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ABBREVIATIONS

ADP adenosine diphosphate
Alexa-M Alexa488-C5-maleimide
APL aminophospholipid
ARF ADP-ribosylation factor
ATP adenosine triphosphate
ATP8B1 P-type ATPase member 8B1
BSA bovine serum albumin
CDC50 cell division cycle mutant 50
CHO Chinese hamster ovary
Cub C-terminus of ubiquitin
DMSO dimethyl sulfoxide
DNF DRS2/NEO1 family member
DOPA dioleoylphosphatidic acid
DOPC dioleoylphosphatidylcholine
DOPS dioleoylphosphatidylserine
DRS deficient for ribosomal subunits
DTT  dithiothreitol
EDTA ethylenediaminetetraacetic acid
ER endoplasmic reticulum
EV empty vector
FACS fluorescence-activated cell sorting
FIC1 familial intrahepatic cholestasis type 1
FITC fluorescein isothiocyanate
Fluo-M fluorescein-5-maleimide
FTCD formiminotransferase cyclodeaminase
GAP GTPase-activating protein
GEF guanine nucleotide exchange factor
GUV giant unilamellar vesicle
HA hemagglutinin
HEPES 4-(2-hydroxyethyl)piperazine-1-
 ethanesulfonic acid
HRP horseradish peroxidase
L/P lipid/protein
MIPC mannosylinositol phosphorylceramide
MOI multiplicity of infection
MOPS 3-(N-morpholino)propanesulfonic 
 acid
mRFP monomeric red fluorescent protein
mPEG maleimide-PEG 5000
myc proto-oncogene c-Myc

NBD 7-nitro-2-1,3-benzoxadiazol-4-yl
NEM N-ethylmaleimide 
NEO1 neomycin-resistance gene
NTA nitrilotriacetic acid
Nub N-terminus of ubiquitin 
PAGE polyacrylamide gel electrophoresis
PapB  papuamide B
PBS phosphate buffered saline
PC phosphatidylcholine
PDI protein disulfide isomerase
PE phosphatidylethanolamine
PI propidium iodide
PI4P phosphatidylinositol-4-phosphate
PIC protease inhibitor cocktail
PL phospholipid
PM plasma membrane
PMSF phenylmethylsulfonyl fluoride
proteo-GUV protein-containing GUV
PS phosphatidylserine
P4-ATPase subfamily 4 P-type ATPase
Rho-M tetramethylrhodamine-5-maleimide
Rho-PE rhodamine-conjugated PE
SD synthetic dextrose
SDS sodium dodecyl sulfate
SERCA sarcoplasmic reticulum Ca2+-ATPase
SL sphingolipid
SM sphingomyelin
SV secretory vesicle
TCA trichloroacetic acid
TMD transmembrane domain
TGN trans-Golgi network
TX-100 Triton X-100
UPS-1 CHO mutant cell line with a defect in 
 non-endocytic uptake of NBD-PS
VO4  orthovanadate
V5 RNA polymerase alpha subunit of   
 simion virus 5
WB Western blot
WT wild type
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Molecular dissection of a heteromeric lipid pump

Flippases catalyze unidirectional phospholipid 
transport to create transbilayer lipid asymmetry in 
late secretory and endocytic organelles. As described 
in Chapter 1, molecular cloning of candidate flippases 
resulted in the identification of P4-ATPases, a subclass 
of the superfamily of cation-transporting P-type pumps. 
Striking structural similarities and a common domain 
organization imply a transport mechanism that is 
conserved throughout the P-type ATPase superfamily. 
Understanding how flippases adapted the cation 
transport mechanism to translocate phospholipids 
poses a major challenge. P4-ATPases form heteromeric 
complexes with Cdc50 proteins. Recent work from our 
laboratory suggests that Cdc50 proteins play a direct 
and critical role in the P4-ATPase transport cycle. The 
leading aim of this thesis was to further elucidate the 
inner workings and biological significance of flippases 
by focusing on the functional relationship between P4-
ATPases and Cdc50 subunits. 

While Cdc50 proteins in yeast appear essential for 
catalytic activity of P4-ATPases, the concept that these 
accessory subunits are essential components of the P4-
ATPase transport machinery is challenged by the fact 
that Cdc50 proteins in man are greatly outnumbered 
by P4-ATPases. In Chapter 2, we find that human 
Cdc50 subunits are common binding partners of 
class-1 P4-ATPases and that association with a Cdc50 
protein is a prerequisite for P4-ATPase export from the 
ER. Moreover, we show that phosphorylation of the 
catalytically important Asp residue in the human class-1 
P4-ATPases ATP8B1 and ATP8B2 is critically dependent 
on their Cdc50 binding partners. These findings 
indicate that Cdc50 proteins serve a fundamental role 
in the mechanism by which P4-ATPases translocate 
phospholipids.

In Chapter 3, we set out to further unravel the 
inner workings of flippases by mapping functional 
interactions between P4-ATPases and their Cdc50 
binding partners. Through a combination of domain 
swapping and side-directed mutagenesis approaches, 
we find that the Cdc50 ectodomain contains important 

structural determinants of P4-ATPase binding specificity 
and function. Moreover, we show that four highly 
conserved cysteine residues in the Cdc50 ectodomain 
form two stabilizing disulfide bridges. Intriguingly, 
loss of these intramolecular disulfide bonds reciprocally 
affects P4-ATPase binding and flippase activity, 
consistent with a key function of the Cdc50 ectodomain 
in P4-ATPase-catalyzed lipid transport. These results 
provide additional support for the idea that Cdc50 
proteins are dynamic and integral components of the 
P4-ATPase flippase machinery. 

Acquisition of Cdc50 proteins may have been an 
essential step in the evolution of flippases from a family 
of cation pumps. An intriguing question is: which crucial 
biological role initially necessitated the evolvement 
of these unidirectional lipid pumps? Interestingly, 
P4-ATPases serve a critical role in the biogenesis of 
transport vesicles from endocytic and late secretory 
compartments. Their precise contribution to this 
fundamental cellular process remains to be established. 
An attractive hypothesis is that by generating a lipid 
mass imbalance across bilayers, P4-ATPases assist 
the cellular coat machinery in promoting membrane 
curvature during vesicle biogenesis from rigid 
membranes. To experimentally address this concept, 
we developed protocols for incorporating P4-ATPase 
transport machinery into giant unilamellar vesicles 
(GUVs). As described in Chapter 4, we established two 
complementary methods to generate GUVs from P4-
ATPase-containing secretory vesicles (SVs). These SV-
derived GUVs provide a novel tool to directly test the 
membrane-bending capacity of P4-ATPases. 

In Chapter 5, the key findings presented in this thesis 
are discussed in a global context. Our novel insights into 
the structure-function relationship between P4-ATPases 
and Cdc50 proteins provide a basis for a refined model 
of the inner workings of flippases. In addition, the 
development of methodology to include flippases in 
giant vesicles creates novel opportunities to dissect 
the transport mechanism and biological role of these 
fascinating molecular machines.
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Flip or flop – inner workings and biological 
impact of ATP-fueled lipid pumps 
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Introduction

Department of Membrane Enzymology, Bijvoet Center and Institute of Biomembranes,
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Synopsis 

The late secretory and endocytic organelles of cells are populated with flippases that hydrolyze ATP to establish 
asymmetric lipid distributions across the bilayer. Maintenance of lipid asymmetry has been implicated in a host 
of cellular processes, including membrane homeostasis, vesicle biogenesis, cell signaling, morphogenesis, and 
migration. Consequently, defining the identity of flippases and their biological roles has been subject to intense 
investigations. Here, we review recent studies yielding fascinating insights into how flippases work, how their 
activity is controlled according to cellular demands, and how disrupting flippase activity causes systemic failure 
of membrane function, culminating in membrane trafficking defects, aberrant signaling, and disease.

Introduction

An intriguing aspect of membranes in eukaryotic cells is 
that the different lipid species are often non-randomly 
distributed across the bilayer. In most cell types 
where this has been studied, the aminophospholipids 
phosphatidylserine (PS) and phosphatidylethanolamine 
(PE) are mainly restricted to the cytosolic leaflet of the 
plasma membrane (Op den Kamp, 1979). The regulated 
dissipation of this asymmetry and cell surface exposure 
of PS can trigger a variety of physiological responses, 
ranging from blood coagulation, myotube formation, 
and sperm capacitation to phagocytic recognition 
and clearance of apoptotic cells (Balasubramanian 
and Schroit, 2003; Zwaal et al., 2005). Precisely how 
this lipid asymmetry is established is not understood, 
but converging lines of evidence indicate that type IV 
P-type ATPases (P4-ATPases) play a crucial role. 

This review focuses on P4-ATPases as ATP-fueled 
lipid pumps or flippases that generate lipid asymmetry 
by catalyzing unidirectional phospholipid transport 
across the bilayer. As P4-ATPases belong to an ancient 
family of cation pumps, much effort is currently aimed 
at understanding how P4-ATPases acquired the ability 
to translocate phospholipids instead of small ions. 
Another intriguing aspect of P4-ATPases is their critical 
involvement in the biogenesis of transport vesicles from 
late secretory and endocytic compartments. We will 
discuss emerging evidence indicating that unidirectional 
lipid transport catalyzed by P4-ATPases helps establish 
the membrane curvature required to bud vesicles from 
the trans-Golgi, endosomes, and plasma membrane. We 
will also describe how P4-ATPase-catalysed flippase 
activity is subject to complex regulatory mechanisms 
that interconnect the establishment of lipid asymmetry 
with phosphoinositide metabolism and sphingolipid 
homeostasis, hence allowing cells to cross-regulate 
multiple key determinants of membrane function. At 
the organismal level, disruption of P4-ATPase function 
has been linked to diabetes, obesity, immune deficiency, 
neurological disorders, and a potentially fatal liver 
disease. Recent insights into the molecular basis of 
these diseases will be discussed. We will conclude with 
an outline of the perspectives and challenges that lay 
ahead in the P4-ATPase flippase field. 

Non-random lipid distributions in the secretory 
pathway

The broad range of lipid species found in cellular 
membranes suggests that they contribute to a multitude 
of 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 (van Meer and de Kroon, 2011). 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, sphingolipids and sterols 
form a gradient along the compartments of the secretory 
pathway with the highest levels in the plasma membrane 
(Fig. 1; Holthuis et al., 2001; Holthuis and Levine, 
2005). This arrangement has important functional 
consequences. Sterols are rigid and sphingolipids 
have saturated acyl chains, and so both increase acyl 
chain order and thus thicken the bilayer and reduce 
permeability to solutes (Brown and London, 1998). 
Consequently, the accumulation of sphingolipids and 
sterols at the plasma membrane is critical for sustaining 
the barrier function of this organelle (Holthuis et al., 
2001). The low levels of sphingolipids and sterols in the 
endoplasmic reticulum (ER), on the other hand, result 
in a loosely packed lipid bilayer, which facilitates the 
insertion of newly synthesized proteins and lipids, 
thereby supporting the biogenic function of this 
organelle. Moreover, as membrane proteins tend to 
seek bilayers with a thickness that matches the length of 
their membrane spans (Munro, 1995; Ceppi et al., 2005; 
Sharpe et al., 2010), the sphingolipid/sterol gradient may 
keep proteins with short membrane spans that cycle 
between the ER and Golgi segregated from proteins 
with longer membrane spans that cycle between the 
Golgi and plasma membrane. 

Superimposed on the sphingolipid/sterol 
concentration gradient are the asymmetric lipid 
distributions across the bilayers of the late Golgi, 
endosomes, and plasma membrane, with the 
aminophospholipids (APLs) PS and PE concentrated 
in the cytosolic leaflet and the sphingolipids (i.e. 
sphingomyelin and glycosphingolipids) enriched in 
the exoplasmic leaflet (van Meer et al., 2008). This lipid 
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asymmetry serves a multitude of biological functions. 
A tight packing of sphingolipids and sterols in the 
exoplasmic leaflet is important for membrane stability 
in circulating blood cells and makes the apical surface 
of intestinal epithelial cells resistant to the detergent 
action of bile salts (Antia et al., 1992; Holthuis et al., 
2001; Oude Elferink et al., 2006). Conversely, the 
accumulation of APLs (notably PE) in the cytosolic 
leaflet of the plasma membrane and on the surface of 
endocytic and exocytic vesicles may serve to keep these 
membranes in a fusion-competent state (Kinnunen 
and Holopainen, 2000). The membrane spans of post-
ER organelles show striking asymmetries in amino 
acid compositions that are linked to residue volume 
and that correlate with the establishment of lipid 
asymmetry at the level of the Golgi (Sharpe et al., 2010; 
Fig. 1). An intriguing concept is that the transition in 
transbilayer lipid arrangement is used to control the 
activity of proteins such as channels and transporters 
as they move along the secretory pathway (Lee, 2004). 
Following regulated dissipation of lipid asymmetry, PS 
exposed on the cell surface can act as a susceptibility 
signal for phagocytosis and as a propagation signal in 
blood coagulation (Balasubramanian and Schroit, 2003; 
Zwaal et al., 2005). Furthermore, by creating imbalances 
in lipid mass across the bilayer, the dynamic process of 
lipid translocation has been implicated in membrane 
bending and in the biogenesis of endocytic and exocytic 
vesicles that mediate membrane trafficking from and 
to the plasma membrane (Devaux, 2000; Graham, 
2004). Given that lipid asymmetry influences a host 
of cellular functions, understanding the mechanisms 
responsible for its creation has become a topic of intense 
investigations. 

Origin of lipid asymmetry

Lipid asymmetry cannot be explained by sidedness of 
lipid biosynthesis or breakdown alone and relies, at 
least in part, on a combination of additional factors. 
These include biophysical properties that dictate the 
ability of a lipid to cross the bilayer spontaneously (e.g. 
charge and bulkiness of the lipid headgroup), retentive 
mechanisms that trap lipids on one side of the bilayer 
(e.g. lipid packing density), and the presence of protein 
catalysts, termed flippases, which help create lipid 
asymmetry by imposing selectivity and directionality 
on lipid movement (Holthuis et al., 2001; Holthuis and 
Levine, 2005). The term flippase was first coined to refer 
to the lipid transporters responsible for equilibrating 
newly synthesized lipids across biogenic membranes 
such as the ER (reviewed in Pomorski and Menon, 
2006). ER flippases function independently of metabolic 
energy and catalyze a fast transverse movement of most 
phospholipid classes in both directions. As facilitators 
of non-vectorial lipid transport, they promote a 
symmetrical phospholipid distribution across the 

bilayer. The identity of ER flippases is not known. 
The finding that peptides mimicking the α-helices of 
transmembrane proteins stimulate flip-flop in model 
membranes suggests that the ability to catalyze flip-
flop is not necessarily restricted to one specific protein 
(Kol et al., 2001). In contrast to the ER, spontaneous flip-
flop in the plasma membrane is slow (Seigneuret and 
Devaux, 1984; Buton et al., 2002). This might be related 
to the finding that helix-induced flip–flop is inhibited 
by sterols (Kol et al., 2003), which are abundant 
components of the plasma membrane. Sterols likely 
exert their inhibitory effect by causing an increased 
packing of the acyl chains through which the polar 
head group has to travel. The gradual increase in sterol 
levels along the secretory pathway might therefore 
contribute to switching the mechanism of transbilayer 
lipid movement from a constitutive flip–flop in the ER 
to a more tightly controlled translocation in the plasma 
membrane. 

Slow flip-flop is a prerequisite for preserving 
asymmetric lipid arrangements that are created by 
unidirectional flippases or translocases. These activities 
use ATP hydrolysis to move specific lipid species 
against a concentration gradient. The first ATP-fuelled 
flippase described was the red blood cell-associated 
APL translocase (Seigneuret and Devaux, 1984), which 
catalyzes a fast inward movement of PS and PE across 
the plasma membrane. APL translocase activities occur 
in the plasma membrane of many nucleated cells as 
well as in the trans-Golgi (Natarajan et al., 2004) and 
in post-Golgi secretory vesicles (Zachowski et al., 1989; 
Alder-Baerens et al., 2006). Some cell types (including 
budding yeast) show a similar inward transport of 
phosphatidylcholine (PC) due to the presence of either 
a PC translocase next to an APL translocase, or a 
translocase of different specificity that flips both APLs 
and PC (Pomorski et al., 2004). 

ATP-fueled flippases belong to an ancient family 
of cation pumps

The discovery of an APL translocase activity in bovine 
chromaffin granules, termed ATPase II, led to the 
cloning of a gene currently referred to as ATP8A1 
(Tang et al., 1996). The corresponding enzyme is 
homologous to Drs2p, a trans-Golgi-resident protein in 
yeast. ATP8A1 and Drs2p are the founding members 
of a conserved subfamily of P-type ATPases, which is 
generally referred to as the type IV or P4 P-type ATPase 
subfamily (Axelson and Palmgren, 1998). This subfamily 
comprises 5 members in budding yeast (Drs2p, Dnf1p, 
Dnf2p, Dnf3p, and Neo1p) and 14 members in Homo 
sapiens (ATP8A1-ATP11C; Table 1). A growing body 
of evidence indicates that P4-ATPases indeed possess 
APL translocase activity and create transbilayer 
lipid asymmetry in late secretory and endocytic 
compartments. Removal of the yeast plasma membrane-
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resident P4-ATPases Dnf1p and Dnf2p abolishes ATP-
dependent transport of fluorescent 7-nitrobenz-2-oxa-
1,3-diazol-4-yl (NBD)-labeled analogues of PE, PS, 
and PC from the exoplasmic to the cytosolic leaflet 
of the plasma membrane (Pomorski et al., 2003; Table 
1). Although their lipid preference disqualifies these 
proteins as specific APL translocases, NBD-labeled 
analogues of sphingolipids, phosphatidic acid, and 
phosphatidylglycerol were not recognized. The same P4-
ATPases have been implicated in the transport of lyso-
PE and lyso-PC across the plasma membrane (Riekhof 
et al., 2006; Riekhof et al., 2007). Chemical labeling of 
exoplasmic-leaflet phospholipids and staining with 
APL-specific probes showed an accumulation of PS 
and PE on the surface of a dnf1dnf2 deletion mutant, a 
phenotype that is exacerbated when Drs2p is removed as 
well (Pomorski et al., 2003; Chen et al., 2006). In addition, 
Drs2p and Dnf3p are required to sustain APL transport 
and asymmetry in post-Golgi secretory vesicles (Table 1; 
Alder-Baerens et al., 2006). Lipid transport assays with 
purified Golgi membranes containing a temperature-
sensitive Drs2 mutant indicated that Drs2p is directly 
coupled to a NBD-PS translocase activity (Natarajan et 
al., 2004). Indeed, reconstitution of NBD-PS translocase 
activity with purified Drs2p indicates that this enzyme 
functions as a PS flippase (Zhou and Graham, 2009). 

Further evidence for a direct relationship between 
P4-ATPases, flippases, and lipid asymmetry has come 
from the functional characterization of family members 
in higher eukaryotes. The Arabidopsis P4-ATPases ALA1, 

ALA2, and ALA3 can support plasma membrane 
flippase activity when expressed in P4-ATPase-deficient 
yeast mutants (Poulsen et al., 2008). 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 (Darland-Ransom et al., 2008). 
A deficiency of ATP8B1, a P4-ATPase located in the 
canalicular membrane of liver cells and implicated 
in familial intrahepatic cholestasis type 1 disease, 
is accompanied by an enhanced recovery of PS in 
bile (Paulusma et al., 2006). Moreover, heterologous 
expression of ATP8B1 restores the non-endocytic 
uptake of NBD-PS in PS transport-defective CHO 
mutant cells (Paulusma et al., 2008). Finally, ATP8A2, 
a P4-ATPase present in the disc membranes of rod and 
cone photoreceptors, displays APL translocase activity 
when purified and reconstituted in proteoliposomes 
(Coleman et al., 2009). 

The simplest interpretation of the above data is that 
P4-ATPases are able to catalyze phospholipid transport 
using the free energy of ATP. Yet P-type ATPases usually 
pump small cations or metal ions (i.e. H+, Na+, K+, Ca2+, 
Cu2+, Cd2+, Co2+) by means of a transport mechanism 
that appears to be conserved throughout the family 
(Kuhlbrandt, 2004; Bublitz et al., 2011). How P4-ATPases 
adapted this mechanism to flip phospholipids is not 
understood. Furthermore, P4-ATPases form heteromeric 
complexes with members of the Cdc50 family of 
membrane proteins (Saito et al., 2004; Bryde et al., 2010; 
van der Velden et al., 2010). The precise function of the 

Figure 1. Non-random lipid distributions along the secretory pathway is reflected by organelle-specific properties of 
transmembrane domains of integral membrane proteins. Membrane rigidity and thickness as well as translateral lipid asymmetry 
increase along the secretory pathway due to the enrichment of sphingolipids and sterols. TMD properties of type I and II proteins, 
such as average length and bulkiness of amino acid residues (aa), correspond to characteristics of their residence membrane. ER, 
endoplasmic reticulum; TGN, trans-Golgi network; PM, plasma membrane; PC, phosphatidylcholine; APL, aminophospholipid; 
SL, sphingolipids; TMD, transmembrane domain.
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Cdc50 subunit in the complex is not known. As P4-
ATPases co-purify with Cdc50 proteins (Lenoir et al., 
2009; Zhou and Graham, 2009; Coleman et al. 2011), 
it remains to be established whether P4-ATPases are 
sufficient to mediate phospholipid transport or whether 
they represent only one of the vital components of a 
flippase complex.

