vanderbilt University, USA) and Lem3p (gift from K.
Tanaka, Hokkaido University, Japan). Mouse monoclonal
anti-HA (HA-7) antibody-coupled agarose beads and
digitonin were from Sigma. Mouse monoclonal antimyc (9E10) coupled agarose beads were from Santa cruz.
HA3 and Myc3 peptides were synthesized chemically.
Egg phosphatidylcholine, brain phosphatidylserine and
chicken egg yolk sphingomyelin were purchased from
Sigma and 1,2-dioleyl-snglycero- 3-phosphocholine
(DOPC),
1,2-dioleyl-sn-glycero-3-phosphatidic
acid
(DOPA) and lysophosphatidylcholine were from Avanti
Polar Lipids. High purity trichloroacetic acid (TCA) and
Nethyl- maleimide were from Sigma. [γ32P]ATP was from
Perkin-Elmer.
Yeast strains and plasmids - A plasmid containing
DRS2 tagged at the N-terminus with ten histidines and
a triple HA epitope behind the strong PMA1 promotor
(pH2-DRS2) was generated by the ‘gap repair method’
(Orr-Weaver et al., 1983) in pRS426 vector. Site-directed
mutagenesis was performed by the megaprimer PCR
method (1). DNF1 cloned in pGEMT-easy vector (pDNF1)
was a gift from T. Pomorski (University of Copenhagen,
Denmark). CDC50, CRF1 and LEM3 were amplified
by PCR on yeast genomic DNA using pHusion DNA
polymerase (New England Biolabs). Open reading frames
were tagged with nine copies of a Myc epitope by fusion
PCR using p9xMyc-his5 vector (gift from S. Munro, MRCLMB, Cambridge, UK), and then cloned behind the PMA1
promotor in pRS425, yielding pCDC50myc, pLEM3myc
and pCRF1myc. The Δcdc50 and Δdrs2 deletion mutants
(GLY001, TPY011) were created in yeast strain SEY6210
(MATα ura3-52 his3-Δ200 leu2-3, 112 trp1-Δ901 lys2-801
suc2- Δ9) using a loxP-HIS3-LoxP cassette, as described (2).
Lipid preparation - Brain PS was resuspended in CHCl3/
Methanol
at •VOLUME
a 2.2/1 ratio.
Other27lipids were resuspended
JULY 3, 2009
284 • NUMBER

in CHCl3. DOPC and DOPA were mixed at a 9/1 molar
ratio into clean glass and lipids were dried for about 30
min at 45°C under N2 stream. Solvent traces trapped in
the lipid film were then removed by dessication overnight.
The dried lipids were resuspended by sonication to
10 mg/mL in 50 mM Hepes/KOH pH 7.2. DOPC and
brain PS were mixed in 2/1 molar ratio and prepared as
described for DOPC/DOPA vesicles.
ATPase activity measurements - The ATPase activity
of tandem-affinity purified wild type and D560N H2Drs2p was estimated from the amount of Pi liberated,
by a colorimetric assay. In that case, about 0.5 μg/ml
purified Drs2p was added to 600 μL of assay medium,
containing 50 mM Hepes/KOH at pH 7.2 (25 °C),
100 mM KCl, 2 mM MgCl2, 2 mM Mg2+ATP, 1 mM
phosphoenolpyruvate, 20 U/ml pyruvate kinase, and in
some cases 1 mM orthovanadate. The hydrolysis of ATP
was triggered by the addition of membranes previously
incubated with buffer, 1 mg/ml sphingomyelin, 1 mg/
ml phosphatidylcholine, or 1 mg/ml phosphatidylserine
for 15 min at RT. Reaction was quenched by adding 140
μL of the reaction mix to 70 μL of 0.3% SDS at serial time
points (0, 10, 20 and 40 min). Samples were incubated on
ice. Inorganic phosphate was revealed with molybdate by
adding 390 μL of a solution prepared by mixing one part of
cold 2.76 % ammonium molybdate with five parts of cold
2.3% freshly prepared ascorbic acid in 0.5 N HCl. Then
450 μl of 2% Na+-metaarsenate was added and tubes were
kept at room temperature for 90 to 120 min. Samples were
read at 860 nm. The concentration of phosphate released
was calculated from standard curves (0-0.05 mM range)
prepared in the absence or presence of orthovanadate.
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SUPPLEMENTARY TABLE
Supplementary Table S1. Primers used for creation of Nub and Cub constructs
Construct
Primer set
DRS2-Cub
DNF1-Cub
DNF3-Cub
Nub-CDC50
Nub-LEM3
Nub-CRF1

5’-ACAAGTTTGTACAAAAAAGCAGGCTCTCCAACCACCATGAATGACGACAGAGAAACCCC-3’
5’-TCCGCCACCACCAACCACTTTGTACAAGAAAGCTGGGTATATATCAAATGAAATATCATCTCTC-3’
5’-ACAAGTTTGTACAAAAAAGCAGGCTCTCCAACCACCATGTCTGGAACTTTTCATGGCGAT-3’
5’-TCCGCCACCACCAACCACTTTGTACAAGAAAGCTGGGTAACGGTCCCTGCTGCGCTG-3’
5’-ACAAGTTTGTACAAAAAAGCAGGCTCTCCAACCACCATGGGCATAGCTGATGGGCAAAG-3’
5’-TCCGCCACCACCAACCACTTTGTACAAGAAAGCTGGGTACTCCAGATCCTTTAGCCTTGC-3’
5’-ACAAGTTTGTACAAAAAAGCAGGCTCTCCAACCACCATGGTTTCATTGTTCAAAAGAGGT-3’
5’-TCCGCCACCACCAACCACTTTGTACAAGAAAGCTGGGTATAAAATTTCCCTCAATGTTGTATTC-3’
5’-ACAAGTTTGTACAAAAAAGCAGGCTCTCCAACCACCATGGTAAATTTCGATTTGGGCCA-3’
5’-TCCGCCACCACCAACCACTTTGTACAAGAAAGCTGGGTATTTCATATTCCATGACAAACTTG-3’
5’-ACAAGTTTGTACAAAAAAGCAGGCTCTCCAACCACCATGGGACTGATATTAAGGTGGA-3’
5’-TCCGCCACCACCAACCACTTTGTACAAGAAAGCTGGGTATAAAATTTCTCTCAATGGAATACT-3’

Supplementary figures
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Fig. S1. Detergent solubilization of H2-Drs2p and Cdc50p-myc. (A) Membranes prepared from a
Δcdc50 mutant strain co-transfected with pH2DRS2 and pCDC50myc were diluted to 2 mg/ml protein in
S-buffer and then solubilized with n-octyl-β-D-glucopyranoside (OG), Triton X-100 (TX-100),
lysophosphatidylcholine, n-dodecyl-β-D-maltoside (DDM) or digitonin at concentrations ranging from
0.1% to 2% (w/v; concentration set for maximal solubilization). Extracts were centrifuged at 100,000 gav
(60 min, 4ºC). Total extract (T), solubilized material (SN) and insoluble material (P) were normalized for
volume and then analyzed by immunoblotting using monoclonal αHA and αMyc antibodies to detect H2Drs2p and Cdc50p-myc, respectively.

Fig. S1. Detergent solubilization of H2-Drs2p and Cdc50p-myc. (A) Membranes prepared from a Δcdc50 mutant strain
co-transfected with pH2DRS2 and pCDC50myc were diluted to 2 mg/ml protein in S-buffer and then solubilized
with
and H2-Drs2pD560N. (DDM)
Fig. S2. ATPase activity of fractions containing affinity-purified H2-Drs2pn-dodecyl-β-D-maltoside
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Fig. S3. After phosphorylation to steady state from [γ -32P]ATP, SR Ca2+-ATPase SERCA1a
dephosphorylates rapidly upon addition of non radioactive ATP. (A) SR vesicles were
phosphorylated as described in Materials and Methods section, in the presence of 20 µM Ca2+ for 3, 5 or
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ABBREVIATIONS
DOPC, 1,2-dioleyl-sn-glycero-3-phosphocholine; DOPA, 1,2-dioleyl-sn-glycero-3-phosphatidic acid;
SM, sphingomyelin; PS, phoshatidylserine; SR, sarcoplasmic reticulum; SERCA1a, 1a isoform of
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as described in Materials and Methods section, in the
presence of 20 μM Ca2+ for 3, 5 or 15 s. Alternatively,
after incubation of SR vesicles with [γ-32P]ATP and
20 μM Ca2+ for 15 s at 4°C, dephosphorylation was
triggered by addition of 5 mM non radioactive ATP
and monitored for 3 or 5 s, at 30°C. (B) Quantitation of
32
P incorporation into SERCA1a as displayed in panel
A. labeling with 32P.
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Summary
P4-ATPases
catalyze
phospholipid
transport
and
are
essential
for
maintaining phospholipid asymmetry
across membranes of late secretory and
endocytic compartments. However, their
close similarity to cation-transporting
P-type ATPases has raised doubts on
whether P4-ATPases alone are sufficient
to mediate flippase activity. P4-ATPases
form heteromeric complexes with Cdc50
proteins. Characterization of the enzymatic
properties of purified P4-ATPase-Cdc50
complexes revealed that catalytic activity
relies on direct and specific interactions
between Cdc50 subunit and transporter
while in vivo interaction assays indicated
that their binding affinity fluctuates during
the transport cycle. Yet the structural
determinants that govern this dynamic
association remain to be established. Using
domain swapping, site-directed and random
mutagenesis approaches, we here show
that a precise conformation of the large
ectodomain of Cdc50 proteins is crucial for
conveying specificity and functionality to
subunit-transporter interactions. We also
identified a conserved disulfide bridge as a
critical determinant in transporter binding
and activity. Hence, intimate contacts
between transporter and subunit seem to
occur predominantly on the exoplasmic
side of the membrane. Our findings are
consistent with a role of the subunit in
loading the transporter with phospholipid
ligand and/or in creating a sizeable pathway
for its translocation across the bilayer.