Flippases and the giant substrate problem

Flipping phospholipids is an unexpected activity for 
a P-type ATPase as most P-type ATPases pump small 
cations or soft-transitional metal ions across membranes. 
Despite the wide spectrum of substrate specificity, 
P-type ATPases share a common architecture (Bublitz 
et al., 2011). As complex, multi-domain membrane 
proteins, these pumps comprise an intramembrane 
region (M) linked to three cytosolic domains, namely an 
autocatalytic phosphorylation (P), a nucleotide-binding 
(N), and an actuator (A) domain (Fig. 2B). P-type ATPases 
undergo ATP-fueled autophosphorylation forming a 
phosphorylated intermediate during the reaction cycle, 
hence the designation ‘P-type’. Their reaction cycle 

can be described by four major conformational states, 
namely E1, E1P, E2P, and E2 (Fig. 2A). Autocatalytic 
phosphorylation (E1 → E1P) and dephosphorylation  
(E2P → E2) are accompanied by large conformational 
changes of the cytosolic domains. These rearrangements 
drive the coordinated reorientation of the transmembrane 
domains, which in turn controls substrate occlusion in 
and release from the ligand-binding cavity (Toyoshima, 
2008). Cytosolic and exoplasmic substrates are trans-
located subsequently (E1 → E1P and E2 → E2P transition, 
respectively), whereby the ion access to the hydrophobic 
core of P-type ATPases is strictly limited to either 
the cytoplasmic or exoplasmic side. This transport 
mechanism enables P-type ATPases, such as the Ca2+- 
and H+/K+-ATPases, to generate and maintain steep ion 
concentration gradients over membranes (Hasselbach, 
1983; Sachs, 1989). Structural similarities among P-type 
ATPases indicate that the overall transport mechanism 
is conserved throughout the superfamily. This implies 
that P4-ATPases acquired the ability to translocate 
phospholipids by adapting the pump mechanism to a 
giant, amphipathic substrate.

Substantial differences in physicochemical properties 

Table 1. Properties of various P4-ATPase/Cdc50 complexes

Organism P4-ATPase Cdc50 subunit Location Substrate

Homo sapiens ATP8A11,2,3,4 CDC50A/B Golgi, PM PS (PE)m,b

ATP8A24,5,6 CDC50A Golgi PS (PE)b

ATP8B13,4,7 CDC50A/B PM PS (PE)
ATP8B23,4 CDC50A/B PM ND
ATP8B43,4 CDC50A/B PM ND
ATP9A8 - TGN, EE, RE ND
ATP9B8 - TGN ND
ATP11A8 CDC50A PM, EE, RE ND
ATP11B8 CDC50A RE ND
ATP11C8,9 CDC50A PM PSm

Arabidopsis ALA110 ND ND PS (PE)
thaliana ALA211,12 ALIS1/3/5 PVC PS

ALA312 ALIS1/3/5 Golgi PS, PE (PC)

Caenorhabditis TAT-113,14,15 CHAT-1 PM, EE, RE, LE PS
elegans

Saccharomyces Drs2p16,17 Cdc50p TGN, SV PS (PE)
cerevisiae Dnf1p18,19 Lem3p PM PC, PE (PS)

Dnf2p18,19 Lem3p PM PC, PE (PS)
Dnf3p16 Crf1p TGN, SV PC (PE)
Neo1p20 - TGN, endo ND

TGN, trans-Golgi network; SV, post-Golgi secretory vesicle; PM, plasma membrane; endo, endosome; Disk, photo-
receptor disk membrane; EE, early endosome; RE, recycling endosome; PVC, prevacuolar compartment; LE, late 
endosomes; PS, phosphatidylserine; PE, phosphatidylethanolamine; PC, phosphatidylcholine; mdescribed for 
murine orthologue; bdescribed for bovine orthologue. References: 1Ding et al., 2000; 2Paterson et al., 2006; 3Bryde et 
al., 2010; 4van der Velden et al., 2010; 5Coleman et al., 2009; 6Coleman et al., 2011; 7Paulusma et al., 2008; 8Takatsu et al., 
2011; 9Yabas et al., 2011; 10Gomes et al., 2000; 11Poulsen et al., 2008; 12Lopez-Marques et al., 2010; 13Darland-Ransom et 
al., 2008; 14Ruaud et al., 2009; 15Chen et al., 2010; 16Natarajan et al., 2004; 17Alder-Baerens et al., 2006; 18Hua et al., 2002; 
19Pomorski et al., 2003; 20Wicky et al., 2004.
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and size of phospholipids and cations demands 
considerable adjustments within the transmembrane 
region of P4-ATPases. Indeed, indicative for an 
adaptation to an amphipathic substrate, anionic amino 
acid residues known to form the ligand-binding cavity 
of ion-transporting P-type ATPases are replaced in P4-
ATPases by hydrophobic and polar uncharged residues 
(Tang et al., 1996). However, a PC molecule is about  
40 times more voluminous than a single Ca2+ ion. 
Hence, it is difficult to envision that the transmembrane 
region of P4-ATPases can provide sufficient space for 
phospholipid binding and translocation. Even the 
alternative phospholipid translocation model proposing 
that only head-group and glycerol backbone of the 
phospholipid substrate are occluded by the P4-ATPase, 
while the acyl chains protrude into the hydrophobic 
membrane interior cannot resolve the ‘giant substrate 
problem’. A growing body of evidence indicates that 
accessory machinery assists P4-ATPases in phospholipid 
substrate loading and translocation (Lenoir et al., 2007). 

Inner workings of a flippase

Extensive studies on yeast and human flippases revealed 
that P4-ATPases associate with members of Cdc50 
protein family, forming heteromeric complexes with a 
proposed stoichiometry of 1 (Saito, 2004; Bryde et al., 
2010; van der Velden et al., 2010; Weingartner et al., 2010). 
Cdc50 proteins are membrane proteins consisting of two 
transmembrane domains linking two short cytosolic 
tails to an extended, N-glycosylated ectodomain, 
which is stabilized by conserved disulfide bonds  

(Fig. 2B; Coleman et al., 2011; Puts et al., unpublished 
data). Complex formation between P4-ATPase and 
Cdc50 protein is required for stability and ER export of 
the ATPase subunit (Saito et al., 2004; Chen et al., 2006; 
Bryde et al., 2010; van der Velden et al., 2010; Coleman 
et al., 2011). Recent findings indicate that in addition 
to their P4-ATPase-specific chaperone function, Cdc50 
subunits play an intimate role in the P4-ATPase reaction 
cycle (Lenoir et al., 2009; Bryde et al., 2010). For instance, 
the specific association of yeast P4-ATPase Drs2p with 
its subunit Cdc50p is required to render the ATPase 
competent for autophosphorylation. Intriguingly, the 
affinity of Drs2p for its Cdc50p binding partner fluctuates 
during the reaction cycle, with the strongest interaction 
occurring in the E2P state, the point where the enzyme 
would be loaded with phospholipid ligand (Lenoir et al., 
2009). Two recent studies suggest that Cdc50 proteins do 
not contribute directly to substrate specificity (Lopez-
Marques et al., 2010; Baldridge and Graham, 2012). By 
stabilizing the E2P conformation via a transient and 
tight association with the P4-ATPase, Cdc50 subunits 
might indirectly promote phospholipid binding and 
translocation (Fig. 3). We speculate that following 
ligand loading, the E2P-specific, structural constraint 
on the P4-ATPase is released by the reorientation of the 
Cdc50 transmembrane domains. This intermolecular 
rearrangement between P4-ATPases and Cdc50 subunit 
upon transition to the E2 state is prerequisite for the 
subsequent substrate release and further transition 
through reaction cycle. Our model implies that the 
positioning of Cdc50 transmembrane domains is 
adjusted in accordance to the conformational state 

Figure 2. Transport cycle and membrane topology of flippases and Na+/K+-pumps. (A) Transport cycle scheme of flippases (P4-
ATPases) and Na+/K+-pumps (P2C-ATPases) according to the E1/E2 model. (B) Membrane topology of flippases and Na+/K+-pumps. 
PL, phospholipid; M, transmembrane region; A, actuator domain; N, nucleotide-binding domain; P, phosphorylation domain.



Chapter 1

17

of the P4-ATPase. A promising candidate responsible 
for the communication between the transmembrane 
regions of both subunits is the Cdc50 ectodomain. Via 
potential interactions with the short exoplasmic loops 
of the P4-ATPase, the Cdc50 ectodomain might sense 
the conformational state of the ATPase and coordinate 
the orientation of the Cdc50 transmembrane domains 
accordingly.

Support for our model is provided by studies focusing 
on Na+/K+- and H+/K+-ATPases, which, in addition to 
P4-ATPases, are the only other P-type ATPases known 
to require association with a non-catalytic subunit 
for function (Bublitz et al., 2011). In addition to one 
β-subunit, Na+/K+- and H+/K+-ATPases associate with 
one regulatory γ subunit, which modulates the ATPase 
activity in a tissue-specific manner (Fig. 3; Garty et 
al., 2006). β-subunits share multiple structural and 
functional features with Cdc50 proteins. Members of 
both membrane protein families are characterized by a 
large, N-glycosylated ectodomain, which is stabilized 
by highly conserved disulfide bridges (Noguchi et al., 
1994, Beggah et al., 1997). Furthermore, β-subunits 
are required for the stability, ER export, and catalytic 
activity of both Na+/K+- and H+/K+-ATPases (Geering et 
al., 2001; Geering et al., 2008). In addition, P4-, Na+/K+-, 
and H+/K+-ATPases share a unique feature regarding 
their substrate specificity. These pumps are the sole 
P-type ATPase members transporting an exoplasmic 
substrate other than protons, namely PL or K+ ions. 
Intriguingly, the crystal structure of the Na+/K+-
ATPase in the K+-occluded E2P state suggests that the 
transmembrane domain of the β-subunit triggers the 
reorientation of transmembrane region of the ATPase 
thereby promoting occlusion of K+ ions (Shinoda et al., 
2009). The corresponding crystal structure of the Ca2+-
ATPase lacks significant cavity space for ion binding 
(Toyoshima et al., 2004). Further evidence supporting 
a crucial role of β-subunits for the translocation of 
exoplasmic substrates is provided by the findings that 
the apparent K+ affinity of Na+/K+- and H+/K+-ATPases is 
modified by β-subunits (Hasler et al., 1998; Koenderink 
et al., 1999). In conclusion, we propose that the 
translocation of an exoplasmic, non-proton substrate – 
phospholipid or K+ ions – requires an accessory subunit 
to promote ligand occlusion by stabilizing the E2P 
conformation and triggering the formation of a binding 
cavity of sufficient space.

The idea that Cdc50 proteins are integral parts of the 
flippase transport machinery is challenged by the fact 
that yeast P4-ATPase Neo1p and its human homologues 
ATP9A and ATP9B lack a Cdc50 binding partner 
(Saito et al., 2004; Takatsu et al., 2011). Among the five 
P4-ATPases in yeast, Neo1p is unique in that deletion 
of its gene is lethal (Hua et al., 2002). This raises the 
possibility that Neo1p possesses an enzymatic activity 
different from that of other P4-ATPases and for which it 
does not require a Cdc50 binding partner. Experimental 

evidence that Neo1p catalyzes lipid transport is lacking. 
Consequently, how Neo1p executes its essential 
function remains to be established.

Flippases participate in key cellular processes

Cell signaling

In eukaryotes, transbilayer lipid rearrangements 
mediated by flippases are essential for key cellular 
processes and cell survival. Exposure of PS on the cell 
surface is an early hallmark of apoptosis triggering 
phagocytic clearance of apoptotic cells (Fadok et al., 
1992). A direct role of flippases in stimulating PS-induced 
phagocytosis was demonstrated for TAT-1, a P4-ATPase 
expressed in the nematode C. elegans (Darland-Ransom 
et al., 2008). Loss of TAT-1 results in increased surface 
exposure of PS accompanied by random cell loss. This 
cell clearance occurs through a phagocytic mechanism 
dependent on PSR-1, a PS-binding phagocyte receptor, 
and CED-1, which is involved in recognition and 
engulfment of apoptotic cells. Moreover, the transient 
exposure of PE on the yeast cell surface regulates 

Figure 3. Model of the inner workings of heteromeric 
P-type ATPases. Cartoon representations of a flippase (upper 
panel) and Na+/K+-pump (lower panel) illustrating domain 
reorientation and subunit rearrangements during the transport 
cycle. Occlusion of cytosolic ligands (Na+ ions in case of the Na+/
K+ pump, and unknown for flippases) in the E1 state induces 
autophosphorylation. Upon transition into the E2P state, 
cytosolic ligands are released into the exoplasmic space. Tight 
association of transmembrane domains of accessory subunits 
with ATPase stabilizes the E2P state and triggers the binding 
of extracellular substrates (K+ ions and PL, respectively). 
Subsequent release of these high-affinity interactions allows 
further transitioning of the ATPases through the catalytic 
cycle. PL, phospholipid; M, transmembrane region; A, actuator 
domain; N, nucleotide-binding domain; P, phosphorylation 
domain.
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polarized growth during cell division of budding yeast 
(Saito et al., 2007). During apical growth of the emerging 
bud, the GTP-bound form of the small GTPase Cdc42p, 
a key-signaling molecule in cell polarity, localizes to 
the bud tip attracting actin cytoskeleton. The tip of the 
emerging bud characterized by cell-surface exposed PE 
is enriched in plasma membrane-resident P4-ATPases 
Dnf1p and Dnf2p. At a later stage of cell division, 
the Dnf1p- and Dnf2p-mediated redistribution of 
PE activates the Cdc42p-specific GTPase-activating 
proteins (Cdc42p-GAPs), Rga1p and Rga2p. Both 
GTPase-activating proteins stimulate the conversion 
of GTP-Cdc42p into the GDP-bound form. The 
subsequent dispersal of Cdc42p-GDP and hence of 
actin cytoskeleton from polarized growth sites at the 
plasma membrane results in an apical-isotropic growth 
switch initiating apolarized bud growth. In addition, 
drug-induced confinement of PE at the yeast cell surface 

leads to a cell cycle arrest in the telophase (Iwamoto et 
al., 2004). Conclusively, these findings suggest that the 
flippase-regulated redistribution of PE is essential for 
yeast cell division, polarity, and survival.

Vesicular trafficking 

Another fundamental cellular process requiring 
flippases is the biogenesis of endocytic and secretory 
vesicles, as demonstrated by the numerous P4-ATPase 
mutants associated with vesicular trafficking defects. In 
yeast, plasma membrane-resident flippases Dnf1p and 
Dnf2p are required for endocytosis at low temperature 
(Pomorski et al., 2003), whereas the loss of Drs2p 
flippase activity in trans-Golgi membranes blocks 
formation of a clathrin-dependent class of post-Golgi 
secretory vesicles (Chen et al., 1999; Gall et al., 2002). 
Furthermore, human ATP8B1 mediates apical protein 
localization (Verhulst et al., 2010), and C. elegans TAT-

Figure 4. Role of flippases in vesicle biogenesis. (A) Coat and adaptor proteins readily deform membranes of the early secretory 
pathway, which are characterized by a high lipid flip-flop rate and hence elevated bilayer flexibility (left panel). Enrichment of 
sterols in late secretory and endocytic compartments restricts spontaneous lipid flip-flop and membrane fluidity. By catalysing 
unidirectional phospholipid translocation to the cytosolic membrane leaflet, P4-ATPases assist coat components in membrane 
budding (right panel). (B) The trans-Golgi-resident P4-ATPase Drs2p is activated by phosphatidylinositol-4-phosphate (PI4P) and 
the ADP-ribosylation factor-specific guanine nucleotide exchange factor (Arf-GEF) Gea2p. Both activators bind to a regulatory 
domain in the C-terminal tail of Drs2p, suggesting a coincidence detection system to control flippase activity. Moreover, Gea2p 
triggers membrane association of the Arf, a key regulator of clathrin coat assembly. ER, endoplasmic reticulum; TGN, trans-Golgi 
network; PM, plasma membrane; AP, adaptor protein.
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1 is required for endocytosis and lysosome biogenesis 
(Ruaud et al., 2009). In Arabidopsis thaliana, ALA3 serves 
a critical role in the formation of post-Golgi vesicles in 
actively secreting cells at plant root tip (Poulsen et al., 
2008). Together with trafficking defects found in fungal 
and plant pathogens (Gilbert et al., 2006; Hu et al., 2010), 
these findings suggest that flippases serve a critical role 
in vesicle biogenesis at membranes of late secretory 
organelles.

In support of a direct role in vesicle biogenesis at 
late secretory membranes, flippases interact genetically 
and physically with components of the vesicle budding 
machinery. In yeast, genetic interactions between Drs2p, 
clathrin heavy chain (Chc1p), and the ADP-ribosylation 
factor Arf1, a Ras GTPase initiating vesicle formation, 
were detected, whereas no genetic links between Drs2p 
and COPI or COPII coat subunits were found (Chen 
et al., 1999). Furthermore, Drs2p interacts with Gea2p, 
an cytosolic, Arf-specific guanine nucleotide exhance 
factor (Arf-GEF), and AP-1, a clathrin adaptor protein 
(Chantalet et al., 2004; Liu et al., 2008). In conjunction 
with the formation defect of clathrin-coated vesicles 
observed in drs2 deletion mutants (Chen et al., 1999; 
Gall et al., 2002), these findings suggest that flippases 
serve as a recruitment platform for the vesicle coat 
machinery. However, AP-1, Gea2p, and clathrin 
assemble efficiently at trans-Golgi membranes of 
drs2 deletion strains (Liu et al., 2008). Alternatively, 
flippase-catalyzed lipid translocation might stimulate 
vesicle biogenesis by local enrichment of PS and PE 
in the cytosolic membrane leaflet. Although potential 
PS-binding proteins promoting vesicle budding have 
not been identified so far, one cannot exclude that 
an increase in cytosolic PE substantially stimulates 
membrane fission and hence vesicle formation by 
inducing negative monolayer curvature (Chernomordik 
et al., 2006). The most promising model proposes that 
flippase-catalyzed phospholipid translocation creates a 
phospholipid mass imbalance between both membrane 
leaflets (Fig. 4). The resulting lateral lipid packaging 
stress in the cytosolic leaflet would drive inward-
directed membrane bending required for formation of a 
transport vesicle. Consistent with this hypothesis, AP-1 
and clathrin are poor benders of trans-Golgi membranes 
in the absence of Drs2p (Chen et al., 1999; Liu et al., 
2008). Moreover, the stimulation of plasma membrane-
resident flippase activity results in formation of 
endocytic-like vesicles in erythrocytes (Birchmeier et 
al., 1979, Muller et al., 1994) and accelerates endocytosis 
in erythroleukemia K562 cells (Farge et al., 1999). How 
flippase activity culminates in local membrane budding 
events remains to be elucidated. Promising candidates 
for the stabilization of local bilayer deformations are 
proteins with curvature-sensing domains, such as 
BAR or ENTH proteins (McMahon et al., 2011). Being 
ubiquitous components of vesicle budding machineries, 
these proteins might support the local confinement 

Figure 5. Co-regulation of sphingolipid homeostasis and 
flippase-mediated lipid asymmetry. Complex sphingolipids 
(SLs) residing in the plasma membrane (PM) activate the 
flippase kinases Fpk1p and Fpk2p, stimulating Dnf1p- and 
Dnf2p-dependent phospholipid translocation. In addition, 
Fpk1/2p inhibit the protein kinases Ypk1p and Ypk2p, which in 
turn down-regulate Fpk1/2p activity and suppress Orm1/2p-
mediated inhibition of Lcb1/2p, the serine palmitoyltransferase 
responsible for the first committed step in SL synthesis. Ser, 
serine; FA, palmitoyl-CoA.

of flippase-induced membrane curvature to vesicle 
formation sites. In conclusion, the requirement of 
unidirectional lipid translocation for vesicle biogenesis, 
a process essential for sustaining eukaryotic life, might 
represent the principal reason why flippases evolved in 
eukaryotes.

Flippase regulation 

The importance of flippases for a multitude of cellular 
processes demands a tight regulation of their activity. 
Spatially, flippase activity is restricted to the membrane 
of residence. For instance, the trans-Golgi-resident P4-
ATPase Drs2p is activated by phosphatidylinositol-
4-phosphate (PI4P) solely enriched in trans-Golgi 
membranes (Vicinanza et al., 2008; Natarajan et al., 2009). 
Moreover, newly synthesized Dnf1p and Dnf2p traffic 
along the secretory pathway to the plasma membrane 
without exhibiting any apparent flippase activity in 
trans-Golgi membranes or post-Golgi secretory vesicles 
(Natarajan et al., 2004; Alder-Baerens et al., 2006). These 
findings indicate that flippase activity is spatially 
restricted to avoid unproductive ATP consumption and 
initiation of unwanted cellular processes. Additional 
mechanisms are required to ensure temporal regulation 
of flippase activity.
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Regulation in relation to vesicle biogenesis

In addition to PI4P, the P4-ATPase Drs2p required 
for the formation of one subpopulation of yeast post-
Golgi secretory vesicles is activated by the Arf-GEF 
Gea2p (Fig. 4B; Chantalat et al., 2004; Natarajan et al., 
2009). While PI4P attracts clathrin and GGA (Golgi-
localized, γ-ear-containing, Arf-binding) adaptor 
proteins that facilitate the vesicle coat assembly, Gea2p 
initiates vesicle biogenesis by promoting membrane 
recruitment of Arf (Behnia et al., 2005; Wang et al., 2003; 
Wang et al., 2007). Interestingly, both Gea2p and PI4P 
bind to overlapping domains located in the C-terminal 
regulatory region of the flippase (Natarajan et al., 2009). 
Hence, the synergistic activation of Drs2p by Gea2p 
and PI4P provides a coincidence detection system to 
temporal-spatially control flippase activity and hence 
vesicle formation at trans-Golgi membranes.

In C. elegans, P4-ATPase TAT-1 involved in budding 
and tubulation of endolysosomal organelles is 
controlled by NUM-1A, a member of the Numb protein 
family regulating endocytosis (Nilsson et al., 2011). In 
a tissue-specific manner, NUM-1A blocks endocytic 
recycling by inhibiting TAT-1 translocase activity. 
Numb proteins bind i.a. clathrin adaptor α-adaptin 
and numerous proteins of the epsin15 homology 
domain family involved in both clathrin-dependent and 
-independent endocytosis (Gulino et al., 2010). Alike the 
regulation of yeast Drs2p, the regulatory mechanism of 
TAT-1 provides evidence for a functional link between 
flippases and vesicle coat machinery. Moreover, the 
regulatory role of Numb proteins in other cellular 
processes such as cell division and cell migration 
suggests that Numb protein-controlled flippase activity 
is critical beyond the regulation of vesicle biogenesis 
(Gulino et al., 2010).

Regulation in relation to sphingolipid and sterol 
homeostasis

Cell growth, division, and survival require proper 
maturation and function of cellular membranes. In 
late secretory membranes, flippase-mediated lipid 
asymmetry needs to be coordinated with sphingolipid 
and sterol levels. Recent findings in yeast provided first 
insights into intricate regulatory networks. For instance, 
the yeast plasma membrane-resident P4-ATPases Dnf1p 
and Dnf2p are activated by specific kinases, namely 
Fpk1p and Fpk2p (Fig. 5; Nakano et al., 2008). In line 
with their regulatory role in cell division, Dnf2p and 
Fpk1p are directly stimulated by phosphorylation 
mediated by Cdk1p, the main cell cycle cyclin-
dependent kinase (Ubersax et al., 2003; Holt et al., 
2009). Intriguingly, Fpk1p requires the complex yeast 
sphingolipid mannosylinositol phosphorylceramide 
(MIPC) for optimal activity (Roelants et al., 2010). Fpk1p 
is additionally inhibited by two protein kinases, namely 
Ypk1p and Ypk2p, which in turn are activated by the 

protein kinases Pkh1p and Pkh2p (Casamayor et al., 
1999). As activators of the Pkc1-MAPK pathway, Pkh1p 
and Pkh2p are required for cell wall integrity, cell 
growth, and survival (Inagaki et al., 1999; Roelants et 
al., 2002). Furthermore, Ypk1p and Ypk2p are activated 
by TORC2 involved in cell cycle-dependent regulation 
of actin cytoskeleton dynamics (Cybulski et al., 2009). 
Interestingly, TORC2 regulates ceramide synthase via 
Ypk2p (Aronova et al., 2008). This complex regulatory 
network reveals a tight control of flippase activity in 
correspondence to sphingolipid metabolism.

Another promising candidate for the regulation of 
membrane homeostasis is Sac1p, the PI4P phosphatase. 
Under normal growth conditions, Sac1p is localized 
to the ER, where it forms together with Orm proteins, 
Lcb1p and Lcb2p the so-called SPOTS complexes 
(Breslow and Weissman, 2010; Han et al., 2010). Both 
Lcb1p and Lcb2p catalyze the initial synthesis step of 
ceramide, the sphingolipid precursor (Buede et al., 
1991; Nagiec et al., 1994). Under conditions of sufficient 
sphingoid base levels, SPOTS complex formation 
inhibits Lcb1/2p activity. Low sphingoid base levels, 
however, result in SPOTS complex dissociation 
releasing active Lcb1/2p and Sac1p (Breslow et al., 2010). 
Intriguingly, Sac1p relocalizes to the Golgi upon nutrient 
limitation reducing PI4P levels and hence slowing down 
vesicular trafficking by depleting the Drs2p-activiting 
lipid (Faulhammer et al., 2005; Blagoveshchenskaya et 
al., 2008). It is tempting to speculate that according to 
nutrient and sphingoid base levels, Sac1p cycles between 
ER and Golgi inhibiting either sphingolipid synthesis or 
flippase activity. Hence, in addition to TORC2, Sac1p 
might represent a key component intertwining the 
regulation of sphingolipid concentrations and flippase-
mediated lipid asymmetry as well as vesicle biogenesis. 
Both networks could provide a regulatory mechanism 
to maintain homeostasis of late secretory membranes.  

Flippase dysfunction and disease

Flippases are expressed in eukaryotes of distinct 
evolutionary background ranging from ciliates and 
protozoa to mammals (Thever et al., 2009). Generally, 
genomes of metazoan organisms encode more flippase 
isoforms than genomes of eukaryotic protozoa. For 
instance, man and the plant Arabidopsis thaliana express 
14 and 12 distinct flippase isoforms, respectively. In 
contrast, the parasite Leishmania donovani and budding 
yeast Saccharomyces cerevisiae exhibit only 1 and 5 
flippase variants, respectively. This difference in isoform 
number implies that flippases expressed in metazoan 
organisms fulfill tissue-specific tasks. Consistently, 
human disorders associated with flippase mutations 
manifest in a disease-specific set of tissue, such as liver, 
brain, and testis. The severity of related phenotypes 
emphasizes the physiological relevance of flippases for 
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cellular homeostasis.

ATP8B1 and FIC1 disease

Familial cholestasis type I (FIC1), a severe autosomal 
liver disorder, is caused by mutations in the PS-
translocating flippase ATP8B1 (Bull et al., 1998; 
Paulusma et al., 2006). FIC1 is primarily characterized 
by intrahepatic cholestasis, an impairment in bile flow 
through the liver. Normally, ATP8B1 co-localizes with 
the bile salt export pump ABCB11 to the canalicular 
membrane of hepatocytes (Gerloff et al., 1998; Eppens 
et al., 2001). Driving the formation and flow of bile, 
ABCB11 catalyzes the secretion of bile salts into the bile 
canalicuclus. In addition, the bile is actively enriched in 
PC and cholesterol. FIC1 patients form coarsely granular 
bile with increased levels of sterols and PS (Stapelbroek 
et al., 2006). Recent findings led to a model for the 
pathophysiologic mechanism underlying cholestasis 
caused by ATP8B1 deficiency (Paulusma et al., 2006). 
By clearing PS from the exoplasmic surface, ATP8B1 
maintains sphingolipids and sterols in a tightly packed 
and highly ordered state to protect the canalicular 
membrane against the detergent action of hydrophobic 
bile salts. Loss of ATP8B1 would lead to cell surface 
exposure of PS, causing a reduction in the lipid packing 
density of the exoplasmic leaflet and increasing the 
extraction of sterols by bile salts. The loss of sterols from 
the bilayer in turn may compromise ABCB11-mediated 
bile salt secretion, leading to the manifestation of 
intrahepatic cholestasis (Paulusma et al., 2006).

FIC1 disease also presents with numerous 
extrahepatic, bile secretion-independent symptoms, 
including pancreatitis, diarrhea, and hearing loss 
(Lykavieris et al., 2003; Stapelbroek et al., 2009; 
Pawlikowska et al., 2010). These extrahepatic 
manifestations are linked to the expression of ATP8B1 
in the apical membrane of pancreatic acinar cells, 
enterocytes, and cochlear hair cells (van Mil et al., 2004; 
Stapelbroek et al., 2009). Studies performed on cochlear 
hair cells and enterocytes revealed that ATP8B1 is critical 
for apical protein expression and microvilli formation 
(Stapelborek et al., 2009; Verhulst et al., 2010). Thus, 
ATP8B1 may serve dual role as molecular scaffold for 
the recruitment of actin cytoskeleton elements involved 
in microvilli formation in polarized epithelial cells. This 
indicates that flippase activity-dependent as well as 
-independent functions of ATP8B1 are critical for proper 
apical membrane organization and that both aspects of 
ATP8B1 functionality are reflected in the pleiotropic 
manifestation of FIC1 disease.

Pleiotropic effects of flippase dysfunction on metazoan 
physiology

Deficiencies of other flippases are linked to disorders 
with a wide spectrum of pathologies in man and mice. 
One of these, the human ATP8A2, a PS/PE-transporting 
flippase, is highly expressed in brain, testis, and 

photoreceptor disk membranes. Haploinsufficiency 
of ATP8A2 was suggested to be involved a severe 
neurological phenotype manifested in moderate mental 
retardation and severe hypotonia (Cacciagli et al., 2010). 
Two murine flippase isoforms, which are exclusively 
expressed in testis, are implicated in spermatogenesis 
and fertilization (Wang et al., 2004; Gong et al., 2009; 
Xu et al., 2009). FetA expression and localization to 
acrosomal region is tightly correlated with acrosome 
formation in mice sperm cells. Atp8b3 also localizes 
to acrosomal membranes affecting fertilization as 
reflected by a smaller litter size of Atp8b3 -/- male mice. 
Interestingly, murine Atp11c plays an essential role in B 
lymphopoiesis being required for B cell development in 
adult bone marrow (Siggs et al., 2011a; Yabas et al., 2011). 
Atp11c deficiency interferes with differentiation of pro-B 
cells into pre-B and immature B cells leading to humoral 
immune insufficiency. Additionally, Atp11c exerts an 
extrahematopoietic function in prevention of cholestasis 
(Siggs et al., 2011b). Dysfunction of the putative flippase 
ATP10A is linked to obesity, type II diabetes, and non-
alcoholic fatty liver disease in man and mice (Meguro 
et al., 2001; Dhar et al., 2004). Although the molecular 
basis of these disorders and the flippase dependency on 
the phenotype manifestation remain to be established, 
these flippase-related diseases underline the ubiquitous 
and broad implication of flippases on tissue- and cell 
developmental processes, and eukaryotic life in general.

Outlook 

Flippase-mediated phospholipid transport is primarily 
responsible for establishing and maintaining the 
transbilayer lipid asymmetry characteristic for 
eukaryotic plasma membranes. Reconstitution 
experiments indicate that P4-ATPases, a subclass of the 
cation-pumping P-type ATPase superfamily, directly 
catalyze phospholipid transport. Whether P4-ATPases 
are also sufficient to mediate this event is not known. In 
fact, there is evidence that P4-ATPases rely on accessory 
Cdc50 proteins to accomplish their task. An attractive 
concept is that Cdc50 subunits evolved to facilitate 
loading of the ATPase with the bulky phospholipid 
by stabilizing the substrate-bound E2P state. A full 
understanding of how flippases work will require 
precise information on the molecular architecture of 
the P4-ATPase-Cdc50 complex as well as the dynamic 
interplay of its subunits during phospholipid 
translocation.  

In keeping with their role in a variety of key 
physiological processes, loss of P4-ATPase-dependent 
flippase activity and subsequent disruption of lipid 
asymmetry leads to a broad spectrum of pathologies, 
including intrahepatic cholestasis, hearing loss, diabetes, 
and mental retardation. These clinical manifestations 
clearly indicate that many plasma membrane-
associated processes rely on a correct transbilayer 
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lipid arrangement. Not surprisingly, P4-ATPases are 
subject to tight spatial and temporal regulation by 
an intricate network of kinases, coat proteins, and 
signaling lipids. Recent findings point to an intertwined 
control of flippase activity and sphingolipid synthesis, 
suggesting that the co-regulation of sphingolipid 
accumulation and transbilayer lipid redistribution 
along the secretory pathway is a prerequisite for 
proper maturation of the plasma membrane. As a 
vital feature of eukaryotic cells, the resulting lipid 
asymmetry of the plasma membrane ensures proper 
membrane impermeability and integrity as well as 
membrane protein functionality, explaining the severe 
and pleiotropic effects of P4-ATPase dysfunction on 
metazoan physiology. However, the increase in bilayer 
rigidity of late secretory and endocytic membranes due 
to elevated sphingolipid and sterol levels interferes with 
the bilayer bending capacity. Compelling experimental 
evidence suggests that vesicle biogenesis at these rigid 
membranes critically depends on P4-ATPase-dependent 
flippase activity. Hence, an intriguing model is that the 
unidirectionality of flippase-catalyzed phospholipid 
translocation creates a transbilayer lipid mass 
imbalance that facilitates membrane bending of these 
rigid bilayers. Reconstitution of flippases into giant 
proteoliposomes will be required to verify this concept, 
which provides ground for the speculation that the 
significance of vesicular trafficking for eukaryotic life 
may have initially necessitated the evolvement of these 
fascinating phospholipid translocases. 
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ABSTRACT

Members of the P4 subfamily of P-type ATPases catalyze phospholipid transport and create membrane lipid 
asymmetry in late secretory and endocytic compartments. P-type ATPases usually pump small cations and the 
transport mechanism involved appears conserved throughout the family. How this mechanism is adapted to 
flip phospholipids remains to be established. P4-ATPases form heteromeric complexes with CDC50 proteins. 
Dissociation of the yeast P4-ATPase Drs2p from its binding partner Cdc50p disrupts catalytic activity, suggesting 
that CDC50 subunits play an intimate role in the mechanism of transport by P4-ATPases. The human genome 
encodes 14 P4-ATPases while only three human CDC50 homologues have been identified. This implies that 
each human CDC50 protein interacts with multiple P4-ATPases or, alternatively, that some human P4-ATPases 
function without a CDC50 binding partner. Here, we show that human CDC50 proteins each bind multiple 
class-1 P4-ATPases, and that in all cases examined, association with a CDC50 subunit is required for P4-ATPase 
export from the ER. Moreover, we find that phosphorylation of the catalytically important Asp residue in human 
P4-ATPases ATP8B1 and ATP8B2 is critically dependent on their CDC50 subunit. These results indicate that 
CDC50 proteins are integral part of the P4-ATPase flippase machinery.

INTRODUCTION 

In eukaryotic cells, the plasma membrane as well 
as membranes of late secretory and endocytic 
compartments display asymmetric lipid distributions 
with the aminophospholipids phosphatidylserine (PS) 
and phosphatidylethanolamine (PE) concentrated in the 
cytosolic leaflet (Op den Kamp, 1979; Alder-Baerens et 
al., 2006; van Meer et al., 2008). Maintenance of this lipid 
asymmetry has been implicated in membrane bending 
and the biogenesis of endocytic and secretory vesicles 
(Devaux, 2000; Pomorski et al., 2003; Graham, 2004), 
while its regulated dissipation is associated with a 
multitude of (patho)physiological processes, including 
blood coagulation, sperm capacitation, myoblast fusion, 
virus entry into host cells, and phagocytic clearance 
of apoptotic bodies (Kinnunen and Holopainen, 
2000; Balasubramanian and Schroit, 2003; Mercer 
aand Helenius, 2008). Consequently, defining the 
mechanisms responsible for creating lipid asymmetry 
and their functional implications has become an active 
area of research.

A widely held concept is that lipid asymmetry is 
generated and maintained by ATP-fuelled translocases 
that catalyze unidirectional transport of phospholipids 
across the bilayer (Devaux, 1991; Daleke, 2007). A 
prime example is the aminophospholipid translocase 
in red blood cells that mediates a rapid transport of PS 
and PE from the exoplasmic to the cytosolic leaflet of 
the membrane (Seigneuret and Devaux, 1984). Similar 
activities operate at the plasma membrane (Pomorski 
et al., 1999), in the trans-Golgi network (Natarajan et al., 
2004), and in post-Golgi secretory vesicles of nucleated 
cells (Alder-Baerens et al., 2006, Zachowski et al., 1989). 
Purification and subsequent cloning of a Mg2+-ATPase 
associated with aminophospholipid translocase activity 
in bovine chromaffin granules resulted in identification 
of the P4 subfamily of P-type ATPases (Tang et al., 1996). 
Subsequent work in yeast (Alder-Baerens et al., 2006, 
Pomorski et al., 2003; Natarajan et al., 2004), Arabidopsis 
(Gomès et al., 2000; Poulsen et al., 2008), C. elegans 

(Darland-Ransom et al., 2008), and mammals (Wang et 
al., 2004; Paulusma et al., 2006) revealed that P4-ATPases 
are indeed required for sustaining aminophospholipid 
transport and asymmetry while two recent studies 
demonstrated the reconstitution of aminophospholipid 
translocase activity with a purified P4-ATPase (Zhou 
and Graham, 2009; Coleman et al., 2009). 

P-type ATPases usually pump small cations or metal 
ions. Besides P4-ATPases, the superfamily of P-type 
pumps includes soft-transitional metal-transporting 
ATPases (P1), Ca2+-ATPases (P2A/B), Na+/K+-ATPases 
and H+/K+-ATPases (P2C), and H+-ATPases (P3)(Axelsen 
and Palmgren, 1998). Transport is accomplished 
by cycling changes between two main enzyme 
conformations, E1 and E2, during which the ATPase 
is transiently phosphorylated by ATP at an invariant 
aspartate residue (hence the designation ‘P-type’). 
This arrangement allows for a controlled opening and 
closing of cytoplasmic and exoplasmic pathways that 
give access to the cation-binding sites, which are buried 
inside the membrane-spanning region of the pump 
(Kuhlbrandt, 2004). High-resolution X-ray structures of 
sarcoplasmic reticulum Ca2+-ATPase (Toyoshima and 
Inesi, 2004; Olesen et al., 2007), Na+/K+-ATPase (Morth et 
al., 2007; Shinoda et al., 2009), and H+-ATPase (Pedersen 
et al., 2007) in well-defined states of the reaction cycle 
revealed similar structural elements and that the 
transport mechanism rests on common principles for 
these pumps. 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. In 
P4-ATPases, these anionic residues have been largely 
replaced by a mixture of hydrophobic and polar 
uncharged residues (Tang et al., 1996; Lenoir et al., 2007). 
Yet how the conserved mechanism of P-type ATPase-
mediated cation transport is adapted in P4-ATPases to 
flip phospholipids is not understood. 

P4-ATPases form heteromeric complexes with 
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members of the CDC50 protein family (Saito et al., 
2004; Furuta et al., 2007). CDC50 proteins consist of two 
membrane spans and a large exoplasmic loop, which 
is stabilized by one or more disulfide bonds. Mutation 
of CDC50 genes in yeast and Arabidopsis has been 
shown to phenocopy P4-ATPase mutations and disrupt 
aminophospholipid transport and asymmetry (Poulsen 
et al., 2008; Saito et al., 2004; Kato et al., 2002; Chen et 
al., 2006). Presumably, this is because assembly of a P4-
ATPase/CDC50 complex is a prerequisite for P4-ATPase 
export from the endoplasmic reticulum (ER)(Poulsen 
et al., 2008; Saito et al., 2004; Furuta et al., 2007; López-
Marqués et al., 2010). Human ATP8B1, a P4-ATPase 
linked to familial intrahepatic cholestasis or Byler 
disease (Bull et al., 1998), requires a CDC50 homologue 
for ER export and delivery to the plasma membrane 
(Paulusma et al., 2008). While these studies clearly 
demonstrate that CDC50 proteins are indispensable for 
proper intracellular targeting of P4-ATPases, they do not 
address whether CDC50 proteins also contribute to the 
transport properties of the complex. An intimate role for 
CDC50 proteins in P4-ATPase-catalyzed phospholipid 
transport can be inferred from our recent finding that 
dissociation of the yeast P4-ATPase Drs2p from its 
binding partner Cdc50p disrupts the ability of the 
enzyme to form a phosphoenzyme intermediate (Lenoir 
et al., 2009). Using a genetic reporter system, we also 
found that the affinity of Drs2p for Cdc50p fluctuates 
during the reaction cycle with the strongest interaction 
occurring at or near a point where the enzyme is loaded 
with phospholipid ligand (Lenoir et al., 2009). Together, 
these results suggest that CDC50 proteins play a critical 
role in the P4-ATPase transport reaction. 