Introduction
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P-type ATPases comprise a large and ancient
family of cation-transporting membrane
pumps. Prime examples are the Na+/K+ATPase, which generates the electrochemical
gradients for Na+ and K+ ions, the Ca2+-

ATPase (SERCA), which pumps cytosolic
Ca2+ into the lumen of the sarcoplasmic
reticulum, and the H+-ATPase, which
extrudes cellular protons (Kuhlbrandt, 2004).
Transport by P-type ATPases follows a cyclic
scheme of conformational changes, the two
main enzyme conformations being E1 and E2,
during which the pump subsequently opens
and closes its cytoplasmic and exoplasmic
pathways. This is accompanied by transient
phosphorylation of the ATPase at a highly
conserved aspartate residue, hence the
designation P-type (Kuhlbrandt, 2004).
While P-type ATPases usually pump small
cations or metal ions, members of the type
IV (P4) subfamily form a notable exception
and are implicated in phospholipid transport
(Coleman et al., 2009; Tang et al., 1996; Zhou
and Graham, 2009) and in the creation of
phospholipid asymmetry in membranes of
late secretory and endocytic compartments
(Alder-Baerens et al., 2006; Chen et al.,
2006; Pomorski et al., 2003). Their sequence
homology and common domain organization
with other P-type ATPases suggest that P4ATPases utilize a transport mechanism that
rests on the same principles and structural
elements (Kuhlbrandt, 2004; Lenoir et al.,
2007; Puts and Holthuis, 2009). Yet how this
mechanism is adapted in P4-ATPases to flip
phospholipids instead of simple ions is far
from understood.
Besides their unusual substrate, there is
one other feature that sets P4-ATPases apart
from most other P-type pumps, namely their
association with an obligatory subunit or
Cdc50 protein. This hallmark is shared by
only two other types of P-type pumps, namely
the Na+/K+-ATPase and H+/K+-ATPase (P2CATPases), which associate with a b-subunit,
and the bacterial Kdp-ATPase, which actually
requires four additional subunits for function
(Altendorf et al., 1998). The b-subunit of P2CATPases is required for folding, membrane
insertion, plasma delivery and activity of the
enzyme (Geering, 1991; Gottardi and Caplan,
1993; McDonough et al., 1990). Compared
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to their ATPase-binding partners, Cdc50
and b-subunits are relatively small. Cdc50
proteins consist of two membrane spans
and cytosolic tails that are connected by a
sizeable ectodomain. Sequence alignments
showed that Cdc50 proteins have very
low, if any, sequence similarity with the
b-subunits of P2C-ATPases (Poulsen et al.,
2008). Nevertheless, their overall structure
is similar, although the b-subunits lack the
second membrane span and cytosolic tail.
Both the b-subunit and Cdc50 ectodomains
contain multiple glycosylation sites and
display an even numbers of highly conserved
cysteine residues, which may form one or
more disulfide bridges.
Yeast contains five different P4-ATPases that
operate at different locations in the cell, i.e.
Dnf1p and Dnf2p at the plasma membrane,
Dnf3p and Drs2p at the trans-Golgi network,
and Neo1p in endosomes (Hua et al., 2002;
Pomorski et al., 2003; Wicky et al., 2004).
The yeast Cdc50 proteins Cdc50p, Lem3p
and Crf1p form heteromeric complexes
with Drs2p, Dnf1p/Dnf2p, and Dnf3p,
respectively (Furuta et al., 2007; Saito et
al., 2004). Formation of these complexes
is required for proper expression and
localization of either partner (Chen et al.,
2006; Furuta et al., 2007; Kato et al., 2002;
Saito et al., 2004). These findings have been
observed in other organisms as well. For
example, the human P4-ATPase ATP8B1
requires CDC50A, a Cdc50p homolog, for ER
exit and localization to the plasma membrane
(Paulusma et al., 2008).
Using a genetic reporter system, we recently
found that P4-ATPase-Cdc50 interactions are
dynamic and tightly coupled to the ATPase
reaction cycle. Moreover, by characterizing
the enzymatic properties of a purified P4ATPase-Cdc50 complexes from yeast, we
observed that catalytic activity relies on
direct and specific interactions between
subunit and transporter (Lenoir et al., 2009).
These results indicate that Cdc50 proteins
are vital components of the P4-ATPase

transport machinery. To further uncover
the mechanism of P4-ATPase-catalysed
phospholipid transport, we here set out to
map functional interactions between the
Cdc50 subunit and transporter.

Experimental Procedures
Random mutagenesis
LEM3 plasmid DNA was mutagenized at a
final concentration of 20 mg/ml in a freshly
prepared solution containing 70mg/ml
hydroxylamine hydrochloride (NH2OH.
H2O) and 650mM NaOH at a pH of 6.6. The
DNA was incubated at 75°C and the reaction
was stopped by placing the samples on ice.
Subsequently, the DNA was purified using a
gel extraction purification kit (Qiagen). The
eluate was used to chemically transform
Thy-AP4 yeast harboring Cub-tagged Dnf1p
in the pMET YC-gate plasmid. Transformants
were selected on SD plates lacking leucine
and tryptophan. In some cases, transformants
were incubated at 21°C in SD lacking
leucine before plating them on the selective
plates. Small red colonies were picked and
restreaked to purify potential mutants.
Protein expression levels of selected mutants
were measured by membrane isolation (see
below) and subsequent immunoblotting.
Split-ubiquitin assay
The mating-based split ubiquitin assay
of Obrdlik et al (Obrdlik et al., 2004) was
used. Constructs containing the C-terminus
of ubiquitin (Cub) were made by in vivo
recombination in the yeast strain THY.AP4
(MATa ura3 leu2 lexA::lacZ::trp1 lexA::HIS3
lexA::ADE2). Constructs containing the
N-terminus of ubiquitin (Nub) were made
by in vivo recombination in the yeast
strain THY.AP5 (MATα URA3 leu2 trp1
his3 loxP::ade2). Transporter-Cub strains
were constructed in THY.AP4 as described
(Basic Protocol 1, (Grefen et al., 2007) by in
vivo recombination between the linearized
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the ectodomain of the subunits, it was divided
into 3 parts, where part 1 and 2 were both 90
amino acids, and the third part was 83 amino
acids long. The division was made such, that
there was enough sequence identity between
the two subunits. Chimeric constructs were
generated using a fusion PCR technique,
in which a hybrid primer was used to join
specific regions of CDC50 and CRF1 in
successive amplifications. The first PCR was
performed using pNub-CDC50 or pNub-CRF1
as a template and a hybrid primer together
with one of the primers for CDC50 or CRF1.
After gel elution PCR fragments were used in
a second amplification with pNub-CDC50 or
pNub-CRF1 as a template. PCR products of
the expected size were eluted from agarose
gels and used for a third amplification (PCR3)
together with PCR2 and pNub-CDC50 or
pNub-CRF1 as a template. Chimeric subunitNub strains were constructed in THY.AP5
by in vivo recombination between linearized
low copy vector pNXgate33-3HA and PCR
fragments, which were generated as above.
All constructs were reisolated and sequenced
to verify fidelity of generated chimeras.
Membrane isolation and DTT treatment
Yeast cells containing the various plasmids
were grown to midlogarithmic phase
(0.5-1.0 A600) at 30°C in selective synthetic
dextrose (SD) medium. Cells were washed,
resuspended in ice-cold TEPI buffer
(Tris-EDTA pH 7.5) containing protease
inhibitors and then broken by vortexing
with glass beads. The lysate was clarified
by centrifugation at 700 gav (5 min, 4°C).
Membranes were collected by centrifugation
at 100,000 gav (1 h, 4°C), resuspended in 50 ml
of Urea sample buffer. For DTT treatment,
the 50 ml sample was split into two halves.
One served as a control, and the other was
treated with 5 mM DTT for 20 minutes at
37°C. This was followed by the addition
of 10 mM NEM for 20 min at 37°C. These
fractions were subjected to SDS-PAGE and
immunoblotting, as described (Pomorski et
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single copy vector pMETYCgate and PCR
fragments, which were generated with
pHusion DNA polymerase using pH2-DRS2,
pH2-DNF1 or yeast genomic DNA (DNF3) as
template and the primer sets listed in Table
1. The resulting transporter-Cub constructs
were reisolated and sequenced to verify
fidelity of recombination. Mutants were
constructed using the megaprimer method.
Subunit-Nub strains were constructed in
THY.AP5 by in vivo recombination between
linearized low copy vector pNXgate333HA or high copy vector pNXgate21-3HA
and PCR fragments, which were generated
as above. Interaction assays were carried
out beginning with matings between Cub
and Nub strains on SD plates, which were
then replicated on SD–Leu–Trp plates to
select for diploids. The diploids were then
replicated on SD–Leu–Trp–His–Ade plates
to test for growth. Sensitivity of these growth
assays was determined by methionine (Met)
controlled expression of the Cub construct.
Growth assays were carried out on plates
containing 150 μM Met.
For quantitative assays of b-galactosidase
expression, diploids were grown overnight
in SD–Leu–Trp suspension cultures at 30°C
to an OD600 between 0.5-1.2. One OD600 of
each culture was centrifuged, permeabilized
in 100 μl YPER permeabilization reagent
(Pierce Chemical, Rockford, IL) for 20 min at
RT, and then combined with 1 ml of Z buffer
(60 mM Na2HPO4, 40 mM NaH2PO4, 10
mM KCl, 1 mM MgSO4, pH 7.0) containing
4 mg/ml freshly added o-nitrophenyl–b-Dgalactopyranoside (ONPG). After incubation
at 30 °C for 10 min, the assay mixture
was sedimented, and the OD420 of the
supernatant was measured to obtain specific
activity for b-galactosidase.
For the generation of the chimeric Cdc50
constructs, Crf1p and Cdc50p were divided
into 5 domains; 2 transmembrane domains
that were predicted by TMHMM, and the
resulting N-terminal,
extracellular and
C-terminal domain. To exchange domains in
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al., 2003).
Drug sensitivity assay
Yeast Δcdc50 mutant strain was transfected
with the reisolated Nub-plasmids or pEVNub and then grown at 30°C in selective
synthetic dextrose (SD) medium to
midlogarithmic phase (0.5-1.0 A600). All
strains were diluted to a density of 0.5 A600/
ml, and serial dilutions were made. 4 ml of
cell suspensions were spotted onto SD-plates
containing 1 µM Papuamide B (Flintbox) or
DMSO as a control. Plates were incubated at
30°C and growth was monitored after 2 days.
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Results
Residues critical for P4-ATPase binding are
located throughout topologically distinct
Cdc50 domains
The dynamic interaction between P4-ATPases
and Cdc50 subunits raises the question of
how the two proteins interact. In particular,
the example of the transporter-subunit
interaction deduced from a recently solved
crystal structure of the Na+/K+-ATPase
(Shinoda et al., 2009) would suggest an
intimate interaction encompassing a large
interacting surface, but the highly dynamic
nature of the interaction (Lenoir et al., 2009)
might suggest a smaller, more discreet
area of contact. To examine this question,
we took advantage of the split-ubiquitin
system (Grefen et al., 2009). The P4-ATPase
transporter was tagged with the C-terminus
of ubiquitin (Cub) linked to a transcriptional
activator as a reporter, while the Cdc50
subunit was marked with the N-terminal
half of ubiquitin (Nub; Fig. 1a). Previous
experiments have shown that specific
interaction between the transporter and
subunit in living yeast results in release of
the reporter; the subsequent transcriptional
activations confer the ability to grow in the
absence of histidine and adenine, detectable
by growth assays, and activate the production