Yeast contains three CDC50 homologues on five P4-
ATPases (Saito et al., 2004) while Arabidopsis has five 
CDC50 homologues on 12 P4-ATPases (Poulsen et al., 
2008; López-Marqués et al., 2010). Most strikingly, the 
human genome encodes only three CDC50 homologues 
on a total of 14 different P4-ATPases (Paulusma and 
Oude Elferink, 2005). In addition, expression of one 
of the CDC50 homologues, CDC50C, is restricted to 
testis (Katoh and Katoh, 2004). This implies that each 
human CDC50 protein interacts with multiple P4-
ATPases or, alternatively, that some human P4-ATPases 
function alone. To gain further insight into the role of 
CDC50 proteins in P4-ATPase-catalyzed phospholipid 
transport, we here set out to systematically map physical 
and functional interactions between human class-1 P4-
ATPase and CDC50 family members.

RESULTS

Expression of class-1 P4-ATPases and CDC50 proteins 
in human cell lines

To systematically investigate interactions between 
human P4-ATPases and CDC50 proteins, we first 

analyzed their endogenous expression in human HeLa 
cervical carcinoma and Caco-2 intestinal carcinoma cells. 
For P4-ATPases we focused on the six members of the 
ATP8 or class-1 cluster, i.e. ATP8A1, ATP8A2, ATP8B1, 
ATP8B2, ATP8B3, and ATP8B4. RT-PCR analysis 
revealed the presence of mRNA for all six ATPases in 
HeLa cells, and for all except ATP8B3 in Caco2 cells  
(Fig. 1A). Remarkably, both cell types contained mRNA 
for CDC50A, but lacked any detectable amount of 
mRNA for the other two CDC50 family members, 
CDC50B and CDC50C (Fig. 1B). This indicates that 
HeLa and Caco 2 cells each contain CDC50A as the only 
putative P4-ATPase interaction partner.

Subcellular localization of human class-1 P4-ATPases 
and CDC50 proteins

ATP8B1 and its binding partner CDC50A are localized 
at the apical membrane of hepatocytes and intestinal 
epithelial cells (Paulusma et al., 2008; Eppens et al., 2001; 
van Mil et al., 2004). The localization of other human 
class-1 P4-ATPases and CDC50 family members has 
not been established yet. We therefore analyzed the 
subcellular distribution of epitope-tagged versions of 
these proteins in transiently transfected HeLa cells. 
Confocal immunofluorescence microscopy showed 
that HA-tagged ATP8B1, ATP8B2, and ATP8B4 
localize primarily at the plasma membrane (Fig. 2A). 
HA-tagged ATP8A1, on the other hand, displayed a 
perinuclear staining and co-localized with the Golgi-
marker formiminotransferase-cyclodeaminase (FTCD), 
indicating that this enzyme resides in the Golgi 
complex. When expressed at very high levels, these P4-
ATPases also showed a nuclear-envelope and reticular 
staining that coincided with the ER marker protein 
disulfide isomerase (PDI; Fig. 2A, ATP8B4-HA positive 
cell marked with an asterisk). When expressed at 
moderate levels, V5-tagged CDC50A and CDC50B each 
localized mainly at the plasma membrane (Fig. 2B). In 
contrast, V5-tagged CDC50C was never found at the 
plasma membrane and localized exclusively in the ER 
and perinuclear region.

CDC50 proteins are common binding partners of human 
class-1 P4-ATPases

To directly test for physical interactions between 
human class-1 P4-ATPases and CDC50 proteins, we 
next performed immunoprecipitation studies on HeLa 
cells transiently transfected with different combinations 
of HA-tagged P4-ATPase and V5-tagged CDC50 
expression constructs. Expression of tagged protein 
was verified by immunoblotting of total cell membranes 
(Fig. 3A). Digitonin-solubilized membranes were used 
to immunoprecipitate V5-tagged CDC50 proteins with 
anti-V5 agarose and immunoprecipitates were then 
analyzed for the presence of HA-tagged P4-ATPases 
by immunoblotting. ATP8B1-HA was undetectable in 
immunoprecipitates of cells expressing ATP8B1-HA in 
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Figure 1. Expression of class-1 P4-ATPase and CDC50 
transcripts in human Caco-2 and HeLa cells. RT-PCR was 
performed on total RNA isolated from Caco-2 and HeLa 
cells. RNA was omitted in control reactions. Primers used are 
described in Supplementary Table 1. CDC50B primers were 
verified using genomic DNA as template (CDC50B*). Sizes 
of expected and detected mRNA-derived DNA amplification 
products are as follows: ATP8A1 476 bp, ATP8A2 481 bp, 
ATP8B1 300 bp, ATP8B2 237 bp, ATP8B3 385 bp, ATP8B4     
525 bp, CDC50A 1094 bp, CDC50B 442 bp, CDC50B* 971 bp, 
CDC50C 555 bp.

the absence of V5-tagged CDC50 proteins. However, 
co-expression of ATP8B1-HA with either CDC50A-V5 
or CDC50B-V5 resulted in co-immunoprecipitation 
of ATP8B1-HA (Fig. 3B). The immunoprecipitates 
were devoid of ATP1A1, the catalytic α-subunit of 
the plasma membrane-associated Na+/K+–ATPase. 
These results indicate that ATP8B1 interacts directly 
and specifically with both CDC50A and CDC50B, in 
agreement with a previous study (Paulusma et al., 2008). 
Immunoprecipitation analysis of ATP8B2, ATP8B4, and 
ATP8A1 showed that all three enzymes physically 
interact with both CDC50 subunits. Together, these 
results indicate that CDC50 proteins are common 
binding partners of human class-1 P4-ATPases.

From the immunoblots of the total cell lysates, we 
noticed a remarkable correlation between expression 
levels of epitope-tagged P4-ATPases and CDC50 
proteins. In particular, co-transfection of cells with 
CDC50B-V5 increased expression levels of all four 
P4-ATPases relative to their expression levels in 
CDC50A-V5 transfected or untransfected cells (Fig. 3A). 
This suggests that, even though CDC50B is not a natural 
binding partner of class-1 P4-ATPases in HeLa cells, its 
physical interaction with these enzymes has functional 
consequences.

CDC50 proteins are required for export of human class-1 
P4-ATPases from the ER

P4-ATPase-CDC50 complex formation in yeast is 
essential for P4-ATPase export from the ER (Saito et al., 
2004; Furuta et al., 2007). Moreover, co-expression of 
CDC50A or CDC50B is needed to direct ATP8B1 from 
the ER to the plasma membrane in CHO-derived UPS-
1 cells (Paulusma et al., 2008). In view of the foregoing 
localization studies in HeLa cells, it is possible that 
the endogenous levels of CDC50 proteins in UPS-1 
cells fall short to enable plasma membrane delivery 
of heterologously expressed ATP8B1. To investigate 
whether human class-1 P4-ATPases in general rely on 
CDC50 proteins for ER export, different combinations 
of red fluorescent protein (RFP)-tagged P4-ATPases and 
V5-tagged CDC50 proteins were expressed in UPS-1 
cells and their subcellular distributions were examined 
by confocal fluorescence microscopy. RFP-tagged 
ATP8B1, ATP8B2, ATP8B4, and ATP8A1 expressed 
in UPS-1 cells did not reach the plasma membrane 
and accumulated in the ER (Fig. 4, controls). When 
co-expressed with CDC50A-V5 or CDC50B-V5, a 
substantial portion of ATP8B1-RFP was found at the 
plasma membrane (Fig. 4A). Likewise, co-expression 
of CDC50A-V5 or CDC50B-V5 shifted the localization 
of RFP-tagged ATP8B2, ATP8B4, and ATP8A1 from 
the ER to the plasma membrane (Fig. 4B-D). The 
plasma membrane delivery of ATP8A1 in CDC50-
expressing UPS-1 cells was unexpected, given that this 
enzyme primarily localizes to the Golgi in HeLa cells  
(Fig. 2A). Why UPS-1 cells are unable to retain ATP8A1 
in the Golgi remains to be established. In any case, the 
CDC50-mediated redistribution of P4-ATPases in UPS-1 
cells was highly reproducible (Fig. 4E) and independent 
of the transport competence of these enzymes, since a 
considerable fraction of catalytically dead mutants of 
ATP8B1 and ATP8B2 (i.e. ATP8B1D454N and ATP8B2D425N) 
still reached the plasma membrane when co-expressed 
with CDC50A-V5 or CDC50B-V5 (Fig. 5). Hence, rather 
than being a unique property of ATP8B1, requirement of 
a CDC50 subunit for ER export is a wide-spread feature 
among human class-1 P4-ATPases.

Purification of human class-1 P4-ATPase/CDC50 
complexes

Co-expression of ATP8B1 with CDC50A or CDC50B has 
been shown to restore NBD-PS transport at the plasma 
membrane of PS transport-defective UPS-1 cells, while 
expression of ATP8B1 alone had no effect (Paulusma 
et al., 2008). Whether CDC50 proteins are directly 
involved in ATP8B1-catalyzed lipid transport and serve 
a role beyond facilitating ER export of the enzyme is 
not known. This led us to analyze the catalytic activity 
of ATP8B1 and ATP8B2 purified from baculovirus-
infected insect cells in the absence or presence of a 
CDC50 binding partner. Co-expression was achieved 
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Figure 2. Subcellular localization of human class-1 P4-
ATPases and CDC50 proteins in HeLa cells. (A) Confocal 
microscopy projections of HeLa cells expressing HA-tagged 
human P4-ATPases and immunostained with antibodies 
against HA, the ER-marker PDI and the Golgi-marker FTCD. 
When expressed at a very high level, HA-tagged P4-ATPases 
accumulate in the ER (cell marked with asterisk). (B) Confocal 
microscopy projections of HeLa cells expressing V5-tagged 
human CDC50A, human CDC50B, and macaque CDC50C and 
immunostained with antibodies against V5 and PDI. Arrows 
indicate sites of clear plasma membrane staining. Bars, 10 µm.

Figure 3. Human CDC50 proteins physically interact with 
multiple human class-1 P4-ATPases. HeLa cells co-expressing 
combinations of HA-tagged P4-ATPases and V5-tagged CDC50 
proteins were lysed, extracted with digitonin, and subjected to 
immunoprecipitation using anti-V5 antibody-loaded agarose 
beads. Total cell lysates (A) and immunoprecipitates (B) were 
analyzed by immunoblotting using antibodies against HA, 
V5, and the plasma membrane-associated Na+/K+-ATPase 
α-subunit ATP1A1. HeLa cells expressing HA-tagged P4-
ATPases in the absence of V5-tagged CDC50 proteins were 
used as control (-). Because expression levels of CDC50B were 
generally much higher than for CDC50A, the corresponding 
samples were 50-fold diluted prior to immunoblot analysis 
with the anti-V5 antibody.

by co-infecting insect cells with two recombinant 
viruses, one for expression of poly-histidine and HA-
tagged ATP8B1, or ATP8B2, and the other one for 
expression of V5-tagged CDC50A. Attempts to create 
stable viral stocks for heterologous expression of V5-
tagged CDC50B were unsuccessful. Heterologous 
expression of the tagged proteins was verified by 

immunoblotting (data not shown). Crude membranes 
prepared from infected insect cells were solubilized 
using digitonin. The extracts were subjected to Ni2+-
NTA affinity chromatography. Fig. 6A shows the Ni2+-
NTA elution profiles of ATP8B1 expressed alone (left 
panel) or in combination with CDC50A (right panel). 
Similar Ni2+-NTA elution profiles were obtained for 
ATP8B2. The presence of stable ATP8B1-CDC50A and 
ATP8B2-CDC50A complexes in the eluates was verified 
by co-immunoprecipitation analysis using anti-V5 
agarose (data not shown). Peak fractions were pooled 
and analyzed for P4-ATPase-mediated catalytic activity, 
as described below. 

Phosphoenzyme formation of human class-1 P4-
ATPases ATP8B1 and ATP8B2 requires a CDC50 binding 
partner

An essential step in the reaction cycle of P-type ATPases 
is formation of an acid-stable, phosphorylated Asp 
residue. Formation of this phosphoenzyme intermediate 
requires ATP and is blocked by orthovanadate (VO4), 
a potent inhibitor of P-type ATPases (Cantley et al., 
1978). To investigate whether ATP8B1 is able to form 
a phosphoenzyme intermediate in vitro, the affinity-
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Figure 4. Human P4-ATPases require CDC50 proteins for ER-export. Confocal microscopy projections of CHO-K1 derived 
UPS-1 cells expressing RFP-tagged ATP8B1 (A), ATP8B2 (B), ATP8B4 (C), and ATP8A1 (D) in the presence or absence of V5-
tagged CDC50A or CDC50B. Cells were immunostained with antibodies against V5 and the ER-marker PDI. For each sample, a 
representative picture is shown. Bar, 10 µm. (E) Quantification of CDC50-dependent redistribution of P4-ATPases in UPS-1 cells. 
For each condition, more than two hundred cells were examined and categorized as ‘ER’ if the RFP-tagged P4-ATPase was fully 
retained in the ER or as ‘ER + PM’ in case a substantial portion of the RFP-tagged P4-ATPase localized at the plasma membrane.

purified protein was incubated with [γ−32P]ATP at  
4 °C, run on a gel, and analyzed by autoradiography. 
Because the presence of aminophospholipid substrate 
is expected to stimulate dephosphorylation of the 
phosphoenzyme intermediate (Lenoir et al., 2007; Ding 
et al., 2000), endogenous phospholipid was removed by 
washing the Ni2+-NTA-bound P4-ATPases extensively 
in buffer containing 0.05% digitonin and 0.2 mg/ml of 
nonsubstrate phospholipids phosphatidylcholine and 
phosphatidic acid. 

When purified in the absence of its binding partner 
CDC50A, ATP8B1 was unable to form a VO4-sensitive 
phosphoenzyme intermediate (Fig. 6B,C). This was 

also the case when incubations were performed at an 
elevated temperature (30 °C) and/or in the presence 
of the putative phospholipid substrate PS (Fig. 7B; 
data not shown). In contrast, ATP8B1 purified as a 
complex with CDC50A readily formed a VO4-sensitive 
phosphoenzyme intermediate. Formation of this 
intermediate was completely blocked by mutation 
of the catalytically important Asp residue at position 
454 (D454N; Fig. 6B,C). Hence, formation of the 
phosphoenzyme intermediate of ATP8B1 is critically 
dependent on its CDC50 binding partner. 

Phosphorylation of ATP8B1 in the presence of CDC50A 
reached a maximum within 5 s after addition of [γ-32P]-
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Figure 5. Human P4-ATPases and their catalytically inactive 
aspartate mutants strictly depend on CDC50 proteins 
for ER export. (A,C) Confocal microscopy projections of 
CHO-K1 derived UPS-1 cells expressing RFP-tagged ATP8B1, 
ATP8B1D454N, ATP8B2 or ATP8B2D425N in combination with V5-
tagged CDC50A or CDC50B. Cells were immunostained with 
antibodies raised against V5 and the ER-marker PDI. For each 
condition, a representative picture is displayed. Bar, 10 µm. 
(B,D) Quantification of CDC50-dependent redistribution of P4-
ATPases and their enzymatically inactive aspartate mutants in 
UPS-1 cells. For each sample, more than two hundred double-
transfected cells were examined and categorized by presence 
or absence of P4-ATPase-derived plasma membrane staining.

ATP at 4 °C (Fig. 7B). This rate of phosphorylation was 
very similar to that observed for the P-type Ca2+-pump 
SERCA in muscle sarcoplasmic vesicles in the presence 
of Ca2+ (Fig. 7A). The stoichiometry of phosphorylation 
for ATP8B1 was 10-fold lower than that for SERCA  
(10 mmol/mol versus 100 mmol/mol enzyme, 
respectively). This is not unexpected considering that 
the enzymatic activity of ATP8B1 was analyzed in 
detergent extracts rather than in its native membrane 
environment. Binding of phospholipid substrate 
would be required for P4-ATPases to dephosphorylate, 
analogous to the role of protons in dephosphorylation 
of SERCA (Lenoir et al., 2007). Addition of excess cold 
ATP triggered a fast (t1/2 < 2 s) and complete release of 
32P from the phosphoenzyme intermediate of SERCA  
(Fig. 7A). In contrast, only a minor fraction (maximum 
10%) of the phosphoenzyme intermediate of ATP8B1 
could be dephosphorylated in the presence of cold ATP, 
even if the incubation mixtures contained PS, which 
would be essential to complete this step (Fig. 7C). Hence, 
the bulk of ATP8B1 molecules associated with CDC50A 
is unable to progress through the reaction cycle. 

P-type ATPases normally undergo a conformational 
transition from a high energy E1P to a lower energy E2P 
form (Lenoir et al., 2007). 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. As shown in Fig. 7C, CDC50A-
associated ATP8B1 could not react with ADP. This 
indicates that the bulk of the ATP8B1-CDC50A complex 
entering the reaction cycle is readily processed from E1 
to E1P and from E1P to E2P, but then gets stuck at the 
E2P stage. In line with this observation, the Ni2+-NTA 
fractions used for the phosphorylation assays did not 
contain any ATPase activity that could be traced back 
to ATP8B1 (Fig. 8). Hence, although ATP8B1 associated 
with CDC50A is capable of phosphoenzyme formation, 
CDC50A binding by itself is not sufficient to allow 
subsequent dephosphorylation of the enzyme, even in 
the presence of its putative substrate, PS. 

We next investigated whether the requirement 
of a CDC50 subunit for phosphorylation of ATP8B1 
extends to other human class-1 P4-ATPases. ATP8B2 
purified as a complex with CDC50A readily formed a 
VO4-sensitive phosphoenzyme intermediate, although 
the stoichiometry of phosphorylation (0.4 mmol/
mol of enzyme) was substantially lower than that of 
ATP8B1 when associated with CDC50A (10 mmol/mol 
of enzyme; Fig. 6C-E). The reason for this is unclear. 
Nonetheless, as observed for ATP8B1, formation of the 
phosphoenzyme intermediate of ATP8B2 was strictly 
dependent on the presence of CDC50A (Fig. 5D,E). 
Collectively, these findings support an essential role of 
CDC50 proteins in the reaction cycle of human class-1 
P4-ATPases. 

DISCUSSION

P4-ATPases are required for phospholipid transport and 
asymmetry, but it is unclear whether these enzymes 
alone are sufficient to translocate phospholipids. At least 
some P4-ATPases form heteromeric complexes with 
CDC50 protein family members and previous work in 
yeast provided evidence that these accessory proteins 
play a critical role in the P4-ATPase transport reaction 
(Lenoir et al., 2007). The human genome encodes 
surprisingly few CDC50 homologues given the large 
number of different human P4-ATPases (Paulusma and 
Oude Elferink, 2005). This led us to initiate a systematic 
analysis of the physical and functional interactions 
between human members of these two protein families. 
We found that human CDC50A and CDC50B proteins 
can each form heteromeric complexes with multiple 
human class-1 P4-ATPases, and that in all cases examined 
association with a CDC50 homologue is needed for P4-
ATPase export from the ER. Moreover, we demonstrate 
that phosphorylation of the catalytically important Asp 
residue in class-1 P4-ATPases ATP8B1 and ATP8B2 is 
strictly dependent on their association with a CDC50 
subunit. Collectively, these results suggest that CDC50 
proteins are integral part of the mechanism by which 
P4-ATPase translocate phospholipids.