of b-galactosidase, which can be measured
quantitatively in cell extracts.
To map the parts of the subunits that
interact with the transporter, plasmid DNA
containing the gene for a Nub-tagged
Lem3 subunit was mutagenized in vitro by
treatment with hydroxylamine. The extent
of mutagenesis was monitored by measuring
the decrease in transformation efficiency
(data not shown); DNA was treated until
this efficiency dropped 30 fold and then
purified; restriction analysis indicated that
the DNA was intact and recovered in high
yield. This DNA was then used to transform
yeast harboring the Cub-tagged cognate
transporter Dnf1. Transformants that failed to
grow in the absence of histidine and adenine
were identified by replica plating. Expression
of Nub-Lem3 in such transformants was
verified by immunoblotting using an
antibody against a C-terminal HA epitope
present in the Nub-tagged protein (Fig. 1c).
One common phenotype of these mutants
was the absence or very low concentration
of the Nub-tagged subunit in cells (e.g.
mutants 3, 4 and 7; Fig 1c). Mutants in which
expression of the subunit was disrupted
were discarded. A second phenotype was
levels of subunit protein comparable to
those observed in wild type cells. The
mutated plasmids in transformants with this
phenotype were isolated and sequenced. As
expected, some mutations were observed
in the Nub tag itself. However, there were
also several instances where mutations
occurred exclusively in the subunit structural
gene. For these mutations, the interaction
efficiency was estimated by quantitative
comparison of the level of b-galactosidase
activity and the amount of the Nub-tagged
subunit, as determined by immunoblot
analysis. The results of these measurements
are shown in Figure 1d. These mutations
had two characteristics. One is that they
are scattered throughout the entire protein,
(Fig. 1e), indicating that the subunit interacts
with the transporter over a large surface
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rather than at a small binding domain. The
second is that they tend to occur in highly
conserved residues. This fact suggests that
these residues might contribute to binding
between subunits and transporters in
general.
While these residues may be generally
necessary for interaction between subunits
and transporters, they cannot be sufficient.
Although these residues are conserved in the
yeast subunits, these subunits are not capable
of strong interactions with all the P4-ATPases
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that they encounter - the subunits Cdc50 and
Crf1 contain these amino acids, but do not
interact strongly with either Dnf1 or Dnf2.
The mutational approach therefore did not
provide any information on how transporterspecific interactions are produced.
The ectodomain of Cdc50 subunits mediates
P4-ATPase binding specificity
Co-immunoprecipitation analysis revealed
that the yeast subunits Cdc50p, Crf1p and
Lem3p associate with the P4-transporters
Drs2p,
Dnf3p
and
Dnf1/2p, respectively
(Saito et al. 2004;
Furuta et al., 2007).
We have been able
to recapitulate these
specific
interactions
using the split-ubiquitin
assay (Lenoir et al.,
2009; Fig. 2a). While
the
Lem3p-Dnf1/2p
complex resides at the
plasma
membrane,
the Cdc50p-Drs2p and
Crf1p-Dnf3p complexes
co-localize in the transGolgi network (Hua
et al., 2002; Pomorski
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Fig. 2. The ectodomain in Cdc50
subunits is a key determinant of
transporter binding specificity.
(A) Split-ubiquitin growth assay
reporting specific interactions
between Drs2-Cub, Dnf3-Cub,
Dnf1-Cub and their cognate
Nub-Cdc50 subunits. (B) Splitubiquitin growth assay reporting
interactions
between
NubCdc50/Crf1 chimeras and Cubtagged transporters. Cdc50- and
Crf1-derived parts are marked in
red and blue, respectively.

E

Fig. 1. Residues critical for transporter-subunit
interactions are spread throughout the subunit.
(A) Schematic outline of a Cub-tagged P4-ATPase
and Nub-tagged Cdc50 subunit. (B) Split-ubiquitin
growth assay reporting interactions of Dnf1-Cub
with wild-type and various single point mutants of
Nub-Lem3. (C) Immunoblots of membrane extracts
from equal amounts of cells expressing wild-type
or mutant Nub-Lem3 stained with an antibody
recognizing the HA-epitope in Nub-tagged protein.
(D) Quantitative measurement of Dnf1-Cub
interactions with wild-type or mutant Nub-Lem3
using the split-ubiquitin b-galactosidase assay. (E)
Positions of single point mutations in Lem3 having
an impact on Dnf1 binding.
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et al., 2003; Saito et al., 2004; Chen et al.,
2006). To investigate which part of the
subunit conveys specificity to transporter
binding, we generated a series of chimeric
constructs in which different subdomains of
Cdc50p and Crf1p proteins were exchanged,
and analyzed their ability to bind Drs2p
and Dnf3p using the split-ubiquitin assay.
Plasma membrane-resident Dnf1p served as
a negative control. Curiously, swapping of
cytosolic tails, membrane spans or both had
no impact on binding specificity. In contrast,
swapping the ectodomain that connects the
two membrane spans of each subunit caused
a switch in binding partner (Fig. 2b). Thus,
a chimera consisting of the cytosolic tails
and membrane spans of Cdc50p fused to the
ectodomain of Crf1p interacted specifically
with Dnf3p, while its reverse counterpart
associated exclusively with Drs2p. These
results demonstrate that the ectodomain in
Cdc50 subunits is a critical mediator of P4ATPase binding specificity.
A precise configuration of the Cdc50
ectodomain is essential for P4-ATPase
binding
We next investigated whether the structural
information specifying P4-ATPase binding
resides in a discrete region of the Cdc50
ectodomain. To this end, the ectodomains
of Cdc50p and Crf1p were divided in three
roughly equal parts (Suppl. Fig. 1) and
a new series of chimeric constructs was
created in which individual parts were
exchanged. All junctions were located in
regions where Cdc50p and Crf1p sequences
were identical. Expression of chimeras was
verified by immunoblot analysis using an
antibody against the C-terminal HA epitope.
As shown in Fig. 3a, the majority of these
chimeras lost the ability to bind either Drs2p
or Dnf3p, indicating that exact folding of
the ectodomain is critical for transporter
binding. However, chimeras carrying an
ectodomain in which the first one third was
derived from Cdc50p and the remainder

from Crf1p formed a notable exception.
Interestingly, these chimeras lost the ability
to discriminate between Drs2p and Dnf3p
and bound both transporters with similar
affinity, regardless of whether they carried the
cytosolic tails and membrane spans of Crf1p
or Cdc50p (Fig. 3a). These observations were
confirmed by quantitative measurements of
b-galactosidase activity (Fig 3b) and indicate
that the first one third of the ectodomain
of Cdc50p has critical determinants for
Drs2p binding. Our
previous
work
revealed that Cdc50p-Drs2p interactions are
coupled to the ATPase reaction cycle, and
that Cdc50p preferentially interacts with the
E2P phosphoenzyme intermediate of Drs2p
(Lenoir et al., 2009). A Crf1p-based chimera
carrying the first one third of the ectodomain
of Cdc50p displayed the same reaction-cycle
dependent association with Drs2p (Fig.
3c,d). However, presence of this region was
no guarantee for Drs2p binding (Fig. 3a),
indicating that it did not act autonomously.
Moreover, Crf1p determinants for binding
Dnf3p seemed to be spread over different
parts of the ectodomain (Fig. 3a). Together,
these data suggest that several regions within
the subunit’s ectodomain must cooperate to
convey binding specificity.
Ectodomain-mediated binding of Cdc50
subunits is required but not sufficient for P4ATPase function
Characterization of the enzymatic properties
of Drs2p-Cdc50p complexes purified from
yeast revealed that catalytic activity relies
on direct interactions between subunit
and transporter (Lenoir et al., 2009). The
availability of chimeric subunits with
altered binding properties provided a
novel opportunity to further explore the
relationship between subunit binding and
function. Loss of Drs2p renders yeast cells
hypersensitive to Papuamide B (Pap B), a
cyclic lipopeptide that exerts its cytolytic
activity through binding PS exposed
on the cell surface (Parsons et al., 2006).
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Fig. 3. A precise configuration of the Cdc50 ectodomain is critical for transporter
binding. (A) Split-ubiquitin growth assay reporting interactions between NubCdc50/Crf1 chimeras and Cub-tagged transporters. (B) Quantitative measurements
of Nub-Cdc50/Crf1 chimeras with Cub-tagged transporters using the split-ubiquitin
β-galactosidase assay. For normalizing expression levels of Cub-tagged transporters, measurements were performed
on cells grown in the presence of 75 µM (Drs2-Cub, Dnf1-Cub) or 40 µM methionine (Dnf3-Cub). (C) Schematic
representation of the P4-ATPase reaction cycle. Residues important for E1 -> E1P, E1P -> E2P, and E2P -> E2 transitions
in Drs2p are indicated. (D) Split-ubiquitin growth assay reporting interactions between Nub-Cdc50/Crf1 chimeras and
Drs2-Cub, Drs2D560N-Cub, Drs2E342Q-Cub, and Drs2G341L-Cub.

Fig. 4. Ectodomain-mediated
binding of Cdc50 subunits is
required but not sufficient for
transporter function. Serial
dilutions of a Δcdc50 mutant
transfected with empty vector
(EV), Nub-Cdc50, Nub-Crf1
or a Nub-Cdc50/Crf1 chimera
were spotted onto SD plates
containing DMSO (-) or 1mM
Papuamide B in DMSO (+) and
incubated at 30°C for 2 days.

A

B

58

Printed by Xerox

Fig. 5. Cdc50 function relies on cooperation
between topologically distinct domains.
(A) Split-ubiquitin growth assay reporting
interactions between Nub-Cdc50/Crf1
chimeras and Cub-tagged transporters. (B)
A Δcdc50 mutant was transfected with NubCdc50 or a Nub-Cdc50/Crf1 chimera and
analyzed for Papuamide B sensitivity as in
Fig. 4 B.
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This phenotype is consistent with Drs2pcatalysed PS transport from the exoplasmic
to the cytosolic membrane leaflet (Zhou
and Graham, 2009). Cells lacking Cdc50p
also display hypersensitivity towards
Pap B (Chen et al., 2006), consistent with a
requirement of Cdc50p for Drs2p function.
Pap B hypersensitivity in the Δcdc50 mutant
was suppressed by expression of Nub-tagged
Cdc50p (Fig. 4, top left panel). However, NubCdc50/Crf1 chimeras that lost the ability to
bind Drs2p consistently failed to suppress
Pap B hypersensitivity, indicating that
binding of a subunit is absolutely essential
for Drs2p function. One of the Cdc50/Crf1
chimeras that retained its Drs2p-binding
properties but lost the ability to discriminate
between Drs2p and Dnf3p suppressed Pap
B hypersensitivity in Δcdc50 cells (Fig. 4, left
panel). This shows that, although binding
of a subunit is required, binding specificity
is dispensable for transporter function.
However, a Crf1-based chimera containing
the first one third of the ectodomain of
Cdc50p that was able to bind Drs2p, failed
to suppress Pap B hypersensitivity (Fig. 4,
right panel). Importantly, the latter finding
demonstrates that binding of a subunit,
although required, is not sufficient for P4ATPase function.
To further explore the structural basis for
functional transporter-subunit interactions,
we used the inactive Crf1-based chimera
containing the first one third of the Cdc50p
ectodomain as a starting point for new
swapping experiments. Substituting the
Crf1p-derived
N-terminal
membrane
span and cytosolic tail for those of Cdc50p
proved sufficient to restore functionality,
as evidenced by the Pap B sensitivity assay
(Fig. 5b). The same result was obtained
when the C-terminal membrane span and
cytosolic tail were exchanged. However,
neither substitution had any obvious impact
on the affinity or specificity of transporter
binding (Fig. 5a). These results indicate that
loss in function associated with an imperfect