Previous work revealed that ATP8B1 requires 
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Figure 6. ATP8B1 and ATP8B2 phosphoenzyme formation is strictly dependent on CDC50 proteins. (A) Digitonin-solubilized 
membranes prepared from baculovirus-infected insect cells expressing HA3/polyHis-tagged ATP8B1 alone (left) or in combination 
with V5-tagged CDC50A (right) were subjected to Ni2+-NTA-affinity chromatography and immunoblot analysis using anti-HA 
(top) and anti-V5 antibodies (bottom). The following fractions were loaded onto a 10% SDS-PAGE gel for immunoblotting: T, 
total membranes; P, insoluble membrane fraction; SN, soluble membrane fraction; FT, flow-through; W1-2, wash 1-2; E1-4, eluate 
fractions 1-4. (B) ATP8B1 was affinity- purified from baculovirus-infected insect cells expressing ATP8B1 alone or in combination 
with CDC50A, and then labeled with [γ−32P]ATP for 30 s at 4 °C in the absence or presence of 200 µM orthovanadate (VO4). 
Phosphoenzyme formation was detected by autoradiography (32P) and quantified for the same amount of protein as determined 
by immunoblotting (WB) using anti-HA antibody. Uninfected insect cells or infected cells expressing CDC50A alone or in 
combination with the enzyme-dead ATP8B1D454N mutant served as controls. (C) Quantification of results presented in (B). Data 
shown are means ± SD of three independent experiments. (D) [γ−32P]ATP labeling of affinity-purified ATP8B2 as described for 
ATP8B1. Baculovirus-infected insect cells expressing CDC50A alone or in combination with the enzyme-dead ATP8B2D425N mutant 
served as controls. (E) Quantification of results presented in (D). Data shown are means ± range of two independent experiments.

either CDC50A or CDC50B for ER exit and delivery 
to the plasma membrane in CHO-derived UPS-1 
cells (Paulusma et al., 2008). We now extend these 
observations by showing that ATP8A1, ATP8B2, and 
ATP8B4 also rely on association with a CDC50 binding 
partner to reach their post-ER destinations. The 
promiscuous interactions observed between human 
P4-ATPases and CDC50 proteins are striking, given 
that in yeast the plasma membrane and Golgi-resident 
P4-ATPases Dnf1/2p, Dnf3p and Drs2p each rely on 
association with a different CDC50 subunit for export 
from the ER (Saito et al., 2004; Furuta et al., 2007). Recent 
studies in Arabidopsis indicate that any potential sorting 
information associated with the CDC50 subunits is 
dominated by P4-ATPase-encoded signals (Lopez-

Marques et al., 2010). Moreover, the various plant P4-
ATPases gain functionality when co-expressed with 
any of three different CDC50 proteins, but retain their 
different lipid substrate specificities independently 
of the nature of the CDC50 binding partner (Lopez-
Marques et al., 2010). While these studies indicate 
that sorting information and substrate determinants 
primarily reside in the P4-ATPase, they do not address 
the primary role of the CDC50 polypeptide in the 
tranporter complex. 

We previously reported that phosphorylation of 
the catalytically important Asp residue in the yeast P4-
ATPase Drs2p relies on direct and specific interactions 
with its Cdc50p subunit (Lenoir et al., 2009). Indeed, 
a role of Cdc50p in the catalytic cycle of Drs2p may 
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Figure 7. The phosphorylation competent ATP8B1/CDC50A 
complex is trapped in the E2P conformation. (A) Sarcoplasmic 
reticular vesicles were labeled with 2 µM [γ-32P]ATP at 4 °C 
for various time periods in the presence of 20 µM CaCl2 
(solid line). Samples 32P-labelled for 15 s were treated for 3 
or 5 s with 5 mM ATP to trigger dephosphorylation (dashed 
line). Phosphoenzyme formation was detected by subsequent 
autoradiography. (B) Membranes derived from baculovirus-
infected insect cells expressing either HA3His10-tagged 
ATP8B1 alone or in combination with V5-tagged CDC50A 
were digitonin-solubilized and subjected to Ni2+-NTA-
affinity chromatography. Proteins of interest were purified 
in the presence of exogenous DOPC/DOPA/DOPS (7:1:2) and 
phosphorylated at 4 °C in the presence or absence of 200 µM 
VO4. (C) Following 32P-labelling for 45 s, dephosphorylation 
of ATP8B1 co-purified with CDC50A in presence of DOPC/
DOPA/DOPS (7:1:2) was stimulated at 20 °C for 30 s by addition 
of 5 mM ATP or 5 mM ADP. Data is represented by means ± SD 
of two independent experiments.

Figure 8. ATPase activity of fractions containing ATP8B1 
or ATP8B1D454N affinity-purified in presence of CDC50A. 
Membranes derived from baculovirus-infected insect cells 
expressing V5-tagged CDC50A in combination with either 
HA3His10-tagged ATP8B1 or ATP8B1D454N were digitonin-
solubilized and subjected to Ni2+-NTA-affinity chromatography. 
Proteins of interest were purified in the presence of either PC/
PA (9:1) referred to as ‘-PS’ or PC/PA/PS (7:1:2) referred to as 
‘+PS’. Rate of ATP hydrolysis were determined by a phospho-
molybdate colorimetric assay measuring Pi release of purified 
samples incubated for 30 to 120 min at 30 °C in the presence or 
absence of orthovanadate (VO4).

explain the suboptimal flippase activity detected in 
proteoliposomes containing affinity-purified Drs2p 
and substoichiometric amounts of Cdc50p (Zhou and 
Graham, 2009). We now find that human class-1 P4-
ATPases ATP8B1 and ATP8B2 also require association 

with a CDC50 subunit to form a phosphoenzyme 
intermediate. Collectively, these results provide further 
support for the notion that CDC50 proteins are vital 
components of the P4-ATPase transport machinery. 
However, this concept is at odds with another study 
reporting that the murine class-1 P4-ATPase Atp8a1 
purified from baculovirus-infected insect cells retains 
PS-specific ATPase activity in the absence of any native 
CDC50 binding partner (Paterson et al., 2006). This 
implies that Atp8a1, contrary to ATP8B1 and ATP8B2, 
is capable of forming a functional complex with CDC50 
proteins endogenously expressed in insect cells or, 
alternatively, that this enzyme may act on its own. 
It deserves mention that we and others encountered 
contaminating ATPase activities in P4-ATPase/CDC50 
complex-containing eluates that appeared devoid of 
other proteins (Fig. 8; Zhou and Graham, 2009; Lenoir 
et al., 2009). These contaminating activities came to light 
when using an inactive P4-ATPase mutant as control. 
Because such control was missing in the study on 
Atp8a1, additional work will be necessary to determine 
whether or not this enzyme requires a CDC50 binding 
partner for catalytic activity. 

Our present findings raise the question of how 
CDC50 proteins would render P4-ATPases competent 
for phosphorylation of the conserved Asp residue. 
One possibility is that the subunit is required for 
conversion of the enzyme from the E1 to the E1P form. 
However, we show that the phosphorylation reaction is 
sensitive to vanadate, which is known to act on the E2 
form (Smith et al., 1980). So it is feasible that our assay 
actually measures the fraction of ATPase molecules 
that corresponds to or can reach the E2 form of the 
enzyme, which then can proceed to the phosphorylation 
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Table 1. RT-PCR primer sequences

mRNA Forward primer sequence Reverse primer sequence

ATP8A1
ATP8A2
ATP8B1
ATP8B2
ATP8B3
ATP8B4
CDC50A
CDC50B
CDC50C

5’-acatgttgaagtaccctgaat-3’
5’-gtcactgcatcaacgccttgg-3’
5’-gttgctgtgtgcttactacc-3’
5’-gggctcttcgacatgtttc-3’
5’-agtatcccccacgaccttc-3’
5’-gccttggataccagttactg-3’
5’-atggcgatgaactataacg-3’
5’-tgaggcccacaaattacctg-3’
5’-atggaggagagagcacagc-3’

5’-aaaagcagtcctcttgataacct-3’
5’-ttgctatcccgcagcaccgcttt-3’
5’-tcagctgtccccggtgc-3’
5’-gccaacccgccgcatgcagcg-3’
5’-tgggctcgaagctgcctc-3’
5’-gctaaagctgctcacggtg-3’
5’-aatggtaatgtcagctgtattac-3’
5’-ataaactggtaagatgatatcac-3’
5’-gcactttgatttgtacagatga-3’

reaction. Therefore, our data do not exclude a role of the 
subunit in the E2P to E2 transition. In fact, such a role 
is consistent with our finding that the affinity of Drs2p 
for Cdc50p fluctuates during the reaction cycle, with 
the strongest interaction occurring between the subunit 
and E2P conformation of the enzyme (Lenoir et al., 2009). 
Efforts to distinguish between the above possibilities 
are hampered by the fact that the bulk of purified  
ATP8B1 molecules that can form a phophoenzyme 
intermediate cannot continue successfully through the 
remainder of the reaction cycle, but gets stuck at the E2P 
step. In fact, this was also observed for Drs2p purified 
from yeast (Lenoir et al., 2009). As the fraction capable 
of dephosphorylation is not substantially increased in 
the presence of PS, the problem is not the absence of 
transportable phospholipid substrate. It is feasible that 
loading of phospholipid substrate is perturbed by the 
presence of detergent. Another possibility is that the 
phosphorylated form of the enzyme is missing another 
component required to continue through the cycle. In 
this respect, it is of interest to note that catalytic activity 
of Drs2p is subject to regulation by phosphoinositides 
(Natarajan et al., 2009).  Consequently, additional work 
will be necessary to elucidate the precise contribution of 
CDC50 proteins to the P4-ATPases reaction cycle.

In sum, our studies suggest that CDC50 proteins are 
indispensable components of the P4-ATPase transport 
machinery. Thus, acquisition of CDC50 subunits may 
have been a crucial step in how the basic transport 
mechanism of P-type cation pumps was adapted to 
execute translocation of phospholipids. The finding 
that human P4-ATPase/CDC50 complexes purified 
from baculovirus-infected insect cells retain enzymatic 
activity provides an attractive starting point to further 
dissect the role of CDC50 proteins in P4-ATPase-
catalyzed phospholipid transport.  

EXPERIMENTAL PROCEDURES

Cell culture

HeLa and Caco-2 cells were grown in Dulbecco’s 
Modified Eagle’s Medium (PAA laboratories GmbH, 
Colbe, Germany) supplemented with 10% fetal calf 
serum (Gibco BRL, Breda, The Netherlands) under 

5% CO2 at 37 °C. UPS-1 cells (a kind gift of K. Hanada, 
National Institute of Infectious Diseases, Tokyo, Japan) 
were grown in Ham’s F12 Medium (Invitrogen, Leek, 
The Netherlands) supplemented with 5% fetal calf 
serum  under 5% CO2 at 32 °C. Sf9 insect cells were 
grown in InsectXpress Medium supplemented with 5% 
fetal bovine serum (Lonza Ltd, Basel, Switzerland) at  
27 °C.

Cloning and expression of epitope-tagged proteins 

Commercially available cDNAs (RZPD, Berlin, 
Germany; Kazusa DNA Research Institute, Chiba, 
Japan; NITE, Chiba, Japan; JCRB, Tokyo, Japan) were 
used as templates to PCR amplify and subclone the 
open reading frames of human ATP8B1, ATP8B2, 
ATP8B4, CDC50A, CDC50B, and macaque CDC50C into 
pcDNA3.1 (Invitrogen). A full-length cDNA of ATP8A1 
was kindly provided by L. Klomp (UMC Utrecht, The 
Netherlands). A triple HA (HA3) and polyhistidine (His8 

or His10) tag or a HA3 and monomeric red fluorescent 
protein (mRFP) tag was added to the C-terminus of the 
P4-ATPases while a V5-tag was added to the C-terminus 
of the CDC50 subunits by fusion PCR. Enzymatically 
inactive P4-ATPases with a single point mutation 
replacing the phosphorylatable aspartate residue were 
created by side-directed mutagenesis (Stratagene) 
based on the manufacturer’s protocol. HeLa and UPS-1 
cells were transfected with the resulting plasmids using 
Lipofectamine2000 (Invitrogen) or Effectene (Qiagen) 
according to instructions of the manufacturer.

RT-PCR

To differentiate between cDNA and genomic DNA, 
primers were designed at distinct sites of the exon-
exon boundaries (Table 1). P4-ATPase primers were all 
chosen in the C-terminal tail, which displays the highest 
sequence variation. CDC50B primers match sequences 
in the 3’-UTR around the single exon-exon boundary 
present in the transcript. HeLa and Caco-2 cells were 
grown confluent in 10 cm ø dishes. RNA was isolated 
using Trizol Reagent (Invitrogen) and RT-PCR was 
performed using the Titan One Tube RT-PCR System 
(Roche Diagnostics BV, Almere, The Netherlands). 
To verify CDC50B primers, PCR was performed on 
genomic DNA of HeLa and Caco-2 cells by omitting 
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the RT-step of the Titan One Tube RT-PCR protocol and 
starting with an extra 2 min at 94 °C.

Immunofluorescence microscopy

HeLa and UPS-1 cells were grown on glass coverslips 
to 50% confluency and transfected with different P4-
ATPases and/or CDC50 expression constructs using 
Lipofectamine 2000 (Invitrogen) or Effectene (Quiagen). 
Cells were grown for another 3 d. Prior to chemical 
fixation with 3% paraformaldehyde, protein expression 
was induced for 10-16 h with 1 mM sodium butyrate. 
Fixed cells were permeabilized with saponin and 
stained with mouse anti-V5 antibody (Invitrogen), 
rabbit anti-V5 antibody (Sigma-Aldrich, Zwijndrecht, 
The Netherlands), FITC-conjugated rat anti-HA 
antibody (Roche Diagnostics B.V.), rabbit anti-PDI 
(kindly provided by I. Braakman, Utrecht University, 
The Netherlands) or mouse anti-FTCD (Sigma-Aldrich). 
TexasRed-conjugated goat anti-rabbit, TexasRed-
conjugated goat anti-mouse, FITC-conjugated goat 
anti-rabbit (Jackson Brunschwig, Amsterdam, The 
Netherlands), Alexa Fluor 488 or 568-conjugated goat 
anti-mouse, and goat anti-rabbit antibodies (Invitrogen) 
were used as secondary antibody. A Nikon D-eclipse C1 
confocal microscope was used for capturing images.

Immunoprecipitation

HeLa cells were transfected with different combinations 
of P4-ATPase and CDC50 expression constructs using 
Lipofectamine 2000 (Invitrogen) and grown for another 
3 d. Prior to cell lysis, protein expression was induced for 
10-16 h with 1 mM sodium butyrate. Cells were scraped 
in ice-cold PBS+ (PBS, 0.9 mM CaCl2, 0.5 mM MgCl2,  
1 mM PMSF) containing protease inhibitors (1 µg/ml 
apoprotein, 1 µg/ml leupeptin, 1 µg/ml pepstatin, 5 µg/
ml antipain, 157 µg/ml benzamidine) and solubilized 
at 4 °C for 1h with 1% digitonin dissolved in PBS+. The 
extract was cleared of cell debris and insoluble material 
by two subsequent centrifugation steps (18 000 gav,  
10 min, 4 °C and 100 000 gav, 30 min, 4 °C). In the presence 
of 0.2% BSA, the solubilized fraction was incubated at  
4 °C for 16 h with anti-V5 agarose affinity beads (Sigma-
Aldrich). After washing, beads were incubated at  
48 °C for 5 min with SDS/Urea sample buffer containing 
protease inhibitors and the supernatant was subjected 
to SDS gel electrophoresis and immunoblotting using 
rabbit anti-V5 (Sigma-Aldrich), rabbit anti-HA (Santa 
Cruz, Heerhugowaard, The Netherlands), and rabbit 
anti-ATP1A1 antibody (C356-M09, kindly provided 
by J. Koenderink, Radboud University, Nijmegen, The 
Netherlands). 

Preparation of baculovirus stocks

Baculovirus stocks for heterologous expression of 
human ATP8B1, ATP8B1D454N, ATP8B2, ATP8B2D425N, 
and CDC50A were generated using the BAC-to-BAC 
system (Invitrogen). HA3/His10-tagged P4-ATPases and 

V5-tagged CDC50A were subcloned into pFastBacDual 
plasmids. Viral DNA was prepared following the 
BAC-to-BAC system manual. Viral stocks were 
prepared according to protocols obtained from R. 
Callaghan (Oxford University, UK). In brief, Sf9 cells 
were transfected with bacmid DNA using Cellfectin 
(Invitrogen). 5 - 7 d post-transfection, culture medium 
containing virus particles was harvested and subjected 
to a plaque assay to subclone obtained viral particles. 
The ensuing viral supernatants were amplified in 
three successive infection steps with a multiplicity of 
infection (MOI) of 0.1 to obtain a viral working stock for 
large-scale infections. Viral supernatants were stored 
protected from light at 4 °C. 

Infection of insect cells

Sf9 cells were grown overnight and infected at 
a cell density of 3*106 cells/ml with the desired 
viral stocks (MOI = 10). After 1 h of incubation at  
27 °C, cell suspension was diluted with InsectXpress 
supplemented with 5% FBS to 1.5*106 cells/ml. 3 d post-
infection, cells were controlled for signs of infection 
and harvested by centrifugation at 500 gav for 20 min at  
4 °C. After washing the cells with PBS, the cell pellet was 
stored at -80 °C.

Purification of P4-ATPase/CDC50 complexes

Sf9 cells expressing ATP8B1, ATP8B1D454N, ATP8B2, 
ATP8B2D425N and/or CDC50A were lysed with four 
rounds of nitrogen cavitation (1500 psi, 20 min, on 
ice) in lysis buffer (50 mM HEPES-KOH pH 8.0,  
100 mM NaCl, 5 mM MgCl2, 250 mM sucrose, 1 mM 
PMSF, protease inhibitors). Unbroken cells and debris 
were removed by centrifugation at 3 000 gav (10 min,  
4 °C) and membranes were collected at 100 000 gav  
(1 h, 4 °C). Protein concentration was determined using 
a BCA protein assay (Perbio, Breda, The Netherlands). 
Proteins of interest were purified as previously 
described by Lenoir et al. (2009) in presence of  
0.2 mg/ml of either DOPC/DOPA (9:1) or DOPC/DOPA/ 
DOPS (7:1:2). Briefly, membranes were resuspended 
to 2 mg membrane protein/ml in 5 ml of solubilization 
buffer (50 mM HEPES-KOH pH 8.0, 100 mM NaCl,  
5 mM MgCl2, 20% glycerol, 0.5% digitonin, 1 mM PMSF, 
protease inhibitors) and gently shaken at 4 °C for 2 h. 
Insoluble fraction was pelleted by a 100.000 gav spin  
(1 h, 4 °C). Under gentle agitation, detergent-solubilized 
material was incubated with 100 µl of pre-equilibrated 
Ni2+-NTA beads (Qiagen) per mg membrane protein for 
2 h at 4 °C. The beads were transferred to a column and 
washed with 40 volumes of washing buffer 1 (50 mM 
HEPES-KOH pH 7.2, 200 mM NaCl, 5 mM MgCl2, 20% 
glycerol, 10 mM imidazole, 0.05% digitonin, 0.2 mg/
ml lipids) and 30 volumes of washing buffer 2 (50 mM 
HEPES-KOH pH 7.2, 100 mM NaCl, 5 mM MgCl2, 20% 
glycerol, 25 mM imidazole, 0.05% digitonin, 0.2 mg/
ml lipids). Proteins were eluted in 5 fractions of 400 µl 
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of elution buffer (50 mM HEPES-KOH pH 7.2, 10 mM 
NaCl, 5 mM MgCl2, 20% glycerol, 250 mM imidazole, 
0.05% digitonin, 0.2 mg/ml lipids), snap-frozen in 
liquid nitrogen, and stored at -80 °C. Purification 
fractions were subjected to SDS-PAGE and subsequent 
immunoblotting, using mouse anti-HA (12CA5, Santa 
Cruz) and mouse anti-V5 (Invitrogen) antibodies. The 
amount of affinity-purified P4-ATPase was estimated by 
silver staining using purified Ca2+-ATPase derived from 
rabbit muscle sarcoplasmic reticulum as a reference. 

Phosphorylation assay

[32P] labeling of purified Ca2+-ATPase was carried out 
as previously described (Lenoir et al., 2009). Affinity-
purified P4-ATPase/CDC50 protein complexes were pre-
incubated with 1 mg/ml of desired lipid mixture at 4 °C 
for 1 h under gentle agitation. For [γ−32P]ATP labeling, 
~ 6 ng of affinity-purified P4-ATPase were incubated at 
4 °C for 30 s with. 2 µM [γ−32P]ATP (5 mCi/µmol) in 
150 µl of phosphorylation buffer (50 mM MOPS/Tris 
pH 7.0, 100 mM KCl, 5 mM MgCl2, 0.05% digitonin,  
6 U/ml pyruvate kinase) in presence or absence of  
200 µM orthovanadate. Dephosphorylation was initiated 
at 20 °C by addition of 5 mM ATP or ADP. Phosphorylation 
reactions were stopped by acid quenching with ice-cold 
16% trichloroacetic acid (TCA) supplemented with  
5 mM H3PO4. After a 30 min incubation on ice, protein 
precipitates were collected at 18 000 gav (25 min, 4 °C), 
washed with 800 µl 7% TCA containing 0.5 mM H3PO4, 
and incubated on ice for 30 min. The TCA solution was 
carefully removed after two subsequent  centrifugation 
steps of 18 000 gav (25 and 10 min, 4 °C), and the pellets 
were resuspended in SDS sample buffer (150 mM 
Tris-HCl pH 6.8, 10 mM EDTA, 2% SDS, 16% glycerol, 
0.025% bromophenol blue and 5% ß-mercaptoethanol) 
by shaking at 25 °C for 30 min. Aliquots were analysed 
by SDS-PAGE following the method of Sarkadi (Sarkadi 
et al., 1986). An Imaging Plate (Fujifilm, Steenbergen, 
The Netherlands) was exposed for 1-5 days to the 
Coomassie Blue R250-stained and dried SDS gels. 
Radioactive phosphorylation was detected by a Storm 
860 PhosphorImager and quantified against known 
amounts of [γ−32P]ATP. Samples were corrected for 
variations in protein precipitation by quantification of 
Coomassie Blue R250-stained pyruvate kinase.
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ABSTRACT

P4-ATPases catalyze phospholipid transport to generate phospholipid asymmetry across membranes of late 
secretory and endocytic compartments, but their kinship to cation-transporting P-type transporters 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. However, 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 transporter/
subunit interactions. We also identified two highly conserved disulfide bridges in the Cdc50 ectodomain. 
Intriguingly, functional analysis of cysteine mutants, in which these disulfide bridges were disrupted, revealed 
an inverse relationship between subunit binding and P4-ATPase-catalysed lipid transport. Collectively, our 
results indicate that Cdc50 proteins are integral components of the P4-ATPase flippase machinery.

INTRODUCTION

P-type ATPases comprise a large and ancient family 
of cation-transporting membrane pumps. Prime 
representatives are the Na+/K+-ATPase, which generates 
electrochemical gradients for Na+ and K+ ions, and 
the Ca2+-ATPase SERCA, which pumps cytosolic Ca2+ 
ions into the lumen of the sarcoplasmic reticulum. 
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; Bublitz et al., 2011). While 
P-type ATPases usually pump small cations or metal 
ions, members of the P4 subfamily form a notable 
exception and are implicated in phospholipid transport 
(Tang et al., 1996; Coleman et al., 2009; Zhou and 
Graham, 2009) and in the creation of phospholipid 
asymmetry in membranes of late secretory and 
endocytic compartments (Pomorski et al., 2003; Alder-
Baerens et al., 2006; Chen et al., 2006). Their sequence 
homology and common domain organization with 
other P-type ATPases suggest that P4-ATPases utilize a 
transport mechanism that rests on the same principles 
and structural elements (Kuhlbrandt, 2004; Lenoir et al., 
2007; Puts and Holthuis, 2009). How this mechanism is 
adapted in P4-ATPases to flip phospholipids instead of 
simple cations is poorly 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, the Cdc50 protein. This hallmark is shared 
by only one other subfamily of P-type pumps, namely 
P2C-ATPases comprising Na+/K+- and H+/K+-ATPases, 
which associate with a β-subunit. The β-subunit of P2C-
ATPases is required for folding, membrane insertion, 
plasma delivery, and activity of the enzyme (Geering, 
2008).

Compared to their P-type ATPase-binding partners, 
Cdc50 and β-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 β-subunits 
of P2C-ATPases (Poulsen et al., 2008). Nevertheless, their 
overall structure is similar, although the β-subunits 
lacks the C-terminal membrane span and cytosolic tail. 
Both the β-subunit and Cdc50 ectodomains contain 
multiple glycosylation sites and display an even number 
of highly conserved cysteine residues, which may form 
one or more disulfide bridge.

Yeast contains five different P4-ATPases that are 
located in late secretory and endocytic organelles, 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 stabilization and ER export of either 
partner (Chen et al., 2006; Furuta et al., 2007; Kato et al., 
2002; Saito et al., 2004). Such functional relationship has 
been observed in other organisms as well. For example, 
human class-1 P4-ATPases each require association with 
a Cdc50 subunit for ER export and to reach their final 
subcellular destination (Paulusma et al., 2008; Bryde et 
al., 2010; van der Velden et al., 2010).

Recent studies performed in our laboratory revealed 
that autophosphorylation of P4-ATPases critically 
depends on association with a Cdc50 subunit (Lenoir 
et al., 2009; Bryde et al., 2010). Using a genetic reporter 
system, we also found that the affinity of P4-ATPases 
for their Cdc50 binding partners fluctuates during 
the transport reaction cycle, being strongest at the 
phospholipid-loaded E2P state (Lenoir et al., 2009). 
Together, these results suggest that Cdc50 proteins 
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serve an intimate and critical role in P4-ATPase-
catalyzed lipid transport. To further elucidate the inner 
workings of these heteromeric lipid pumps, we here set 
out to map functional interactions between P4-ATPases 
and their Cdc50 binding partners.

RESULTS

Residues critical for P4-ATPase binding are located 
throughout topologically distinct Cdc50 domains

To investigate the structural determinants of yeast 
P4-ATPase/Cdc50 complex assembly, we applied the 
in vivo split-ubiquitin assay, an ideal tool to study 
intermolecular interactions between membrane proteins 
in general and specific assembly of yeast P4-ATPase/
Cdc50 complexes in particular (Obrdlik et al., 2004; 
Lenoir et al., 2009). To this end, P4-ATPases and Cdc50 
proteins were tagged at a cytosolic tail with the C- 
(Cub) and N-terminus of ubiquitin (Nub), respectively 
(Fig. 1A). Upon P4-ATPase/Cdc50 complex assembly, 
the close proximity of the ubiquitin halves permits 
their association to a structural entity. Endogenous 
ubiquitin-specific proteases catalyze the release of a 
transcription factor encoded within the Cub tag. The 
subsequent activation of various target genes enables 
the assessment of intermolecular protein interactions by 
distinct read-out approaches, such as yeast cell growth 
under selective conditions or gain in β-galactosidase 
activity.

Aiming for the identification of Cdc50 protein regions 
that are required for P4-ATPase association, we set out 
to isolate amino acid substitution mutants incapable to 
interact with their P4-ATPase binding partner. For this 
purpose, we randomly mutagenized the Nub-tagged 
Cdc50 protein Lem3p and screened for mutants that 
lost the ability to specifically interact with the P4-ATPase 
binding partner Dnf1p using the split-ubiquitin growth 
assay. Lem3p mutants that were unable to associate with 
Dnf1p and hence to induce growth under highly selective 
conditions (Fig. 1B, data not shown) were evaluated for 
Lem3p expression levels by immunoblotting (Fig. 1C). 
Mutants displaying reduced protein levels compared 
to wild type were excluded from further analysis. 
Remaining LEM3 mutant constructs were sequenced 
and selected for Lem3p variants carrying single point 
mutations. To confirm the growth assay results obtained 
for these mutants, we determined the β-galactosidase 
activity, which quantitatively reflects the degree of 
P4-ATPase/Cdc50 interaction (Fig. 1D). All mutants 
identified show a significant decrease in β-galactosidase 
activity, suggesting that these Lem3p mutants are 
severely impaired in P4-ATPase binding. Intriguingly, 
single amino acid substitutions of these mutants are 
spread throughout the entire Lem3p protein (Fig. 1D). 
Furthermore, all amino acid residues identified except 
for Ala404 are conserved throughout the yeast Cdc50 

protein family (Suppl. Fig. 1). In sum, these findings 
suggest that the Lem3p interacts with Dnf1p over 
its entire length with all domains contributing to P4-
ATPase binding. Moreover, the conservation of most 
of the amino acid residues identified indicates that 
the structural scheme for protein-protein interaction is 
conserved for all yeast P4-ATPase/Cdc50 complexes.

The ectodomain of Cdc50 subunits mediates P4-ATPase 
binding specificity

Co-immunoprecipitation analysis showed that the yeast 
subunits Cdc50p, Crf1p, and Lem3p associate with the 
P4-ATPases 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 Dnf1p/Lem3p and Dnf2p/Lem3p complexes 
reside at the plasma membrane, the Drs2p/Cdc50p and 
Dnf3p/Crf1p complexes co-localize to the trans-Golgi 
network (Hua et al., 2002; Pomorski et al., 2003; Saito et 
al., 2004; Chen et al., 2006). To investigate which part of 
the subunit conveys specificity to P4-ATPase binding, 
we generated a series of chimeric constructs, in which 
topologically distinct domains 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. As shown in Fig. 2B, exchange 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 complete switch in P4-ATPase binding 
specificity. 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 (Fig. 2B). These results demonstrate that the 
ectodomain in Cdc50 subunits is a critical mediator of 
P4-ATPase 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 ectodomain segments 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. 
Chimeras carrying an ectodomain in which the first 
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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 β-galactosidase 
activity (Fig. 3B), suggesting that the first one third of 
the ectodomain of Cdc50p habors critical determinants 
of Drs2p binding. Our previous work revealed that 
Drs2p/Cdc50p interactions are coupled to the ATPase 
reaction cycle, and that Cdc50p preferentially interacts 
with the E2P phosphoenzyme intermediate of Drs2p 
(Lenoir et al., 2009). Interestingly, the Crf1p-based 
chimera carrying the first one third of the ectodomain 
of Cdc50p displayed the same reaction cycle-dependent 
association with Drs2p (Fig. 3C). 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 indicate that several regions within 
the subunit’s ectodomain must cooperate to convey 
binding specificity. Hence, a precise conformation of 
the Cdc50 ectodomain is of critical importance for P4-
ATPase/Cdc50 complex assembly.

Ectodomain-mediated binding of Cdc50 subunits is 
required but not sufficient for P4-ATPase 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 Cdc50 subunits with altered 
binding properties provided a novel opportunity to 
further explore the functional relationship between P4-
ATPases and Cdc50 subunits. 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). This phenotype is consistent with Drs2p-
catalysed phosphatidylserine (PS) transport from the 
exoplasmic to the cytosolic membrane leaflet (Zhou 
and Graham, 2009). Cells lacking Cdc50p also display 
hypersensitivity toward 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, Nub-Cdc50/Crf1 
chimeras that lost the ability to bind Drs2p consistently 
failed to suppress Pap B hypersensitivity, indicating that 
subunit binding is critical 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 critical, binding specificity 
is dispensable for transporter function. Moreover, a 
Crf1p-based chimera containing the first one third 
of the ectodomain of Cdc50p was able to bind Drs2p 
yet failed to suppress Pap B hypersensitivity (Fig. 4, 
right panel). Importantly, the latter finding shows that 
association with a Cdc50 subunit, although required, is 
not sufficient for P4-ATPase function.

To further explore the structural basis for functional 
transporter/subunit interactions, we used the inactive 
Crf1p-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 

Figure 1. Residues critical for P4-ATPase/Cdc50 interactions 
are spread throughout the Cdc50 subunit.  (A) Schematic 
representation 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 single-point 
mutants of Nub-Lem3. (C) Immunoblot analysis of membrane 
extracts from equal amounts of cells expressing wild-type or 
mutant Nub-Lem3 using an antibody recognizing the HA-
epitope encoded in the Nub tag. (D) Quantitative measurement 
of Dnf1-Cub interactions with wild-type or mutant Nub-Lem3 
using the split-ubiquitin β-galactosidase assay. (E) Positions of 
single point mutations in Lem3p having an impact on Dnf1p 
binding.
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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 domains of 
Cdc50 proteins must cooperate to render transporter/
subunit interactions functional.

The ectodomain of Cdc50 subunits contains two 
conserved disulfide bridges 

The ectodomain of Cdc50 subunits in yeast contains four 
highly conserved cysteine residues (Suppl. Fig. 1). At 
least two of these are paired to form an intramolecular 
disulfide bridge, because Nub-tagged Cdc50p, Crf1p, 
and Lem3p each displayed a marked SDS-PAGE 
mobility shift following exposure to the reducing agent 
dithiothreitol (DTT; Fig. 6A). As even subtle changes 
in the configuration of Cdc50 ectodomains can disrupt 
transporter binding and function (Figs. 4 and 5), we set 
out to identify the cysteines responsible for disulfide 
bridge formation and investigate the impact of breaking 
these bridges on transporter/subunit interactions. 

To this end, single or pairs of cysteine residues in the 
ectodomain of Nub-tagged subunits were substituted 
for alanine residues. In case of Nub-Cdc50, mutation 
of Cys80, Cys123 or both abolished the DTT-induced 
mobility shift observed for wild type, indicating that 

Figure 2. The ectodomain of Cdc50 subunits is a key 
determinant of P4-ATPase binding specificity. (A) Split-
ubiquitin growth assay reporting specific interactions between 
Drs2-Cub, Dnf3-Cub, Dnf1-Cub, and their cognate Nub-
Cdc50 subunits. (B) Split-ubiquitin growth assay reporting 
interactions between Nub-Cdc50/Crf1 chimeras and Cub-
tagged P4-ATPases. Cdc50p- and Crf1p-derived domains are 
marked in red and blue, respectively.

Figure 3. A precise configuration of the Cdc50 ectodomain is 
critical for P4-ATPase binding. (A) Split-ubiquitin growth assay 
reporting interactions between Nub-Cdc50/Crf1 chimeras and 
Cub-tagged P4-ATPases. (B) Quantitative measurements of 
interactions between Nub-Cdc50/Crf1 chimeras and Cub-
tagged P4-ATPases using the split-ubiquitin β-galactosidase 
assay. For normalizing expression levels of Cub-tagged P4-
ATPases, 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.
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these cysteine residues are paired to form a disulfide 
bridge. In contrast, mutation of Cys176, Cys190 or both 
had no obvious impact on the DTT-dependent migration 
of Nub-Cdc50. Mutation of the corresponding cysteine 
residues in Nub-Crf1 and Nub-Lem3 gave similar 
results (Fig. 6A), indicating that a disulfide bridge 
between the N-terminal pair of cysteine residues is a 
conserved feature of yeast Cdc50 subunits. 

As the spacing between the C-terminal pair of 
cysteine residues in the subunit’s ectodomain is 
relatively small (13-14 residues), it is possible that this 
pair also forms a disulfide bridge, but that its disruption 
causes only a minor mobility shift that is hard to resolve 
by SDS-PAGE. To investigate whether the C-terminal 
pair of cysteine residues forms a disulfide bond, the 
above cysteine mutants were treated with maleimide-
PEG 5000 (mPEG) in SDS-solubilized membrane 
extracts to label free cysteine residues with a 5-kDa PEG 
moiety prior to immunoblot analysis. Labeling of wild 
type Nub-Cdc50 yielded two mobility-shifted mPEG 
adducts (Fig. 6B), consistent with the presence of two 

free cysteine residues in the membrane spans of Cdc50p 
(Cys54 and Cys343). Labeling of Nub-Cdc50C80A or Nub-
Cdc50C176A in each case produced one additional mPEG 
adduct (Fig. 6B), indicating that in both mutants a third 
cysteine was available to react with mPEG. From this, 
we conclude that Cys80 pairs with Cys123 and Cys176 
pairs with Cys190 to form two disulfide bridges in the 
ectodomain of Cdc50p. These data indicate that yeast 
Cdc50 subunits contain two conserved disulfide bridges 
in their ectodomain.    

Disruption of disulfide bridges in Cdc50 subunits has 
reciprocal effects on P4-ATPase binding and function 

To investigate whether disulfide bridge formation in 
Cdc50 subunits is relevant for P4-ATPase binding, we 
first analyzed Cdc50p cysteine mutants for their ability 
to bind Drs2p using the split-ubiquitin assay. Mutation 
of either one or both residues of the N-terminal Cys80-
Cys123 pair strongly reduced Drs2p binding when 
assayed by growth on selective plates (Fig. 7A). In 
contrast, mutation of the C-terminal Cys176-Cys190 

Figure 4. Ectodomain-mediated binding of Cdc50 subunits is required but not sufficient for P4-ATPase function. Serial dilutions 
of a Δcdc50 mutant strain transfected with empty vector (EV), Nub-Cdc50, Nub-Crf1 or a Nub-Cdc50/Crf1 chimera were spotted 
onto SD plates containing DMSO (-) or 1µM papuamide B (+) and incubated at 30 °C for two days. NA, not applicable.

Figure 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 strain transfected 
with Nub-Cdc50 or a Nub-Cdc50/Crf1 chimera was analyzed for papuamide B sensitivity as described in Fig. 4.
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pair had only a modest effect on Drs2p binding. 
Likewise, mutation of the N-terminal pair of cysteine 
residues in Crf1p and Lem3p virtually abolished Dnf3p 
and Dnf1p binding, respectively, whereas mutation of 
the C-terminal pair affected transporter binding only to 
a minor extent (Fig. 7B,C). These results were confirmed 
by quantitative measurements of β-galactosidase 
activity (Fig. 7D; data not shown), demonstrating that 
the disulfide bridge formed between the N-terminal 
pair of cysteine residues in the ectodomain of Cdc50 
subunits is a critical determinant of P4-ATPase binding.

We next investigated the impact of disrupting di-
sulfide bridges in Cdc50 subunits on P4-ATPase function. 
To this end, we focused on the cysteine mutants of Lem3p 
as this subunit forms a complex with Dnf1p and Dnf2p, 
two plasma membrane-resident P4-ATPases essential for 
the inward translocation of phosphatidylethanolamine 
(PE) and phosphatidylcholine (PC) at the cell surface 
(Pomorski et al., 2003). In line with this, Δlem3 cells 
display an increased resistance towards the cytotoxic 
PC analogue miltefosine as well as hypersensitivity 
towards the PE-binding cytotoxin duramycin  
(Fig. 8A; Hanson et al., 2003; Noji et al., 2006). Interestingly, 
expression of Lem3C110A suppressed miltefosine 
resistance and duramycin hypersensitivity in Δlem3 cells 
to a similar extent as wild-type Lem3p (Fig. 8A). This 
finding was unexpected, because mutation of Cys110 

in Lem3p dramatically impairs P4-ATPase binding 
due to disruption of the N-terminal disulfide bridge 
(Figs. 5C and 6C). In contrast, expression of Lem3C216A 
essentially failed to suppress miltefosine resistance and 
duramycin hypersensitivity in Δlem3 cells, even though 
Cys216 as part of the C-terminal disulfide bridge is 
largely dispensable for P4-ATPase binding. Consistent 
with these findings, expression of Lem3C110A almost 
completely restored the inward translocation of the 
fluorescently labeled phospholipid analogues, NBD-PC 
and NBD-PE, at the surface of Δlem3 cells (71% and 102% 
of wild type Lem3p, respectively), whereas expression 
of Lem3C216A caused only a minor improvement in the 
translocation of these lipid analogues (25% and 41% of 
wild type Lem3p, respectively; Fig. 8B). Importantly, 
these effects were independent of expression levels 
of these mutants (Fig. 8C). These results demonstrate 
an inverse relationship between Cdc50 binding and 
transport activity of P4-ATPases, suggesting an intimate 
role of the Cdc50 ectodomain in P4-ATPase-catalysed 
lipid translocation. 

DISCUSSION

While most P-type ATPases transport small cations, 
P4-ATPases form a notable exception and catalyze 
phospholipid transport. How P4-ATPases acquired 

Figure 6. Cdc50 proteins contain two highly conserved disulfide bridges. (A) Membrane extracts of yeast cells expressing wild-
type (WT) or mutant Nub-Cdc50 carrying one or two 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 
encoded in the Nub tag. (B) SDS-solubilized membrane extracts of yeast cells expressing wild-type (WT) or mutant Nub-Cdc50 
carrying C80A or C176A substitution were labeled with either varying amounts of maleimide-PEG 5000 (mPEG) or DMSO  
(0 µM mPEG) and subjected to immunoblotting analysis using an α-HA antibody. Arrow heads indicate mPEG-adducts of 
Cdc50p.
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flippase activity is poorly understood. Recent work 
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 in yeast identified the large ectodomain of 
the Cdc50 subunit as a critical determinant of P4-ATPase 
binding specificity and activity. Using site-directed 
mutagenesis, we found that this region contains two 
highly conserved disulfide bridges. Characterization of 
cysteine mutants, in which these disulfide bridges were 
disrupted, revealed an inverse relationship between 
Cdc50 binding and P4-ATPase-catalysed lipid transport. 
Together, these results indicate that Cdc50 proteins 
are integral components of the P4-ATPase flippase 
machinery. 