configuration of the Cdc50 ectodomain can
be compensated by structural information
contained within the subunit’s membrane
spans and/or cytosolic tails. This implies that
topologically distinct subdomains of Cdc50
proteins must cooperate to render subunittransporter interactions functional.
The Cdc50 ectodomain contains a disulfide
bridge critical for P4-ATPase binding and
function
The ectodomain of Cdc50 subunits in yeast
contains four highly conserved cysteine
residues: Cys80, Cys123, Cys176 and Cys190
(Suppl. Fig. 1). At least two of these are
paired to form an intramolecular disulfide
bridge. This can be inferred from our finding
that Nub-tagged Cdc50p displayed a marked
SDS-PAGE mobility shift following exposure
to the reducing agent dithriothreitol (DTT;
Fig. 6a). Since the foregoing data indicated
that even subtle changes in the conformation
of the ectodomain affect functionality of the
subunit, we set out to identify the cysteines
responsible for disulfide bridge formation
and to investigate the impact of breaking
these bridges on P4-ATPase binding and
function. To this end, we generated NubCdc50 mutants in which either single or
pairs of cysteine residues in the ectodomain
were replaced by alanine residues. Mutation
of Cys80, Cys123 or both abolished the DTTinduced mobility shift of Nub-Cdc50 (Fig.
6a), indicating that Cys80 and Cys123 are
paired to form a disulfide bridge. In contrast,
mutation of Cys176, Cys190 or both had no
obvious impact on the DTT-induced mobility
shift of Nub-Cdc50. Because the spacing
between Cys176 and Cys190 is quite small,
we can’t exclude the possibility that this pair
forms a disulfide bridge as well, and that its
disruption causes a mobility shift that is hard
to resolve by SDS-PAGE.
We next investigated whether cysteine
bridge formation is relevant for Cdc50p
function. Using the split-ubiquitin assay,
we first tested the cysteine mutants for their
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Fig. 6. Transporter binding requires an intact
disulfide bridge in the Cdc50 ectodomain. (A)
Membrane extracts of yeast cells expressing
wild-type (WT) or mutant Nub-Cdc50 carrying
one or a combination of cysteine-to-alanine
substitutions in the ectodomain were processed
for immunoblotting in the presence (+) or absence
of DTT (-). Blots were stained with an antibody recognizing the HA-epitope in the
Nub-tagged protein. (B) Split-ubiquitin growth assay reporting interactions between
Cub-tagged transporters and wild-type (WT) or mutant Nub-Cdc50 as in A. (C)
Quantitative measurements of interactions between Drs2-Cub and wild-type (WT) or
mutant Nub-Cdc50 using the split-ubiquitin b-galactosidase assay.

ability to bind Drs2p. Mutation of either
one or both residues in the Cys80-Cys123
pair caused a substantial reduction in Drs2p
binding when assayed by growth on selective
plates (Fig. 6b). In contrast, mutation of the
Cys176-Cys190 pair had at best only a modest
effect on Drs2p binding. These results were
confirmed by quantitative measurements of
b-galactosidase activity (Fig 6c) and indicate
that the disulfide bridge formed between
Cys80 and Cys123 is a critical determinant of
Drs2p binding by Cdc50p. In line with our
previous finding that binding of a subunit is

absolutely essential for P4-ATPase function,
mutation of Cys80 and/or Cys123 in Cdc50p
caused an increased sensitivity toward Pap
B (Fig. 7). Curiously, mutation of Cys123
alone had a stronger impact than mutation of
Cys80 or Cys80 with Cys123 combined. The
reason for this remains to be established. In
contrast, mutation of Cys176 and/or Cys190
had no obvious impact on Pap B sensitivity.
Collectively, these data provide additional
support for the notion that accurate folding
of the ectodomain in Cdc50p is critical for
Drs2p-catalyzed PS transport.

Discussion
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Fig. 7. The disulfide bridge in the Cdc50 ectodomain is
critical for function. A Δcdc50 mutant transfected with
wild-type (WT) or mutant Nub-Cdc50 carrying one or
a combination of cysteine-to-alanine substitutions was
analyzed for Papuamide B sensitivity as in Fig. 4 B.

While most P-type ATPases transport small
cations or metal ions, P4-ATPases form a
notable exception and catalyze phospholipid
transport. How P4-ATPases acquired flippase
activity is poorly understood, but recent work
has provided evidence for a role of Cdc50
proteins as mandatory accessory subunits.
To gain further insight into the mechanism
of
P4-ATPase-catalysed
phospholipid
transport, we here set out to define which
parts of the subunit interact with the
transporter. Domain swapping experiments
on Cdc50 proteins associated with different
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P4-ATPases in yeast identified the large
ectodomain of the Cdc50 subunit as a key
mediator of transporter binding and activity.
Notably, breaking a disulfide bridge formed
between two conserved cysteine residues in
the Cdc50 ectodomain caused a substantial
loss in binding and function. However, we
also found that association with a subunit,
although required, is not sufficient to sustain
P4-ATPase function. These results indicate
that
P4-ATPase-catalyzed
phospholipid
transport relies on intimate contacts between
transporter and subunit that seem to occur
primarily on the exoplasmic side of the
membrane.
The Cdc50 ectodomain as critical mediator
of P4-ATPase binding and function
The observation that swapping the
ectodomains between Cdc50p and Crf1p
caused a complete switch of P4-ATPaseinteraction partners provided compelling
evidence that this region harbors a
key determinant of binding specificity.
Exchanging parts within the ectodomain
produced chimeras that either lost the
ability to bind any P4-ATPase or failed to
discriminate between different P4-ATPases.
Hence, rather then being mediated by any
discrete region in the ectodomain, binding
specificity seems to rely on accurate folding
of the ectodomain. This is consistent with
the observation that P4-ATPase binding is
critically dependent on the formation of a
disulfide bridge between two conserved
cysteine residues. These cysteines are located
in the most N-terminal one-third of the
ectodomain. When this region in Crf1p was
exchanged for that of Cdc50p, the resulting
chimera was able to associate with its the
cognate Cdc50p-binding partner Drs2p.
However, this interaction was not productive,
as it was unable to support Drs2p-catalysed
PS transport. Strikingly, swapping either
the N- or C-terminal membrane span and
cytosolic tail of the chimera for that of Cdc50p
was sufficient to restore functionality. This

suggests that loss of function associated
with an imperfect folding of the ectodomain
can be compensated by subtle interactions
between the membrane spans of subunit
and transporter. Consequently, functionality
in subunit-transporter interactions seems to
rely on cooperativity between topologically
distinct domains in Cdc50 subunits. This
notion is consistent with our finding that
residues critical for subunit-transporter
interactions are located in topologically
distinct Cdc50 domains.
Analogy with the b-subunit of Na+/K+ATPases
Besides P4-ATPases, only one other
subfamily of P-type ATPases is known to
have a mandatory subunit, namely the P2C
subfamily of Na+/K+- and Na+/H+-ATPases
(Geering, 1991). P2C-ATPases associate with
a b-subunit. The structural basis of this
association displays a striking similarity
to what we describe here for P4-ATPases
and their Cdc50 subunits. Several studies
have addressed which regions mediate the
interaction between P2C-ATPases and their
b-subunit. By yeast two-hybrid analysis,
a stretch of 60 residues located in the
N-terminal part of the ectodomain right after
the membrane span of the b-subunit was
identified to interact with the SYGQ motif
in the extracellular loop between membrane
span M7 and M8 of the P2C-ATPase (Colonna
et al., 1997). We do not know exactly where
Cdc50 subunits interact with P4-ATPases,
and the latter do not possess any SYGQ-like
motif, but our experiments indicate that also
for Cdc50p, the region of the ectodomain
right after membrane span M1 is critical for
binding Drs2p. In the case of the b-subunit,
replacement of its membrane span for that
of another, unrelated protein did not affect
its ability to interact with the transporter
(Hamrick et al., 1993). Moreover, a b-subunit
lacking the N-terminal cytosolic tail still
retained its ability to bind the transporter
(Renaud et al., 1991). Hence, analogous to
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Cdc50 subunits, these findings indicate that
the ectodomain in the b-subunit plays a
crucial role in transporter binding.
Role Cdc50 subunit in P4-ATPase-catalysed
phospholipid transport
Crystal structures of the Na+/K+-ATPase
revealed that its b-subunit completely
covers the extracellular loops between M5
and M6 and between M7 and M8 as a lid
(Morth et al., 2007; Shinoda et al., 2009).
We hypothesize a similar arrangement for
the Cdc50 subunit, and this arrangement is
likely dynamic and subject to changes when
the ATPase goes through the reaction cycle,
along with the large conformational changes
that the enzyme undergoes during each step.
Fluoremetric measurements and analysis of
tryptic digests of the Na+/K+-ATPase have
demonstrated that structural rearrangements
between
transporter
and
b-subunit
accompany binding and translocation of
K+ ions (Dempski et al., 2008; Lutsenko and
Kaplan, 1993), while mutagenesis studies
have provided evidence that association of
the b-subunit exerts a stabilizing effect on the
transporter during occlusion of the K+ ions
(Durr et al., 2009a; Durr et al., 2009b). Our
previous work revealed that the affinity of
P4-ATPases for their Cdc50 binding partners
fluctuates during the reaction cycle, with the
strongest interaction occurring at or close
to the point where the transporter is loaded
with phospholipid ligand (Lenoir et al.,
2009). In here we show that these intimate
contacts between transporter and subunit
primarily occur on the same side of the
membrane as where the phospholipid ligand
enters the pump for transport. Collectively,
these results are fully consistent with a role
of Cdc50 subunits in loading the transporter
with phospholipid ligand and/or in creating
a sizeable pathway for its translocation
across the bilayer.
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RQQRLKAWQPILSPQSVLPLLIFVACIFTPIGIGLIV|SATKVQDLTIDYSH------CDT
RQQRLKAWQPILSPQSVLPLLILMACVFAPIGIGLVV|STISVQRLVVNYTE------CDA
TQQRLAAINPVLTPRTVLPLYLLIAVVFVIVGGCILA QNSKVDEVTIYYQD------CMT
KQQRLPAWQPILTAGTVLPIFFIIGLIFIPIGIGIFV TSNNIREIEIDYTGTEPSSPCNK
TQQRLPAWQPLLSASIALPLFFCAGLAFIGLGLGLYY SSNGIKELEYDYTGDPGTGNCSV
KQQELPIHRLYFTARRVLFVFFATGIFCLCMGIILIL SARSTQEIEINYTRI-----CAN
**.*
. ::. .* : : .
:* :
:
*
*
KASTTAFEDIPKKYIKYHFK--SKVENKPQWR-LTENEN-----GEQSCELQFEIPNDIK
LAPAKHFETIPSEYVDYHFS--KKVAVQPQWMVLTDPEL-----GNQTCRIQFEVPNHIK
NATS-SWSDIPSEHWQFVFHKYKTYNTAPQWR-FVDDESDDFTKQRGTCQIRFTTPSDMK
C---------------------------------LSPDV-----TPCFCTINFTLEKSFE
CAAAGQ----------------------------GRALP-----PPCSCAWYFSLPELFQ
CAKLREN---------------------------ASNFD-----KECTCSIPFYLSGKMM
*
*
:
∨
KSIFIYYKITNFYQNHRRYV|QSFDTKQILGEPIKKD----DLDTSCSPIRSRE-DKIIYP
KSTYVYYRLTNFNQNYREYV|QSLDLDQLKGKALIGN----DLDPNCDPLRTVE-NKTIFP
NNVYLNYVLEKFAANHRRYV LSFSEDQIRGEDASYETVHDATGINCKPLSKNADGKIYYP
GNVFMYYGLSNFYQNHRRYV KSRDDSQLNGDSSALL----NPSKECEPYRRNE-DKPIAP
GPVYLYYELTNFYQNNRRYG VSRDDAQLSGLPSALR----HPVNECAPYQRSAAGLPIAP
GNVYMYYKLYGFYQNLYLYI RSRSNRQLVGKDV----------KDCAPFKMSDNKTPIVP
:: * : * *
*
* . *: *
.* *
*
CGLIANSMFNDTFSQVLSGID-DT-EDYNLTNKHISWSIDRHR-FK-------TTKYNAS
CGLIANSMFNDTFGTTLTGVN-DT-ADYLLTTKGIAWDTDSHR-YG-------KTEYNAS
CGLIANSMFNDTFPLQLTNVG-DTSNNYSLTNKGINWESDKKR-YK-------KTKYNYT
CGAIANSMFNDTLELFLIGND-SYPIPIALKKKGIAWWTDKNVKFRNPP-GGDNLEERFK
CGAIANSLFNDSFSLWHQRQPGGPYVEVPLDRSGIAWWTDYHVKFRNPPLVNGSLALAFQ
CGAIANSMFNDTIILSHNINS-SVQIKVPMLKSRLTWWTDKYVKFQNLSF--KNLADEFR
** ****:***::
.
: . : * *
:
.
∨
DIVPP|PNWMKKYPDGYT-DENLPDIHTWEEFQVWMRTAAFPKFYKLTLK-----NESASL
DIVPP|PNWAKLFPNGYT-DDNIPDLQNWEQFKIWMRTAALPNFYKLAMK-----NETNGL
QIAPP PYWEKMYPDGYN-ETNIPDIQDWEEFQNWMRPGAFDKITKLIRI-----NKNDTL
GTTKP VNWLKPVYMLD-SDPDNNG-FINEDFIVWMRTAALPTFRKLYRLIERKSDLHPTL
GTAPP PNWRRPVYELS-PDPNNTG-FINQDFVVWMRTAALPTFRKLYARIR-QGNYSAGL
GTTKP PNWPKPIYDLDKKDPRNNG-FLNDDFIVWMRAAAFPTFKKLYGRLSRTHHFIEGL
. *
* :
:
.
::* ***..*: .: **
.
*
∨
PKGKYQMNIELNYPISLFGGTKSFVLTTNGAIGGRNMS|LGVLYLIVAGLCALFGIIFLVK
GKGIYIADIELNYPVRSFYGTKSFVLTTNSIIGAGNEA|LGIVYLIVAGIATLFAILFLIK
PAGEYQLDIGLHWPVLEFNGKKGIYLTHGSHLGGRNPF LGIVYLIGGCICAAMALILLTF
PAGRYSLNVTYNYPVHYFDGRKRMILSTISWMGGKNPF LGIAYIAVGSISFLLGVVLLVI
PRGAYRVNITYNYPVRAFGGHKLLIFSSISWMGGKNPF LGIAYLVVGSLCILTGFVMLVV
PAGNYSFNITYNFPVTRFHGEKSVVLSTLTWCGGNSLF LGLAYTVTGAMTWLASFAMMAI
* * :: ::*: * * * . ::
*. .
**: *
. :
.. ::
LI-FQPRAMGDHTYLNFDDEENEDYEDVHAENTTLREILVI-FKPRPMHDHSYLNFENSDTP-FDESSVVSIPLREILWL-FGGRKIADASSLSW-------------------NMKNHKYRNS-------------SN------------TADITI
YIRYQDQ-------------D--------------DDDEE
HIMLKNK-------------K-------------MSFFHQ
Alignment of yeast and human Cdc50 proteins
Transmembrane domain, as predicted by TMHMM
Cysteine residue
Junctions chimeras Cdc50/Crf1
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P4-ATPases and the giant substrate
problem
The cell membrane forms a barrier between
the intracellular milieu of the cell and the
extracellular environment. To pass this
impenetrable barrier, two general classes
of membrane-spanning proteins have
evolved: channels, through which ions
rush down concentration gradients, and
pumps, which utilize the energy from ATP
to actively transport ions thereby building
up concentration gradients (Figure 1). Prime
examples of pumps are P-type Ca2+ and Na+/
K+-ATPases. Importantly, also the lipids
themselves can be moved from one leaflet of
the membrane to the other to either build up
or dissipate transbilayer lipid gradients or
lipid asymmetry. Creation of lipid asymmetry
requires ATP-driven lipid pumps, also
known as flippases. A fascinating finding is
that the cloning of a prime candidate flippase
from bovine chromaffin granules (Tang et
al., 1996) revealed that it is a representative
of a novel subfamily of P type ATPases that
is only present in eukaryotes; the P4-type
ATPases. Recent reconstitution experiments
with purified enzymes defined P4-ATPases
A