The Cdc50 ectodomain is a critical mediator of P4-
ATPase binding and function

Our observation that swapping the ectodomains 
between Cdc50p and Crf1p leads to a complete switch 
of P4-ATPase-binding partners provides compelling 

evidence that this region harbors a key determinant of 
P4-ATPase binding specificity. However, 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. This 
suggests that binding specificity is not mediated by a 
discrete region in the ectodomain but rather relies on 
a precise conformation of the ectodomain. In addition, 
we found that some chimeras retained the ability 
to bind P4-ATPases but were unable to functionally 
complement native Cdc50 subunits, indicating that 
binding of a subunit per se is not sufficient to render 
P4-ATPases transport-competent. For instance, a Crf1p-
based chimera carrying the N-terminal one third of the 
Cdc50p ectodomain was able to associate with native 
Cdc50p binding partner Drs2p in an ATPase reaction 
cycle-dependent manner. However, this interaction was 
not productive, as it did not support Drs2p-catalysed 
PS transport. Strikingly, swapping either the N- or 
C-terminal membrane span and cytosolic tail of the 
Crf1p-based chimera for that of Cdc50p was sufficient 
to restore functionality. These data suggest that loss 
of function associated with an imperfect folding of the 

Figure 7. The N-terminal disulfide bond is critical for P4-ATPase binding. Split-ubiquitin growth assay reporting interactions 
between Cub-tagged P4-ATPases and Nub-tagged wild type as well as cysteine substitution mutants of Cdc50p (A), Crf1p (B), and 
Lem3p (C), respectively. (D) Quantitative measurement of Dnf1-Cub interactions with wild type or cysteine substitution mutants 
of Nub-Lem3 using the β-galactosidase assay. Data shown are means ± range of two independent experiments. Membrane 
extracts from equal amounts of cells expressing Nub-tagged Lem3p wild type or cysteine substitution mutant were subjected to 
immunoblotting analysis (WB) using an α-HA antibody.



Chapter 3

49

ectodomain can be compensated by subtle interactions 
between the membrane spans of Cdc50 subunit and P4-
ATPase. Consequently, it appears that functionality in 
P4-ATPase/Cdc50 interactions relies on cooperativity 
between topologically distinct domains in the Cdc50 
subunit. 

Disulfide bridges in the Cdc50 ectodomain are critical 
determinants of P4-ATPase flippase activity

The functional relevance of an accurately folded 
Cdc50 ectodomain is in line with our finding that this 
region harbors two highly conserved disulfide bridges. 
Interestingly, disrupting these disulfide bridges had 
reciprocal effects on P4-ATPase binding and flippase 
activity. Breaking the N-terminal disulfide bond caused 
a dramatic loss in affinity of the subunit for its cognate 
P4-ATPase binding partner, while having only a mild 
effect on P4-ATPase flippase activity. On the contrary, 
breaking the C-terminal disulfide bond hardly affected 
P4-ATPase binding, but led to a substantial reduction 
in P4-ATPase flippase activity. The second cysteine 
in the C-terminal disulfide bond forms part of a 
13-residue long sequence motif that is nearly perfectly 
conserved among Cdc50 proteins from man to yeast 
(Suppl. Fig. 1; Chapter 5, Fig. 1A). Formation of the 
C-terminal disulfide bond may force this motif into a 

three-dimensional configuration that, while largely 
dispensable for P4-ATPase binding, is crucial for efficient 
P4-ATPase-catalyzed lipid transport. Our results are 
intriguing in light of a recent study by Popescu and co-
workers (2010), who showed that extracellular protein 
disulfide isomerase (PDI) can promote PS exposure 
on endothelial cells by down-regulating the activity 
of plasma membrane-resident flippases. The authors 
found that PDI oxidoreductase activity is important for 
inducing PS exposure, suggesting that PDI-mediated 
regulation of flippase activity occurs via oxidoreductive 
modification of cysteines. Considering the membrane 
topology of P4-ATPases and their Cdc50 binding 
partners, the Cdc50 ectodomain would provide the sole 
cysteine-containing region of the heteromeric complex 
accessible to extracellular PDI. In view of our present 
data, an exciting concept is that the PDI-mediated down-
regulation of flippase activity occurs via oxidoreductive 
modification of the highly conserved C-terminal 
disulfide bridge located in the Cdc50 ectodomain. 

Role of Cdc50 subunits in P4-ATPase-catalysed 
phospholipid transport

Our studies with Cdc50 cysteine mutants uncovered 
an inverse relationship between subunit binding and 
flippase activity of P4-ATPases. This finding provides 

Figure 8. Disruption of disulfide bridges in the Cdc50 ectodomain has reciprocal effects on P4-ATPase binding and function. 
(A) Along with corresponding wild-type strain harboring an empty vector (EV), cultures of a ∆lem3 mutant strain transfected 
with EV or plasmids of myc9-tagged Lem3p cysteine mutants were spotted onto selective SD gradient plates supplemented with 
either miltefosine (left) or duramycin (right) and incubated at 30˚C for three days. (B) For the in vivo NBD-phospholipid uptake 
assay, ∆lem3 mutant strain transfected with EV or plasmids harboring myc9-tagged LEM3, LEM3C110A or LEM3C216A were labeled 
with fluorescent NBD-analogues of phosphatidylcholine (PC) or phosphatidylethanolamine (PE) and washed with 4% of BSA. 
Intracellular fluorescence associated with internalized NBD-labeled phospholipids was detected by flow cytometry. The mean 
fluorescence intensity of six independent experiments was used to analyze the statistical significance by Student’s t-test. Data 
shown are means ± SD. Dashed lines represent mean fluorescence intensity of ∆lem3 cells harboring EV. (C) Lem3-myc9 protein 
levels of cells described in (B) were determined by immunoblotting analysis using an antibody directed against the myc9 epitope.
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further support for a dynamic and intimate role of 
Cdc50 subunits in P4-ATPase-catalysed phospholipid 
transport. We previously showed that the affinity of 
Cdc50 subunits for P4-ATPases is not static, but fluctuates 
during the ATPase reaction cycle, with the strongest 
interaction occurring at a point where the enzyme is 
loaded with the phospholipid ligand (Lenoir et al., 2009). 
Based on these findings, it is tempting to speculate 
that creation of a high-affinity phospholipid-binding 
site relies on Cdc50 protein-induced conformational 
changes in the membrane spans of P4-ATPases, and that 
the Cdc50 ectodomain has a crucial role in directing 
these dynamic rearrangements. Stabilized by disulfide 
bridges, this domain would form a rigid entity capable 
of sensing the conformational state of the P4-ATPase 
and liberating sufficient mechanical force to guide 
a repositioning of Cdc50 membrane spans during 
the ATPase reaction cycle. According to this model, 
breaking the C-terminal disulfide bridge in the Cdc50 
ectodomain may disrupt P4-ATPase-catalyzed lipid 
transport by impairing proper progression of the 
enzyme complex through the transport reaction cycle.     

Analogy with the β-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 H+/K+-ATPases 
(Geering, 2008). P2C-ATPases associate with a β-subunit. 
Crystal structures of the Na+/K+-ATPase revealed that 
the ectodomain of its β-subunit completely covers the 
extracellular loops between M5 and M6 and between 
M7 and M8 (Morth et al., 2007; Shinoda et al., 2009). 
We hypothesize a similar arrangement for the Cdc50 
subunit, whereby the protein-protein interaction is 
subject to changes when the ATPase goes through the 
reaction cycle, along with the large conformational 
changes that the enzyme undergoes during each step 
of the catalytic cycle. Fluorimetric measurements 
and analysis of tryptic digests of the Na+/K+-ATPase 
demonstrated that structural rearrangements between 
transporter and β-subunit accompany binding and 
translocation of K+ ions (Dempski et al., 2008; Lutsenko 
and Kaplan, 1993), while mutagenesis studies provided 
evidence that association of the β-subunit exerts a 
stabilizing effect on the transporter during occlusion of 
the K+ ions (Durr et al., 2009a; Durr et al., 2009b). Similar 
conformational effects were observed for the H+/K+-
ATPase (Durr et al., 2009b), indicating that β-subunit-
mediated stabilization of the K+-loaded, E2P state of 
the transporter is a common feature of heteromeric 
P2C-ATPases. As counter-transport of K+ ions by P2C-
ATPases is equivalent to P4-ATPase-catalyzed flipping 
of phospholipids, it appears likely that β-subunits and 
Cdc50 proteins serve analogous roles. Based on our 
previous finding that Cdc50 proteins preferentially 
interact with the E2P state of P4-ATPase (Lenoir et 
al., 2009) and the functional relevance of the Cdc50 

ectodomain described in here, we postulate that Cdc50 
proteins serve a crucial role in loading P4-ATPases with 
the phospholipid ligand. 

EXPERIMENTAL PROCEDURES

Yeast strains and plasmids 

Yeast strains used for the split-ubiquitin assay were 
THY.AP4 (MATa ura3 leu2 lexA::lacZ::trp1 lexA::HIS3 
lexA::ADE2) and THY.AP5 (MATα URA3 leu2 trp1 his3 
loxP::ade2). The ∆cdc50 and ∆lem3 deletion mutants 
were created in yeast strain SEY6210 (MATα ura3-52 
his3-Δ200 leu2-3,112 trp1-Δ901 lys2-801 suc2-Δ9) using 
loxP-His3-loxP cassette (Pomorski et al., 2003). All 
strains were grown in synthetic dextrose (SD) medium. 
Plasmids used for the split-ubiquitin assay were 
created as described earlier (Lenoir et al., 2009). In brief, 
constructs containing the C-terminus of ubiquitin (Cub) 
were generated in THY.AP4 by in vivo recombination 
between the linearized vector pMetYCgate and PCR 
fragments of DRS2, DNF1, and DNF3, respectively. 
Constructs containing the N-terminus of ubiquitin 
(Nub) were created in THY.AP5 by in vivo recombination 
between the linearized vector pNXgate33-3HA and PCR 
fragments of CDC50, CRF1, and LEM3, respectively. 
Resulting Cub and Nub constructs were re-isolated 
and sequenced to verify fidelity of recombination. For 
the generation of the chimeric CDC50/CRF1 constructs, 
Cdc50p and Crf1p were divided into five topological 
domains; namely two transmembrane domains 
predicted by TMHMM 2.0 (Krogh et al. 2001; http://
www.cbs.dtu.dk/services/TMHMM/), two cytosolic 
tails, and the large ectodomain. To create Cdc50/Crf1 
ectodomain chimeras, both Cdc50 proteins were aligned 
using ClustalW2 (Larkin et al. 2007; http://www.ebi.
ac.uk/Tools/msa/clustalw2/) and two swapping sites of 
high sequence identity were selected, splitting the large 
extracellular domain in three parts of comparable size. 
Chimeric constructs were cloned in pNXgate33-3HA by 
fusion PCR. Cysteine substitution constructs of Nub-
CDC50 proteins in pNXgate33-3HA and of LEM3-myc9 
in pRS425 (Lenoir et al., 2009) were created by side-
directed mutagenesis (Stratagene). Obtained constructs 
were sequence-verified and transformed into THY.AP4 
for split-ubiquitin-related assays or into Cdc50 protein 
deletion mutants and its parental strain SEY6210 for 
drug sensitivity and in vivo NBD-lipid uptake assays. 

Random mutagenesis

The Nub-LEM3 construct was mutagenized by 
treatment with 70 mg/ml hydroxylamine hydrochloride 
(75 °C, pH 6.6). Mutagenized DNA was purified by 
agarose-gel electrophoresis and transformed into  
THY.AP4 yeast strain harboring the DNF1-Cub 
construct. Potential Lem3 mutant constructs were 
analyzed for expression levels and for interaction with 
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Dnf1-Cub using the split-ubiquitin assay.

Split-ubiquitin assay

The mating-based split ubiquitin assay of Obrdlik et al. 
(2004) was used as described earlier (Lenoir et al., 2009). 
For interaction assays, mated Cub and Nub strains were 
selected for diploids, which were 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 constructs. 
For quantitative assays determining β-galactosidase 
activity, diploids were grown overnight in SD–Leu–
Trp suspension cultures at 30 °C to midlogarithmic 
growth phase. The culture medium for cells expressing 
either Drs2-Cub and Dnf1-Cub or Dnf3-Cub was 
supplemented with 75 µM and 40 µM methionine, 
respectively, to ensure equal P4-ATPase protein levels. 
Cells were harvested, permeabilized in YPER yeast 
protein extraction reagent (Pierce Chemical, Rockford, 
IL), and incubated at 30 °C for 10 min in presence of 
o-nitrophenyl–β-D-galactopyranoside (Affymetrix, 
Santa Clara, CA). To determine β-galactosidase activity, 
A420 of cleared lysates were measured and normalized 
by subtracting the A420 value of the empty vector control. 

Drug sensitivity assay

Yeast Δcdc50 mutant strains transfected with reisolated, 
sequence-verified Nub constructs were grown at  
30 °C in selective SD medium to midlogarithmic phase. 
Serial dilutions of cell suspensions with 0.5 OD600/ml 
as highest cell density were spotted onto SD plates 
supplemented with 1 µM papuamide B (Flintbox, 
Wellspring Worldwide, Chicago, IL) or DMSO as a 
control. Likewise, yeast ∆lem3 mutant strains harboring 
LEM3 cysteine substitution constructs were grown in 
selective SD medium. Cell suspensions of 0.2 OD600/
ml were spotted onto miltefosine (Sigma-Aldrich, St. 
Louis, MO) or duramycin (Santa Cruz Biotechnology, 
Santa Cruz, CA)-containing gradient plates with drug 
concentrations ranging from 0 to 5 and 25 µg/ml, 
respectively. Plates were incubated at 30 °C and growth 
was monitored after two to three days.

Isolation as well as DTT and mPEG treatment of 
membrane extracts

Yeast cells harboring cysteine substitution mutants 
of yeast Cdc50 proteins were grown at 30 °C to 
midlogarithmic phase in selective SD medium, 
resuspended in ice-cold TEPI buffer (100 mM Tris-
HCl pH 7.5, 10 mM EDTA, 1 µg/ml apoprotein, 1 µg/
ml leupeptin, 1 µg/ml pepstatin, 5 µg/ml antipain, 
157 µg/ml benzamidine), and lysed by bead bashing. 
Membranes were collected by centrifugation of 
cleared lysates (700 gav, 5 min, 4 °C) at 100,000 gav  
(1 h, 4 °C) and resuspended in SDS/urea sample buffer 
normalized for protein content of cleared lysates. 
Samples were subjected to SDS gel electrophoresis and 

immunoblotting using anti-HA antibody (12CA5, Santa 
Cruz Biotechnology) or anti-myc antibody (9E10, Santa 
Cruz Biotechnology). Subsequent incubation steps were 
carried out at 37 °C for 20 min. For DTT treatment, 
isolated membrane extracts were incubated either with 
5 mM DTT or MQ followed by treatment with 10 mM 
NEM. For methoxypolyethylene glycol-5000 maleimide 
(mPEG, Sigma-Aldrich) treatment, membrane extracts 
were incubated with varying amounts of mPEG or 
DMSO followed by treatment with 10 mM NEM.

NBD-lipid transport assay 

Yeast NBD-lipid labeling with subsequent flow 
cytometric analysis was performed as described 
earlier (Pomorski et al., 2003). Briefly, ∆lem3 mutant 
cells harboring myc9-tagged LEM3 cysteine sub-
stitution constructs were grown to midlogarithmic 
phase, resuspended in selective SD medium to a final 
cell density of 10 OD600/ml, and labeled for 20 min at  
30 °C with 50 µM palmitoyl-(NBD-hexanoyl)-PC and 
–PE (Avanti Polar Lipids, Alabaster, AL), respectively. 
Labeled cells were washed twice with ice-cold SSA 
medium (SD medium without glucose supplemented 
with 2% sorbitol and 20 mM NaN3) containing 4% (w/v) 
BSA (1,500 gav, 5 min, 4 °C), resuspended in ice-cold 
SSA medium, and labeled with propidium iodide (PI). 
Thirty thousand cells were subjected to flow cytometric 
analysis performed on a FACS Calibur (BD Biosciences, 
San Jose, CA) equipped with an argon laser. Acquired 
data was processed using Cell Quest software. From 
the yeast cell population identified, PI-positive cells 
characterized by high red fluorescence intensity were 
excluded and the NBD-derived green fluorescence of 
the living cells was plotted on a histogram. The mean 
fluorescence intensity was calculated and used for 
further statistical analysis.
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Supplemental Figure 1. Amino acid alignment of yeast Cdc50 proteins. Multi-sequence alignment was obtained by ClustalW2 
algorithm. Asterisks represent amino acid residues conserved in the yeast Cdc50 protein family. Transmembrane domains 
predicted by TMHMM prediction server and cysteine residues are highlighted as grey boxes and translucent boxes, respectively. 
Scissors indicate swapping sites for chimeric CDC50/CRF1 constructs.
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ABSTRACT

Flippases catalyze phospholipid transport across membrane bilayers and serve a critical role in the biogenesis of 
late secretory and endocytic vesicles. How flippases participate in this fundamental cellular process remains to 
be established. An attractive concept is that by creating lipid mass imbalances across bilayers, flippases support 
the cellular coat machinery in promoting membrane curvature during vesicle formation. To experimentally 
address this hypothesis, we set out to incorporate flippase machinery into giant unilamellar vesicles (GUVs), a 
model system previously used to study the impact of lipid imbalances on membrane shape. Here, we describe 
two complementary methods to generate GUVs using flippase-containing secretory vesicles (SVs) isolated 
from yeast. The first approach relies on electroformation of proteoliposomes generated by detergent-mediated 
reconstitution of SV-derived proteins. To eliminate the use of detergent, we also developed a method allowing 
GUV formation from native SVs. To overcome the negative influence of membrane protein density, native SVs 
were mixed with protein-deficient liposomes and subjected to a freeze-thaw cycle prior to electroformation. 
Both methods yielded properly sealed, SV-derived GUVs, thus creating an important opportunity to directly 
address the membrane-bending capacity of flippases.

INTRODUCTION

An asymmetric distribution of aminophospholipids 
across the membranes of late secretory and endocytic 
organelles is a fascinating aspect of eukaryotic cells (van 
Meer and de Kroon, 2011). Maintenance and coordinated 
dissipation of aminophospholipid asymmetry is 
implicated in a host of cellular processes, including 
cell division, vesicular trafficking, blood coagulation, 
myoblast fusion, and phagocytic clearance of apoptotic 
cells (Balasubramanian and Schroit, 2003; Fadeel and 
Xue, 2009). This asymmetry cannot be explained by 
sidedness of lipid biosynthesis or breakdown alone 
and relies, at least in part, on a combination of slow 
flip-flop and the presence of aminophospholipid-
specific transporters, termed flippases. In contrast to 
the endoplasmic reticulum, non-specific flip-flop in 
the plasma membrane is slow, presumably due to its 
high content of sterols that cause a tight packing of the 
acyl chains in the bilayer (Kol et al., 2003). Slow flip-
flop is a prerequisite for preserving asymmetric lipid 
arrangements that are created by flippases. These pumps 
use ATP hydrolysis to catalyze a fast inward movement 
of aminophospholipids across the membrane bilayer, 
causing an accumulation of aminophospholipids in the 
cytosolic leaflet (van Meer and de Kroon, 2011).

Prime candidate flippases are members of the P4 
subfamily of P-type ATPases (Tang et al., 1996; Coleman 
et al., 2009; Zhou and Graham, 2009). Loss of P4-ATPases 
abolishes unidirectional aminophospholipid transport 
and disrupts aminophospholipid asymmetry in late 
secretory and endocytic organelles (Pomorski et al., 
2003; Natarajan et al., 2004; Alder-Baerens et al., 2006; 
Paulusma et al., 2006; Darland-Ramson et al., 2008). 
Interestingly, P4-ATPase mutants also display defects in 
vesicular trafficking from and to the plasma membrane 
(Gall et al., 2002; Pomorski et al., 2003; Poulsen et al., 
2008; Ruaud et al., 2009; Xu et al., 2009). Essentially two 
models have been proposed to explain how P4-ATPases 

contribute to vesicular trafficking. 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 aminophospholipids 
in the cytosolic leaflet. This model is supported by the 
observation that the yeast trans-Golgi P4-ATPase Drs2p 
directly interacts with the clathrin adaptor protein, AP-1, 
and the ADP-ribosylation factor (ARF) activator, Gea2p 
(Chantalat et al., 2004; Liu et al., 2008). The latter protein 
is a GTP-exchange factor that regulates recruitment of 
ARF, AP-1, and clathrin coat proteins to membranes of 
the trans-Golgi (Chantalat et al., 2004). However, a recent 
study shows that membrane association of ARF, AP-1, 
and clathrin does not require Drs2p (Liu et al., 2008). 
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 alternative model is that the inward-directed 
translocation of aminophospholipid catalyzed by P4-
ATPases creates an imbalance in phospholipid number 
between the two leaflets, causing an inward bending 
of the membrane required for vesicle formation. 
Consistent with this hypothesis, insertion of exogenous 
aminophospholipids in the exoplasmic leaflet of the 
plasma membrane and their subsequent flippase-
mediated translocation to the cytosolic leaflet causes 
dramatic shape changes of red blood cells (Seigneuret 
and Devaux, 1984; Daleke and Huestis, 1985), provokes 
the formation of endocytic-like vesicles in these cells 
(Muller et al., 1994), and accelerates endocytosis 
in erythroleukemia K562 cells (Farge et al., 1999). 
The concept that P4-ATPases are capable of driving 
membrane vesiculation by catalyzing unidirectional 
lipid transport awaits experimental confirmation.