B

as the minimal units of a flippase (Coleman
et al., 2009; Zhou and Graham, 2009).
Flippases must be able to encompass both
the bulky polar headgroup as well as the
hydrophobic lipid backbone. All motifs
required to function as a P-type ATPase
are present, which essentially implies that
ion pumps and P4-ATPases utilize the
same mechanism to transport two very
different kinds of substrate. Therefore, the
question arose whether P4-ATPases alone are
sufficient to mediate flippase activity. The
work described in this thesis therefore has
been centered around these two questions:
what is the minimal composition of the
lipid transport complex, and how did P4ATPases acquire the ability to translocate
bulky phospholipids instead of small ions?
In this chapter, we discuss our major findings
obtained when experimentally addressing
these questions. Besides, we propose a novel
concept for the mechanism of P4-ATPasecatalysed phospholipid transport.
Cdc50 proteins are vital components of the
P4-ATPase-dependent flippase machinery
P4-ATPases require Cdc50 proteins to achieve
proper expression as well as for ER
export (Furuta et al., 2007; Saito et al.,
2004). Aside from the P2C-ATPases
and the bacterial KdpFABC complex,
this is the only subgroup needing
an accessory subunit. In Chapter
3 we demonstrated that Cdc50
proteins have a function beyond
their chaperone function, since they
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Figure 1. Schematic representation of an
ion channel and an ion pump (A) An ion
channel is a membrane spanning pore through
which movement of ions (red spheres) is
controlled by a single gate, represented by a
hinged door. Whenever the gate is open, ions
move down their concentration gradient by
passive diffusion. (B) Pumps have two gates,
which control access from either side of the
membrane to the substrate-binding sites. They
undergo a cycle of conformational changes
linked to substrate binding and dissociation
on opposite sides of the membrane. This
conformational cycle is coupled to ATP
hydrolysis, and allows movement of ions
against their concentration gradient. Images
adapted from: (Gadsby et al., 2009).
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B
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Figure 2. P2C- and P4-ATPase reaction cycles. (A) Post-Albers scheme for the Na+/K+-ATPase reaction cycle. (B) PostAlbers scheme for the P4-ATPase reaction cycle. Drs2p-Cdc50p interactions are tied to the ATPase reaction cycle.

contribute directly and specifically to the
reaction cycle of P4-ATPases (Figure 2). The
first clue pointing in this direction came
from the finding that Cdc50p lost interaction
with the dead-enzyme version of the yeast
P4-ATPase Drs2p, the variant Drs2pD560N.
P-type ATPases form an aspartyl-phosphate
intermediate at the conserved signature
motif DKTGTLT in the cytosolic P-domain
as an essential step in the reaction cycle,
and mutating this single amino acid results
in an enzymatically inactive enzyme
(Allen and Green, 1976). Next, we found
that the interaction between Cdc50p and
Drs2p fluctuates during the catalytic cycle,
with the strongest interaction occurring
at or near the point where the enzyme
becomes loaded with phospholipid ligand.
Phosphorylation assays demonstrated that
dissociation of the Drs2p-Cdc50p complex
resulted in an inactive enzyme, as Drs2p
lost the ability to form a phosphoenzyme
intermediate; only in the presence of
Cdc50p a phosphointermediate could be
formed. Interestingly, another member of
the Cdc50 proteins, Lem3p (42% identical to
Cdc50p), could interact with and restore the
expression levels of Drs2p as well as Cdc50p,
but was unable to support phosphoenzyme
formation. This indicates that the subunit
works as a chaperone by stabilizing
expression levels, but more importantly, as
a vital component of the lipid translocation
machinery. Since Lem3p cannot perform the
latter function when associated with Drs2p,
the specificity that the subunits display for a
certain transporter, is functionally important.

Taken together, we provided for the first time
experimental evidence that Cdc50 proteins
directly participate in the reaction cycle of P4ATPases, and that their interaction with the
catalytic subunit is highly dynamic (Figure
2).
Notably, we found that only a very low
number of the purified Drs2p molecules
was bound to Cdc50p and from this, the
bulk was not capable of dephosphorylation.
The enzyme thus remained stuck in the E2P
state, which is when the phospholipid is
loaded. Recently, electron crystallography
of two-dimensional crystals has shown that
the N-terminal cytosolic tail of the b-subunit
interacts with the phosphorylation domain
of the H+/K+-ATPase (Abe et al., 2009).
Truncation experiments demonstrated that
this interaction holds the phosphorylation
domain in place, thereby stabilizing the
enzyme conformation in the E2P state (Abe et
al., 2009; Durr et al., 2009a; Durr et al., 2009b).
It could very well be that the termini of Cdc50
proteins are interacting with the transporter
in a similar fashion, stalling the transporter
in the E2P state.
Our findings indicate that Cdc50p binding
by itself is not sufficient to allow subsequent
dephosphorylation of the enzyme, at least
under our assay conditions. It could be that
some other, as yet unidentified component
is required for dephosphorylation of
Drs2p. Indeed, this may explain why the
recent reconstitution of purified Drs2p
into proteoliposomes yielded only a very
low amount of active flippases (Zhou and
Graham, 2009). This led us to carry out a
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systematic search for other components of the
P4-ATPase-dependent flippase machinery.
Deciphering the protein interaction network
of a P4-ATPase
Purifying a membrane protein and
determining its interacting partners is a major
challenge, because of their low abundance
and hydrophobic nature. An important
aspect of our approach was the use of in vivo
chemical cross-linking, which allowed us to
also capture low-affinity and/or transient
interactions that occur in living cells prior to
cell lysis (Chapter 2). This, combined with a
very stringent two-step purification strategy
resulted in one known interactor of Drs2p,
Cdc50p, and nine new interactors, of which
four membrane proteins (Figure 3). We
validated the interaction between Drs2p and
the transmembrane proteins, as well as one
soluble protein with an in vivo interaction
assay. Remarkably, three of the identified
proteins are involved in phosphoinositide
metabolism (Ino1p, Itr1p and Sac1p), of
which Sac1p was particularly interesting.
Sac1p, like Drs2p, has been reported to play
a critical role in anterograde trafficking
from the Golgi complex. But whereas Drs2p
is thought to positively regulate vesicle
formation from the Golgi complex, Sac1p
negatively regulates traffic by decreasing
the Golgi-associated pool of PI(4)P that is

required for efficient recruitment of the vesicle
budding machinery (Blagoveshchenskaya
and Mayinger, 2009; Creutz et al., 2004). We
propose that the physical interaction between
Sac1p and Drs2p may link flippase activity
to coat recruitment; when Drs2p is active,
Sac1p is inactive resulting in a local increase
in PI(4)P, thereby promoting vesicle budding,
or vice versa. As such, Sac1p could be a direct
regulator of the activity of Drs2p, but further
investigation is required to pinpoint the exact
physiological implication of this interaction.
As mentioned in the previous section, it
could very well be that another, not yet
identified protein is required for P4-ATPases
to go through the reaction cycle. However,
the list of identified Drs2p binding partners
did not include any protein that is likely to
fulfill this function. We therefore decided
to focus on P4-ATPases and their Cdc50
binding partners to gain more insight into
the structural and functional aspects of their
association.
Mapping functional interactions between P4ATPases and Cdc50 proteins
It is the absolute requirement of an accessory
protein for phosphoenzyme formation
that distinguishes P4-ATPases from most
other P-type ATPases for which the single
catalytic polypeptide is generally sufficient
to mediate transport. Although it is
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Figure 3. A P4-ATPase protein interaction network. Tandem-affinity purification of native and in vivo cross-linked
protein complexes under denaturing conditions was used to snapshot the protein interaction network of the yeast
aminophospholipid transporter Drs2p. Nine novel Drs2p interactors were identified.
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structurally the simpler of the two proteins,
exactly this subunit might provide us with
more insight in how a P4-ATPase evolved
into a phospholipid pump. In Chapter 4 we
isolated mutants that lost interaction with
the P4-ATPase by random mutagenesis.
Furthermore, we addressed how specificity
of binding is conveyed, since there are three
Cdc50 proteins in yeast (namely Cdc50p,
Lem3p and Crf1p), each of which pairs with
a specific transporter. Another important
aspect in this study was the functional
characterization of the subunit-transporter
interactions, as we saw previously that
Lem3p can only partially replace Cdc50p
when interacting with Drs2p (Chapter 2).
Random mutagenesis of Lem3p
demonstrated that interaction was lost upon
single amino acid mutations. The mutations
were scattered throughout the protein
sequence, and most of them were conserved
between the three yeast Cdc50 proteins,
indicating that these amino acids cannot
account for specificity of interaction. Our
subsequent studies with chimeric subunits
demonstrated that it is the ectodomain that
determines specificity. Upon the exchange of
parts in the ectodomain, many subunits lost
interaction completely. This indicates that it
is an exact conformation of the ectodomain
that governs specificity. Further experiments
demonstrated that this conformation is
stabilized by the transmembrane domains
and cytoplasmic termini as well as a
cysteine bridge, which is formed in the
part of the ectodomain right after the first
transmembrane domain. Importantly, we
found that not all interacting chimeric subunits
were able to functionally complement native
Cdc50 proteins, indicating that assembly per
se is not sufficient for functionality of the
transporter complex.
Since the bulk of the transporter is on the
opposite side of the subunit’s ectodomain
and only the relatively small loops connecting
the transmembrane domains of the pump are
present on this side, a correct conformation of

the ectodomain being the main determinant
for specificity and functionality was a
surprising finding. However, this is also
the side where the pump becomes loaded
with phospholipid ligand. In Chapter 1
we hypothesized that P2C-ATPases and P4ATPases require an accessory subunit to
stabilize the conformation of the transporter
at the E2P state. This is necessary because
of inefficient loading of the ligand in the
E2P state (potassium ions in the case of P2CATPases and phospholipids in the case of
P4-ATPases). The crystal structure of the
b-subunit suggests that the ectodomain
of the b-subunit covers the loops between
transmembrane 5 and 6 and between 7 and
8 of the transporter like a lid (Morth et al.,
2007). Since we find that the conformation
of the ectodomain is so important, it seems
likely that the same holds true for Cdc50
proteins. In its correct conformation, Cdc50
proteins interact strongly with the P4-ATPase
at the E2P state to stabilize the conformation
thereby allowing phospholipid loading. In
addition, by adding two transmembrane
spans to the transporter complex, Cdc50
proteins might generate a cavity in the E2
state that provide the space needed for
phospholipid flipping. Indeed, in the recent
structure of the shark rectal gland Na+/K+ATPase in the E2 state, a cholesterol molecule
was found between transmembrane 7 of the
transporter and the transmembrane domain
of the b-subunit (Morth et al., 2007; Shinoda
et al., 2009). Previously, a dumb-bell-shaped
density was present at this position, which
was thought to represent a phospholipid
head group (Morth et al., 2007).
Pumps, channels and flippases; mechanism
of
P4-ATPase-catalysed
phospholipid
transport
Our studies revealed that Cdc50 proteins
are integral components of the P4-ATPase
transport machinery, and generated new
clues as to how a class of P-type ATPase
may have acquired the ability to transport
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and Altendorf, 2004). Substrate translocation
is mediated by the KdpA subunit, which
resembles KcsA, a potassium channel.
Besides, it requires two small subunits, both
single transmembrane proteins, namely
KdpC with a large C-terminal domain,
and the very small subunit KdpF. KdpC is
thought to be involved in the reaction cycle
(Ahnert et al., 2006), whereas KdpF might
stabilize the complex (Gassel et al., 1999). It
is not known how this curious arrangement
has occurred, but one hypothesis is that a
P-type ATPase recruited a potassium channel
during evolution in order to gain higher
turnover numbers (Greie and Altendorf,
2007).
As mentioned before, P2C-ATPases also
require more than one subunit to function
and it has been suggested that their
b-subunit may be a remnant of the bacterial
KdpC subunit (Axelsen and Palmgren,
1998). It should be noted however, that the
large ectodomains of both proteins are at
opposite sides of the membrane. Common
to all three transporters is their potassium
transport function. The nature of this
substrate most likely requires an adjusted
transport mechanism, in other words, the
common transport mechanism employed by
P-type ATPases is not able to translocate this
substrate, and needs some adaptations. In
the case of the bacterial KdpFABC complex
by the recruitment of a channel that takes
care of the translocation, and in the case of
the P2C-ATPases by an accessory b-subunit,
which stabilizes the E2 conformation to allow
substrate loading. The recently published
crystal structure of the Na+/K+-ATPase
provided direct evidence that it is indeed the
b-subunit that makes potassium transport by
Na+/K+-ATPase possible since it stabilizes
the residues in transmembrane 7 that are
needed for potassium binding (Shinoda et
al., 2009).
Another interesting finding is that the Na+/
K+-ATPase has been found to function as a
channel upon addition of a marine toxin
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phospholipids. Yet the exact molecular
mechanism by which this happens remains
mysterious. We already referred to this as
the giant substrate problem: how can a lipid
molecule, which is about 40 times larger
than an ion, fit into the ligand-binding
pocket in the center of a 10-helix bundle?
In deciphering the mechanism of P-type
ATPase mediated phospholipid transport,
it might be necessary to think beyond the
traditional Post-Albers scheme and the strict
separation of pump and channel function. In
the final section of this chapter, we present
a novel concept for phospholipid flipping by
P4-ATPases. For this, we will first describe
two examples of transporter mechanisms
in which the boundary between channels
and pumps is not as clear-cut as has been
assumed until now. This provides us with a
framework for understanding how a P-type
pump may have acquired the ability to
transport phospholipids.
The difference between channels and
pumps is schematically depicted in Figure
1 and is actually quite straightforward.
Channels constitute a selective, hydrophilic
and energetically favorable membrane–
spanning pore through which ion movement
is controlled by a single gate. The opening
and closing is modulated by appropriate
signals, and an opened channel allows
selected ions to diffuse rapidly down their
concentration gradient. A pump, on the other
hand, consumes energy to slowly move ions
uphill. It therefore has two gates at either
side of the membrane that never should
be opened at the same time. Between these
two gates, the substrate becomes occluded,
thus preventing ion flow down their
concentration gradient. Interestingly, the
bacterial KdpFABC complex is a potassium
transporter in which a P-type ATPase and
a potassium channel merged in order to
form one transporter complex. The KdpB
subunit undergoes the E1/E2 catalytic cycle
typical of P-type ATPases, however, it does
not translocate any substrate (Bramkamp
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called Palytoxin (Habermann, 1989) when
applied to the outside of the cell (Muramatsu
et al., 1984). It reversibly binds to the external
binding site of the Na+/K+-ATPase and
prevents its outer gate from closing thereby
leaving the inner gate free to open and close,
causing both gates to be occasionally open
at the same time (Takeuchi et al., 2008).
Consequently, the pump behaves like a
channel. Notably, this is only possible when
both subunits are present (Scheiner-Bobis
et al., 1994), indicating that the b-subunit is
an integral component required to form the
passageway. Taken together, these are two
examples that make clear that the boundary
between channels and pumps is not that big,
and there might exist proteins that function
by a mechanism that is intermediate between
a channel and a transporter (Ashcroft et al.,
2009).
Now back to the P4-ATPases. Since the lipid
is transported from the exoplasmic leaflet
to the cytoplasmic leaflet, it will enter the
pump in the E2P state, similar to potassium
in P2C-ATPases. When strictly following the
Post-Albers scheme, phospholipid binding
thus would trigger dephosphorylation
of the pump, whereas binding from the
cytoplasmic side of another ligand should
initiate phosphorylation. The nature of
this ligand is not known, neither if there
is countertransport in the first place. As
mentioned, we found that at the E2P state,
the subunit interacts most strongly with the
transporter (Chapter 3), and we believe this
is necessary to stabilize that conformation
of the pump (Chapter 1). This, combined
with the above-described examples of
transport complexes that use properties of
both channels and transporters, leads us to
propose that tight binding of the subunit
stabilizes a conformation of the complex
that forms the passasageway required for
translocation of the lipid. As opposed to ions
that pass the membrane through the pump,
phospholipids only have to translocate
between the two leaflets of the membrane.

As such, the P4-ATPase would function as
an intermediate between a pump and a
channel, with the exoplasmic gate opened
and the cytoplasmic gate closed (Figure 4).
The energy of ATP hydrolysis is utilized to
undergo conformational changes leading to
phospholipid flipping. Flipping of the lipid
from the exoplasmic to the cytoplasmic
leaflet of the bilayer results in an increase of
surface area of the cytosolic leaflet, which
may account for the next conformational
change (Phillips et al., 2009; Ursell et al.,
2007) bringing the protein back into the
E1 state. In this way, there is no need for
countertransport. In addition to its function
as stabilizing “gate-keeper”, the subunit
could provide the required space for the
passage of a phospholipid, as described
above.

Concluding remarks
This new working model could provide a
starting point for future experimental efforts
to understand how P4-ATPases work exactly.
Although
atomic-resolution
structural
information on P-type ATPases has learned
us much about their function, it is important
to remember that these proteins are
membrane proteins. The lipids surrounding
the protein are replaced by detergent during
the crystallization process. Yet it is becoming
clear that lipids are not passive bystanders in
membrane protein function but rather help
shaping the function of membrane proteins,
and may even induce conformational
changes of the protein (Phillips et al., 2009;
Ursell et al., 2007). Moreover, the substrate
of P4-ATPases is a phospholipid. The exact
mechanism by which this class of proteins
works, thus cannot be entirely resolved by
static intermediate structures as obtained by
crystallization. The functional reconstitution
of a purified P4-ATPase into proteoliposomes
by two independent labs resulted in a
critical step forward in the biochemical
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Figure 4. Schematic represenations of P2C-type pumps
and aminophospholipid flippases. (A) Represented is
the Na+/K+-ATPase together with its accessory b-subunit
(in green), which is required to stabilize the protein at
the state where potassium ions (red spheres) become
loaded. Counter-ions (sodium) are represented by green
spheres. (B) An aminophospholipid flippase viewed as an
intermediate between a channel and a pump. The protein
uses the energy derived from ATP hydrolysis to undergo
conformational changes, leading to phospholipid flipping
between the two leaflets of the membrane. The Cdc50
protein is required to stabilize the conformation that
allows phospholipid loading from the exoplasmic side. By
doing so, the subunit could provide a sizeable pathway for
phospholipids, and/or aid in their passage through the
membrane.
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characterization of lipid transporters
(Coleman et al., 2009; Zhou and Graham,
2009). However, in both studies the exact
role of Cdc50p remained unclear. Now that
the protocol for functional reconstitution
is established, purification of P4-ATPases
with and without subunit, or disrupting the
complex by chemical means will provide
us with insights into the role of Cdc50p, as
well as the mechanism of transport that
is employed by P4-ATPases. The findings
described in this thesis provide a starting
point for this.
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Inleiding
Eiwitten, die schijnen toch wel belangrijk te
zijn…!
De cel
In de biologie is de cel de kleinste eenheid
binnen een organisme. Er zijn organismen die
uit slechts één cel bestaan, de zogenaamde
eencelligen, zoals bijvoorbeeld bacteriën
en sommige schimmels. Deze ene cel bevat
dan alle eigenschappen die nodig zijn om
te overleven. Maar er zijn ook organismen
die bestaan uit meerdere cellen. Er wordt
geschat dat een mens ongeveer 50 miljoen
cellen heeft. De meeste van die cellen hebben
een gespecialiseerde functie (levercellen,
hersencellen, darmcellen etc.). Echter,
ongeacht de herkomst en/of functie; elke
cel wordt omgeven door een celmembraan.
De functie van de celmembraan is om
ervoor te zorgen dat de waardevolle inhoud
van de cel niet in de omgeving verdwijnt.
Binnenin de cel bevinden zich organellen,
elk met een eigen functie, die ook worden
omgeven door een membraan. En ook hier
dient dit membraan om de binnenkant van
het organel te scheiden van wat daarbuiten
is, namelijk de celvloeistof (het cytoplasma)
(zie figuur 1).
De celmembraan
De celmembraan bestaat in zijn eenvoudigste
vorm uit een dubbele laag lipiden
(vetten). Deze lipiden pakken samen
tot een dubbellaag (bilaag) waarbij de

watervrezende (hydrofobe) vetzuurstaarten
naar elkaar toe steken, terwijl de
waterminnende (hydrofiele) kopgroepen
naar buiten zijn gekeerd, en op die manier
dus naar de waterige omgeving van de cel,
danwel naar de waterige celinhoud gekeerd
zijn. Lipiden zitten niet vast op één plaats in
de membraan, en daarom is de membraan
een “vloeibare” structuur, eigenlijk een
soort tweedimensionale “zee”. Doordat
er verschillende typen lipiden zijn, met
verschillende eigenschappen, is op sommige
plekken in de membraan de “zee” wat
minder vloeibaar dan op andere plekken.
Cholesterol is bijvoorbeeld een lipide dat de
membraan minder vloeibaar maakt.
Om te functioneren, moet een cel ook in
staat zijn om voedingsstoffen van buiten
op te nemen, afvalstoffen uit te scheiden,
en te “voelen” wat er in de omgeving
gebeurt. Maar, zoals gezegd, de membraan
schermt de buitenwereld af van de inhoud
van de cel. Om selectief transport door de
membraan heen toch mogelijk te maken,
zitten er verschillende eiwitten in de
membraan, waarvan er veel een specifieke
transportfunctie hebben. Op die manier kan
de cel dus voedingsstoffen uit de omgeving
opnemen, maar ook afvalstoffen uitscheiden.
Lipiden-(a)symmetrie
Er zijn verschillende soorten lipiden die
verschillen in kopgroep en/of vetzuurstaart.
Als beide kanten van de membraan-bilaag
dezelfde soort lipiden bevatten, dan is het
een symmetrisch membraan. Logischerwijs,
wanneer de lipidensamenstelling verschilt,
dan is de membraan asymmetrisch. Zoals
hierboven beschreven, kan de membraan
worden gezien als een vloeibare structuur.
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Figuur 1. Schematische weergave van een (gist)cel. De cel
wordt omgeven door een dubbellaag van lipiden; de membraan (blauwe lijn). Ook de organellen (Golgi, endosomen,
celkern) binnenin zijn omgeven door een membraan. Ook
zijn in dit figuur de P4 -ATPases (paars) en hun Cdc50 eiwitten (groen) aangegeven (zie tekst voor verdere uitleg).
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Hierin kunnen de lipiden binnen één laag
gemakkelijk van plek verwisselen (laterale
diffusie; zie figuur 2). Echter, ze kunnen ook
verplaatsen van de bovenste naar de onderste
laag (en vice versa). Dit proces wordt flip-flop
genoemd, en kan spontaan plaatsvinden,
maar dit gaat meestal zeer langzaam (figuur
2). Om dit proces te versnellen, kan het ook
op energie-afhankelijke wijze gebeuren, met
behulp van een eiwit. Eiwitten zijn dus niet
alleen nodig om transport door de membraan
te laten plaatsvinden, maar ook om transport
van de membraan zelf, de afzonderlijke
lipiden dus, te bewerkstelligen! Eiwitten die
verantwoordelijk zijn voor transport van
de buitenste lipidenlaag naar de binnenste,
worden P4 ATPases genoemd, en dit is de
klasse van eiwitten waaraan ik vier jaar lang
heb gewerkt.
Het belang van lipiden-flip-flop
Waarom is transport van lipiden van de ene
kant van de bilaag naar de andere kant van
belang? Of, anders gesteld, waarom kan
het membraan niet gewoon blijven zoals
het is, maar moeten er eiwitten actief bezig
zijn met het creëren en behouden van een
asymmetrische lipidensamenstelling? Hier
zijn vele redenen voor, maar hieronder zal ik
slechts één voorbeeld geven.
Mensen hebben een eiwit genaamd ATP8B1,
en dit is zo’n eiwit dat lipiden van de ene
kant van de membraan naar de andere kant
transporteert (een P4 ATPase dus). Mensen
bij wie dit eiwit niet goed functioneert (of het
helemaal niet functioneert), leiden aan een
erfelijke vorm van galophoping (cholestase;
er is dan sprake van galophoping, en dit
wordt veroorzaakt door een vernauwing
of afsluiting van de galgangen die de gal
normaliter van de lever naar de darm
voeren). Doordat ATP8B1 het niet doet, is de
lipidenasymmetrie verstoord, en men denkt
dat in de lever deze asymmetrie belangrijk
is voor de functie van weer een ander eiwit,
namelijk de galtransporter. Dit resulteert
dus in een verstoring van galtransport, en

leidt tot galophoping. Deze cholestase leidt
tot ernstige leverschade en geelzucht. Dat er
een eiwit bestaat lipiden transporteert van de
ene kant van de membraan naar de andere, is
dus wel degelijk van belang.

Figuur 2. Laterale diffusie en flip-flop. Lipiden kunnen
binnen één laag gemakkelijk van plek verwisselen (links;
laterale diffusie), flip-flop daarentegen is een zeer langzaam
proces (rechts), en komt niet vaak voor, tenzij het proces
wordt versneld door de aanwezigheid van bepaalde eiwitten.

Mijn onderzoek
Ikzelf heb helemaal niet met menselijk
cellen gewerkt, maar met gist! Gist is een
eencellige schimmel, en wordt al heel lang
wordt gebruikt om bier te brouwen en brood
te bakken. Maar gist wordt dus ook in het
laboratorium gebruikt als modelorganisme.
Wellicht is het niet moeilijk voor te stellen dat
het veel makkelijker is om te werken met een
eencellig organisme dan met een complex
meercellig organisme. Bovendien kun je gist
zeer makkelijk “genetisch manipuleren” (dit
betekent dat je heel makkelijk genen, die
coderen voor eiwitten kunt verwijderen uit
gist, of juist erin kunt zetten, en deze genen
hoeven niet perse van gist afkomstig te zijn;
je kunt bijvoorbeeld ook humane genen
in gist brengen) Maar gist lijkt toch niet op
een mens? In letterlijke zin niet nee, maar
op moleculair niveau zeker wel. Met andere
woorden, veel processen die zich in cellen
afspelen zijn hetzelfde gebleven gedurende
de miljoenen jaren van evolutie, en daarom
is het een uitstekend modelorganisme. Net
als mensen, heeft gist P4 ATPases. Echter,
gist heeft maar vijf verschillende P4 ATPases,
terwijl de mens er wel 14 heeft. Ook om deze
reden is het makkelijker om de functie van
deze eiwitten te onderzoeken in gist dan in
mensen.
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Wat willen we weten?
Het doel van mijn onderzoek was om beter
te begrijpen hoe een P4 ATPase een lipide
van de ene kant van de membraan naar de
andere kan transporteren. P4 ATPases zijn
een groep eiwitten afkomstig uit de familie
van P type ATPases. De meeste andere P
type ATPases transporteren positief geladen
ionen (zoals bijvoorbeeld natrium of
calcium) of metaalionen over het membraan.
Ionen zijn zeker 40 keer kleiner dan lipiden,
en hebben heel andere eigenschappen. De P
type ATPases daarentegen lijken zeer veel op
elkaar, en daarom is het moeilijk te begrijpen
dat in één familie zowel lipiden- als iontransporters voorkomen.
Twee vragen stonden centraal tijdens mijn
onderzoek:
• welke eiwitten binden aan P4 ATPases?
• wat is de rol van het Cdc50-eiwit?
Hieronder zal ik dieper ingaan op deze
twee vragen, en wat mijn onderzoek aan
antwoorden heeft opgeleverd.
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Welke eiwitten binden aan P4 ATPases?
Eiwitten functioneren bijna nooit helemaal
alleen, meestal hebben ze andere eiwitten
nodig om hun eigen functie goed uit
te kunnen voeren. Het ene eiwit kan
bijvoorbeeld het andere eiwit remmen in zijn
werking, of juist activeren. En soms kan een
eiwit zijn functie alleen uitoefenen wanneer
het gebonden is aan een ander eiwit. Er zijn
ook eiwitten die slechts vluchtig contact met
elkaar hebben, of slechts zwak aan elkaar
gebonden zijn. Als je weet welke/wat voor
soort eiwitten binden aan het eiwit waar je
onderzoek naar doet, kun je soms een beter
begrip krijgen van zijn functie. In hoofdstuk
2 heb ik een methode opgezet om de eiwitten
die binden aan een P4 ATPase uit de cel
te vissen. Dit heb ik gedaan door eerst alle
interacties die in de gistcel plaatsvinden
te “bevriezen” met een chemische stof.

Daarna heb ik de membranen geïsoleerd
door de cellen kapot te trillen. Omdat hierbij
alle membranen in de cel in kleine stukjes
breken, komen alle eiwitten vrij, afkomstig
uit alle verschillende organellen, terwijl
deze normaliter van elkaar gescheiden zijn.
Daarom moet dit bij 4 ˚C gebeuren, omdat
het bij hogere temperaturen mogelijk is dat
een bepaalde groep eiwitten de overige
eiwitten afbreken (bij lage temperatuur zijn
deze eiwitten niet actief). Dit hield in dat ik
best wat uren doorgebracht in een koelcel
van 4 ˚C, en dat was zeker niet mijn favoriete
labwerk!
Om de membranen met de eiwitten erin te
scheiden van de rest van de kapotte cel, moet
er gecentrifugeerd worden. Membranen zijn
het zwaarst, dus die komen na centrifugatie
onderin de centrifugebuis, terwijl de
waterige inhoud van de cel bovenop drijft
(ter vergelijking; mijn wasmachine maakt 600
rondjes per minuut, en de centrifuge in het
lab 42.000 rondjes per minuut). Uit de massa
van membranen en membraaneiwitten heb
ik vervolgens “mijn” P4 ATPase gevist. Dit
was mogelijk omdat we alleen aan dit eiwit
twee labels hadden gehangen. Het eerste
label bindt aan nikkelatomen. Door de
membraanmassa over kleine kraaltjes met
een nikkellaagje te gieten, blijft mijn eiwit als
één van de weinige eiwitten aan het metaal
hangen. Door de kraaltjes vervolgens een
aantal keren te wassen, worden eiwitten die
er niet aan horen te hangen, zo veel mogelijk
weggewassen. Dit hebben we herhaald met
een ander soort label via hetzelfde principe,
zodat we nog meer eiwitten kwijtraken die
niet specifiek binden. Doordat we in het
begin eerst alle interacties hebben bevroren,
hebben we, door de P4 ATPase uit de cel te
vissen, ook eiwitten “meegevist” die aan de P4
ATPase binden. En sommige eiwitten binden
zo sterk aan de P4 ATPase, dat deze sowieso
meekomen als je de P4 ATPase zuivert.
Vervolgens hebben we dit materiaal aan
iemand gegeven die met behulp van massaspectrometrie heeft bepaald welke eiwitten
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er allemaal aan mijn P4 ATPase binden. Toen
we deze lijst van eiwitten hadden, hebben we
gekeken naar wat voor soort eiwitten dit zijn.
Een van de geïdentificeerde bindingspartners
bleek een eiwit te zijn waarmee het
fosfoinositidengehalte in membranen wordt
gereguleerd.
Fosfoinositiden
markeren
doorgaans de plaats in de membraan waar
secretieblaasjes (deze zorgen voor transport
tussen de verschillende organellen in de cel)
worden gevormd. P4 ATPases daarentegen
worden verondersteld een drukverschil
over de membraan aan te leggen waarmee
de vorming van secretieblaasjes kan worden
vergemakkelijkt. De gevonden interactie
tussen deze twee eiwitten zou weleens de
“missing link” kunnen zijn in het mechanisme
waarmee cellen kunnen bepalen waar en
wanneer secretieblaasjes worden gevormd.
Wat is de rol van het Cdc50 eiwit?
Tijdens de rest van mijn onderzoek heb ik
me vooral bezig gehouden met een ander
eiwit in de membraan, namelijk Cdc50. Van
Cdc50 was het al enige tijd bekend dat het
bindt aan P4 ATPases, en dat deze binding
zelfs een voorwaarde is voor de functie van
de P4 ATPase. Als Cdc50 namelijk afwezig
is, komt de P4 ATPase nooit op de juiste
plek in de cel, maar blijft op de plek waar hij
gemaakt wordt, en wordt daar vervolgens
weer afgebroken. Tot nu toe dacht men dat
Cdc50 eiwitten een soort helper-eiwitten zijn,
die de P4 ATPase begeleiden naar de juiste
plek. Wij hebben onderzocht of dit werkelijk
de enige functie is van Cdc50, of dat het
misschien ook betrokken is bij het transport
van een lipide over de membraan. Zoals ik
hierboven heb beschreven, is het heel gek
dat P type ATPases zowel lipiden als kleine
ionen kunnen transporteren, en misschien
is het Cdc50 eiwit wel de oplossing voor dit
probleem! De meeste andere P type ATPases
hebben namelijk helemaal geen Cdc50-achtig
eiwit nodig. In hoofdstuk 3 laten we zien
dat Cdc50 zo sterk aan de P4 ATPase bindt,
dat het altijd meekomt als je P4 ATPases uit

de membraan zuivert. Vervolgens hebben
we gekeken of de P4 ATPase gefosforyleerd
(fosforyleren is het binden van een
fosfaatgroep aan het eiwit; en dit kan je
meten) kon worden, want dit is een indicatie
voor de transportactiviteit van het eiwit. We
vonden dat in de aanwezigheid van Cdc50
de P4 ATPase inderdaad gefosforyleerd
kan worden, maar als Cdc50 er niet is, dan
gebeurt dit niet! Hiermee zijn wij de eersten
die laten zien dat Cdc50 eiwitten nodig zijn
om P4 ATPase-gemedieerd transport van een
lipide over de membraan mogelijk te maken.
Welk deel van het Cdc50-eiwit bindt aan de P4
ATPase?
Dat was de volgende vraag waar ik me
mee bezig heb gehouden. Gist heeft drie
verschillende Cdc50 eiwitten, en vijf P4
ATPases. Er zitten twee P4 ATPases in het
plasma membraan, en deze binden hetzelfde
Cdc50-eiwit. Er is één P4 ATPase in het
endosomale systeem, welke geen Cdc50
eiwit bindt, en er zijn twee P4 ATPases in
het Golgi, en elk bindt zijn eigen Cdc50
eiwit (zie figuur 1). Ik heb gekeken hoe de
twee Cdc50 eiwitten in het Golgi altijd hun
eigen P4 ATPase weten te vinden. Dit heb ik
gedaan door verschillende delen van de twee
eiwitten uit te wisselen en op die manier
een hybride eiwit te maken (zie pagina 62
& 64 van hoofdtsuk 4; hier is te zien wat ik
allemaal heb uitgewisseld). Vervolgens heb
ik gekeken welke van deze hybride eiwitten
nog steeds in staat zijn om te binden aan de
ene, of aan de andere P4 ATPase in het Golgi.
De eerste serie proeven wees uit dat het
gedeelte aan de buitenkant van de membraan
verantwoordelijk is voor specifieke binding,
maar toen we vervolgens delen gingen
uitwisselen hierin, bonden de meeste
hybride eiwitten niet meer. We denken dat
dit komt omdat de vouwing van het eiwit
van belang is voor de interactie met de P4
ATPase, en als het eiwit niet goed gevouwen
is (bijvoorbeeld door delen uit te wisselen),
bindt het dus niet meer. In hoofdstuk 5
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tenslotte komen we met een model, waarin
we proberen te verklaren waarom P4 ATPases
een Cdc50 eiwit nodig hebben. Eigenlijk kun
je een P4 ATPase zien als een soort deurtje in
het membraan. Om de de lipide van de ene
kant van het membraan naar de andere kant
te laten gaan, moet hij door het deurtje heen.
Terwijl ionen gemakkelijk door het deurtje
passen omdat ze zo klein zijn, is dit voor
lipiden veel moeilijker. We denken dat het
Cdc50 eiwit nodig is om het deurtje (de P4
ATPase dus) zolang open te houden, totdat
de lipide erdoorheen is (dit is schematisch
weergegeven op pagina 80). Dit is nog slechts
een model, maar hopelijk lokt dit model uit
tot verder onderzoek!

Printed by Xerox

82

About the author
83

About the author

Catheleyne Floor Puts was born in
Amsterdam, on October 2nd 1981. After
attending primary school in Weesp, she
obtained her secondary school diploma
in 1999, from the “Willem de Zwijger”
college in Bussum. She then chose to study
Biology at the University of Amsterdam and
differentiated towards Biomedical Science in
the first year. During her studies, Catheleyne
performed two major research projects at the
Academic Medical Center (AMC) and the
Dutch Cancer Institute (NKI) in Amsterdam.
A minor internship was carried out at the
University of Medicine and Dentistry of
New Jersey (UMDNJ) in Newark, United
States. After her graduation in 2004,
Catheleyne started her doctoral studies at
the department of Membrane Enzymology at
Utrecht University in 2005, supervised by Dr.
Joost Holthuis. The results of this research
have been unified in this thesis. Listed below
are the publications that were realised during
the course of this project.

Catheleyne Floor Puts werd geboren op 2
oktober 1981 te Amsterdam. De basisschool
werd doorlopen op “de Terp” in Weesp. Na
het behalen van het gymnasium diploma aan
het Willem de Zwijger College te Bussum in
1999, begon zij datzelfde jaar aan de studie
Biologie aan de Universiteit van Amsterdam.
Tijdens het propedeusejaar werd besloten
over te stappen naar Medische Biologie. Als
onderdeel van deze studie is stagegelopen in
het Academisch Medisch Centrum (AMC)
en het Nederlands Kanker Instituut (NKI),
beide te Amsterdam. Ook de doctoraal
scriptie schreef zij bij het NKI. Vervolgens
werd een korte stage volbracht aan de
University of Medicine and Dentistry of
New Jersey (UMDNJ) in Newark, Verenigde
Staten. Na het behalen van het doctoraal
examen eind 2004, begon zij in 2005 met
het promotieonderzoek bij de afdeling
Membraan Enzymologie aan de Universiteit
Utrecht, onder begeleiding van Dr. Joost
Holthuis. De resultaten van dat onderzoek
staan beschreven in dit proefschrift.
Onderstaand de publicaties die hier tot nu
toe uit voortgekomen zijn.

A P4 ATPase protein interaction network reveals a link between aminophospholipid transport and
phosphoinositide metabolism
C.F. Puts, G. Lenoir, P. Williamson, J. Krijgsveld, J.C.M. Holthuis
Journal of Proteome Research, accepted
Cdc50p plays a vital role in the ATPase reaction cycle of the putative aminophospholipid transporter
Drs2p
G. Lenoir*, P. Williamson*, C.F. Puts, J.C.M. Holthuis
J Biol Chem 278, 2009, 17956-17967. JBC paper of the week *Contributed equally

84

Printed by Xerox

Mechanism and significance of P4 ATPase-catalyzed lipid transport: Lessons from a Na+/K+-pump
C.F. Puts and J.C.M. Holthuis
Biochim Biophys Acta 1791, 2009, 603-611

Acknowledgements
85

Acknowledgements

Printed by Xerox

86

Dankwoord

Printed by Xerox

you have all been models to me

87

Acknowledgements

also those i did not manage to capture

Printed by Xerox

88

Printed by Xerox

Dankwoord

89

Printed by Xerox

90