A powerful approach to study the transbilayer 
movement of native phospholipids is based on shape 
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changes of giant unilamellar vesicles (GUVs). Shape 
transitions in these cell-sized structures can be triggered 
by a very small excess of lipid in one membrane leaflet 
(Farge and Devaux, 1992; Mui et al., 1995; Mathivet et 
al., 1996; Papadopulos et al., 2007). Because of the low 
compressibility of lipid monolayers, the asymmetric 
lipid supply creates a surface area difference between 
the two leaflets, which in turn results in formation of 
bud-like structures that can be readily visualized under 
the light microscope. Hence, incorporation of the P4-
ATPase flippase machinery into GUVs may provide 
an attractive approach to directly investigate the 
membrane-bending capacity of P4-ATPases. Moreover, 
this would also generate an important opportunity to 
verify the specificity of P4-ATPases towards natural 
phospholipids, as current methods for studying P4-
ATPase-catalyzed lipid transport are exclusively based 
on the use of fluorescent or spin-labeled phospholipid 
analogues.

The most commonly used approach to generate 
GUVs is the electroformation method, which involves 
rehydration of a lipid film deposited on Pt electrodes 
in presence of an oscillating electric field (Angelova et 
al., 1992). This approach is suitable for a wide range of 
lipid compositions yielding GUV preparations of high 
quantity, homogeneity, and size (Rodriguez et al., 2005). 
Protein-containing (proteo-)GUVs are conventionally 
generated by electroformation of proteoliposomes 
(Walde et al., 2010). Proteoliposomes are reconstituted 
by incorporation of detergent-solubilized membrane 
proteins into liposomes of choice. An alternative 
approach is the formation of proteo-GUVs from native 
membranes (Montes et al., 2007; Merkle et al., 2008; 
Shaklee et al., 2010). 

To experimentally address the hypothesis that P4-
ATPases can drive membrane vesiculation, we set out 
to develop methods for the incorporation of P4-ATPase 
flippase machinery into GUVs using yeast post-Golgi 
secretory vesicles (SVs) as the source. The use of yeast 
post-Golgi SVs offers various advantages. First, they 
contain two active and relatively well-characterized 
P4-ATPases, namely Drs2p and Dnf3p (Alder-Baerens 
et al., 2006). Second, post-Golgi SVs can be readily 
purified in ample amounts from the temperature-
sensitive late secretory yeast mutant, sec6-4 (Harsay 
et al., 1995). Third, as yeast is a genetically tractable 
organism, the protein and lipid composition of post-
Golgi SVs can be readily manipulated; this already 
allowed the isolation and characterization of P4-ATPase-
deficient SVs (Alder-Baerens et al., 2006). In here, we 
describe two complementary methods for the creation 
of GUVs from post-Golgi SVs. Establishment of these 
methods create important opportunities to investigate 
P4-ATPase-catalyzed transport of native phospholipids 
and to elucidate how this process contributes to vesicle 
biogenesis in cells.
     

RESULTS

Putative bottlenecks in electroformation of GUVs from 
yeast-derived SVs

Yeast post-Golgi SVs were isolated by differential 
centrifugation of total membranes from a temperature-
shifted sec6-4 mutant as previously described (Alder-
Baerens et al., 2006). Our attempts to generate GUVs by 
electroformation of partially dehydrated, fluorescein-
labeled post-Golgi SVs deposited on Pt electrodes of a 
GUV formation chamber were unsuccessful. This was 
also true when SVs were deposited on a dried film of 
dioleoylphosphatidylcholine (DOPC). In both cases, 
SVs formed large amorphous aggregates and only 
very rarely underwent transformation into GUVs (data 
not shown). Several parameters might interfere with 
electroformation of SV-derived GUVs: (i) composition 
of electroformation buffers; (ii) presence of peripheral 
membrane proteins on SVs; (iii) lipid composition of SVs; 
(iv) assembly state of lipids; (v) lipid/protein ratio. We 
next set out to systematically investigate which of these 
parameters form a bottleneck in the electroformation of 
GUVs from yeast SVs. 

Previous work showed that electroformation of 
GUVs from liposomes or lipid extracts is influenced by 
the composition of the GUV formation buffer. Girard 
et al. (2004) reported that buffers with a high ionic 
strength (> 5 mM monovalent and >1 mM divalent 
ions) generally perturb GUV formation and that GUVs 
form most efficiently in deionised water containing 
100 mM sucrose. However, Pott et al. (2008) recently 
published a protocol for electroformation of GUVs 
using physiologically relevant buffer conditions in 
terms of salt concentration and pH. By adapting 
voltage and frequency of the oscillating electric field, 
GUVs were formed in 100 mM NaCl and up to 200 mM 
sucrose. Yet adapting our protocol according to Girard 
et al. or Pott et al. did not provide any improvement in 
the electroformation of GUVs from yeast SVs. We also 
used SVs prewashed in high salt (160 mM K-glutamate 
buffer) to remove peripheral membrane proteins. This 
treatment did not improve the yield of SV-derived 
GUVs either. However, we cannot exclude that the 
high-salt wash was not stringent enough to remove all 
peripheral membrane proteins. 

Electroformation of GUVs is largely independent of 
lipid composition

Yeast post-Golgi SVs have a complex lipid composition 
and high sterol content (Klemm et al., 2009). To 
directly investigate the influence of lipid composition 
on electroformation of GUVs, various lipid mixtures 
were prepared in chloroform, deposited as a lipid 
film on the Pt electrodes, and rehydrated in presence 
of an oscillating electric field. The lipid mixtures used 
ranged from simple, chemically defined formulations 
comprising DOPC, DOPC/cholesterol (8:2) or DOPC/
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cholesterol/dioleoylphosphatidylserine (DOPS; 
7:2:1) to asolectin, a complex lipid formulation 
isolated from soybean and comprising roughly equal 
proportions of PC, phosphatidylethanolamine (PE), 
and phosphatidylinositol along with minor amounts 
of other phospholipids. A lipid mixture of asolectin/ 
cholesterol (8:2) was used to mimic the lipid composition 
of yeast SVs. Lipid mixtures were supplemented with  
0.05 mol% of the fluorescent membrane marker, 
rhodamine-conjugated PE (Rho-PE), to monitor forma-
tion of GUVs by confocal fluorescence microscopy. 
Upon rehydration in presence of an oscillating electric 
field, all lipid mixtures readily supported formation of 
GUVs, the characteristics of which were very similar 
(Fig. 1A,B; Table 1). Lipid composition had only a minor 
impact on the average GUV diameter, which ranged 
from 20 to 30 μm. Moreover, there was no obvious lipid-
dependent effect on the unilamellarity of the GUVs or 
on the frequency by which they displayed artifacts 
(lipid aggregates, hemifused vesicles, etc). 

Contrary to lipids in organic extracts, lipids in 
SVs are assembled into closed bilayers. We therefore 
investigated whether the assembly state of lipids prior 
to electroformation might influence GUV generation. 
To this end, the above lipid mixtures were used to 
create small, 200-nm unilamellar liposomes that were 
deposited on Pt electrodes by partial dehydration. 
Rehydration in presence of an oscillating electric 
field allowed formation of GUVs with characteristics 
very similar to those observed using lipid extracts  
(Fig. 1C,D). In comparison, liposome-derived GUVs 
where on average slightly smaller and showed fewer 
artifacts (Table 1). Lipid composition did not seem to 
have a major influence on the GUV size or quality. From 
this, we conclude that the yield and quality of GUVs 
generated by electroformation is largely independent of 
both lipid assembly state and the complexity of the lipid 
mixtures used. 

Formation of SV-derived proteoliposomes at different 
lipid/protein ratios

Girard et al. (2004) found that electroformation of GUVs 

from proteoliposomes is critically dependent on the 
lipid/protein (L/P) ratio; only proteoliposomes with a 
L/P ratio above 5 (w/w) were suitable for GUV formation. 
Yeast post-Golgi SVs have a L/P ratio of approximately 
0.5 (data not shown), which is consistent with the notion 
that SVs in general exhibit a high membrane protein 
density (Takamori et al., 2006). To address whether this 
feature interferes with electroformation of GUVs from 
yeast SVs, we next set out to reconstitute SV-derived 
membrane proteins into proteoliposomes at different 
L/P ratios. 

To this end, yeast SVs were detergent-solubilized 
using Triton X-100 and reconstituted into 
detergent-destabilized DOPC/cholesterol/DOPS 
(79:20:1)-liposomes at L/P ratios ranging from 0.8 to 30. 
Incorporation of SV-derived membrane proteins into 
proteoliposomes was monitored by analyzing their 
ability to float in a sucrose-density gradient. At L/P ratios 
of 1.2 or below, the bulk of membrane proteins were 
found in the bottom fractions of the density gradient 
(Fig. 2A,B). Immunoblot analysis of gradient fractions 
revealed that this was also true for the P4-ATPase, 
Drs2p. This indicates that under these conditions, 
SV-associated membrane proteins are not efficiently 
incorporated into proteoliposomes. In contrast, at L/P 
ratios of 6 or above, proteoliposomes were generated 
that contained the bulk of Drs2p. These proteoliposomes 
formed an inhomogeneous population, which floated 
as a broad peak spanning gradient fractions 5 - 8 
(Fig. 2C,D). Interestingly, increasing the amount of 
anionic phospholipid DOPS in the lipid mixture from 
1 to 10 mol% yielded a more homogenous population 
of proteoliposomes that floated as a sharp peak, 
corresponding to fractions 6 and 7 (Fig. 3A-C). These 
proteoliposomes completely segregated from protein-
deficient liposomes, which peaked in fractions 3 and 4 
(Fig. 3D). Moreover, immunoblot analysis revealed that 
they contained the bulk of Drs2p and the SV-associated 
proton pump, Pma1p.

Like Drs2p, Pma1p is a member of the P-type ATPase 
superfamily. It is also the most prominent SV membrane 
protein constituent and primarily responsible for the 

Table 1. Characterization of GUVs generated from lipid extracts or liposomes of distinct composition

Lipid extract Liposomes

Lipid composition GUV size1          
(µm)

Unilamellarity 
(%)

GUV size1          
(µm)

Unilamellarity 
(%)

DOPC 19 ± 7 ~ 55 19 ± 7 ~ 40
DOPC/chol (8:2) 22 ± 5 ~ 60 16 ± 3 ~ 45
DOPC/chol/DOPS (7:2:1) 21 ± 7 ~ 65 22 ± 6 ~ 40 
Asolectin 28 ± 8 ~ 65 19 ± 5 ~ 45
Asolectin/chol (8:2) 31 ± 11 ~ 50 20 ± 7 ~ 45
1Quantification based on ≥ ten GUVs. Displayed as mean ± SD. DOPC, dioleoylphosphatidylcholine; DOPS, dioleoyl-
phosphatidylserine; chol, cholesterol.
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Figure 1. GUV formation is largely independent of assembly state and complexity of lipid mixtures. Lipid mixtures of 
distinct composition supplemented with 0.05 mol% rhodamine-PE were either prepared in chloroform (A) or as liposomes in 
aqueous solution (C). 20 nmol lipids were deposited onto Pt electrodes and subjected to an oscillating electric field. Subsequent 
to electroformation, giant vesicles were analyzed by fluorescence confocal microscopy. Bar, 10 μm. (B, D) Quantification of GUV 
size is based on at least ten GUVs. Mean is indicated as continuous line. DOPC, dioleoylphosphatidylcholine; chol, cholesterol; 
DOPS, dioleoylphosphatidylserine.

robust ATPase activity associated with post-Golgi SVs 
(Harsay et al., 1995). ATPase activity measurements 
revealed that enzymatic activity of Pma1p was best 
preserved when reconstituted into DOPC/ cholesterol/
DOPS (7:2:1) liposomes at a L/P ratio of ≥ 20 (Fig. 3). 
The corresponding proteoliposomes exhibited an 
ATP hydrolysis rate approximately 8-fold lower than 
that of native SVs (115 versus 980 nmol Pi release per 
mg protein and min). Considering randomization of 
Pma1p membrane orientation during reconstitution, 
only half of the Pma1p molecules incorporated 
into proteoliposomes would be able to hydrolyze 
externally added ATP. Accordingly, reconstitution of 
Pma1p under the above conditions would preserve 
approximately 25% of total enzymatic activity. In view 
of their homogeneous nature and enzymatically active 
protein content, SV-derived proteoliposomes prepared 
in DOPC/cholesterol/DOPS (7:2:1) were next used as 

membrane source for GUV formation.

Electroformation of SV-derived proteoliposomes yields 
unilamellar and sealed GUVs

To verify incorporation of SV-derived membrane pro-
teins into GUVs, the proteoliposomes were labeled with 
thio-reactive derivatives of three different fluorophors, 
namely fluorescein-5-maleimide (Fluo-M), Alexa488-
C5-maleimide (Alexa-M), and tetramethylrhodamine-
5-maleimide (Rho-M). In-gel fluorescence analysis 
showed that in all cases, treatment with these cysteine-
modifying reagents led to fluorescent labeling of a 
wide spectrum of membrane proteins, including a 
prominent labeling of the SV-associated proton pump 
Pma1p (Fig. 4). Next, Fluo-M-labeled proteoliposomes 
of L/P ratios of 9, 20, and 30 were deposited together 
with 0.05 mol% of fluorescent membrane marker Rho-
PE onto Pt electrodes and subjected to electroformation. 
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Confocal fluorescence microscopy revealed that with 
all three proteoliposome preparations, Fluo-M-labeled 
GUVs were formed that displayed an average diameter 
ranging between 10 and 20 µm (Fig. 5A, lower panel; 
Table 2). Importantly, no Fluo-M-labeled GUVs were 
obtained when electroformation was carried out using 
protein-free, Fluo-M-treated liposomes (Fig. 5A, upper 
panel). This indicates that Fluo-M exclusively labels 
the proteinaceous constituents of proteoliposomes and 
that the positive labeling of GUVs reflects a successful 
incorporation of SV-derived membrane proteins. 

A detailed analysis of the various proteo-GUV 
preparations revealed that neither the protein 
incorporation efficiency nor the size or unilamellarity 
was greatly influenced by the L/P ratio of the 
proteoliposomes used (Table 2). At the highest lipid/
protein ratio (L/P = 30), a minor decrease in the fraction 
of Fluo-M-positive GUVs was observed (from 50 to 40%). 
However, this might be attributable to a dilution of Fluo-
M-labeled proteins beyond the detection limit of the 
confocal microscope. Overall, the Fluo-M labeling was 
evenly spread over proteo-GUV surfaces, suggesting 
that SV-derived proteins were homogenously 
distributed inside the membrane. Comparable protein 
labeling patterns were observed when GUVs were 
generated from proteoliposomes labeled with the 
cysteine-modifying fluorophor derivative, Rho-M  
(Fig. 5B). To assess the membrane integrity of these GUVs, 
Rho-M-labeled GUVs were visualized after addition of 
the membrane-impermeable dye, carboxyfluorescein. 
For all three different proteoliposome preparations 
tested, the vast majority of the corresponding Rho-M-
labeled GUVs (>75%) excluded carboxyfluorescein from 
the vesicle lumen (Fig. 5B; data not shown). Together, 
these results demonstrate that, unlike native SVs, SV-
derived proteoliposomes with L/P ratios from 9 to 30 
provide a suitable source for the generation of sealed, 
unilamellar, and membrane protein-containing giant 
vesicles. Moreover, our data are also consistent with 
the notion that membrane protein density is a critical 
parameter in the electroformation of GUVs from native 
membranes.  

Native SVs as source for GUV formation

A major drawback in using proteoliposomes as 
membrane source for GUV formation is the requirement 
of a detergent-mediated membrane solubilization step, 
which may result in loss of protein function. This 
seems particularly relevant for heteromeric membrane 
protein assemblies like P4-ATPase/Cdc50 complexes; 
the dissociation of which disrupts enzymatic activity 
(Lenoir et al., 2009). Aiming to circumvent the use of 
detergent, we next examined whether an appropriate 
membrane protein dilution of native SVs can be 
achieved by subjecting a mixture of SVs and liposomes 
to electroformation. To this end, we labeled native 
SVs with Alexa-M (a more photostable version of 

Figure 2. High lipid/protein ratios promote reconstitution 
of SV-derived proteoliposomes. Yeast SVs harboring 
endogenously expressed HA-tagged Pma1p were solubilized 
with 1% Triton X-100 and reconstituted into Triton X-100-
destabilized DOPC/cholesterol/DOPS (79:20:1)-liposomes 
at different lipid/protein (L/P) ratios (w/w). Detergent was 
removed by overnight incubation with Bio-Beads. Incorporation 
of SV-derived membrane proteins into proteoliposomes 
was evaluated by their floatation on sucrose-step gradients. 
Gradient fractions were analyzed by SDS-PAGE followed by 
silver staining and immunoblotting using an antibody directed 
against endogenous Drs2p.
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Fluo-M) and mixed the labeled SVs with liposomes 
comprising DOPC/cholesterol/DOPS (7:2:1) or DOPC/ 
dioleoylphosphatidic acid (DOPA; 9:1) at a L/P ratio of 
25. However, electroformation of liposome-SV mixtures 
did not yield any Alexa-M-labeled GUVs, suggesting 
that mixing SVs with liposomes by itself does not lead 
to a dilution of membrane proteins in the SV bilayer 
appropriate for proteo-GUV formation. 

Because removal of water by freezing promotes 
membrane fusion (Crowe and Crowe, 1985), liposome-

SV mixtures were subjected to a freeze-thaw cycle prior 
to electroformation. For both liposome compositions 
tested, this approach yielded Alexa-M-labeled GUVs 
with an average diameter of 8 µm, hence 1.5 times smaller 
than proteo-GUVs generated from proteoliposomes 
(Fig. 6A; Table 3). Further comparison of proteo-GUVs 
generated by the two distinct methods revealed that 
native SV-derived GUVs displayed a slightly lower 
abundance of unilamellar vesicles, but that protein 
incorporation was generally more efficient (70 versus 

Figure 3. Reconstitution of SV-derived membrane proteins into DOPC/cholesterol/DOPS-liposomes yields homogeneous 
proteoliposomes. (A-C) Yeast SVs were reconstituted into DOPC/cholesterol/DOPS (7:2:1)-liposomes at various lipid/protein (L/P) 
ratios (w/w). Proteoliposomes formation was examined by subjecting sucrose-gradient fractions to phospholipid and ATPase 
activity determination as well as SDS-PAGE analysis followed by silver staining or immunoblotting. (D) Flotation of DOPC/
cholesterol/DOPS (7:2:1)-liposomes was analyzed by determining phospholipid concentration of sucrose-gradient fractions.
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50%; Tables 2 and 3). These characteristics were largely 
independent of liposome composition. Moreover, the 
vast majority (>80%) of proteo-GUVs generated from 
native SVs were properly sealed as judged by their 
ability to exclude the membrane-impermeable dye 
carboxyfluorescein (Fig. 6B). Importantly, these findings 
demonstrate that formation of high-quality GUVs 
from native yeast post-Golgi SVs can be accomplished 
independently of a detergent-mediated membrane 
solubilization step. 

DISCUSSION

In this study, we established two complementary 
approaches for the creation of GUVs from yeast 
post-Golgi SVs, organelles containing active P4-
ATPase lipid transporters. The first approach relied 
on electroformation of proteoliposomes generated 
by reconstitution of SV-derived membrane proteins 
into detergent-destabilized liposomes. In the second 
approach, the detergent-mediated membrane 
solubilization step was circumvented by premixing 
native SVs with protein-deficient liposomes 
and application of a freeze-thaw cycle prior to 
electroformation. Importantly, establishment of these 
two methods provide novel opportunities to investigate 
P4-ATPase-catalysed lipid transport and how this 
process contributes to vesicle biogenesis in the late 
secretory pathway.   

The formation of GUVs from native biological 
membranes can be compromised by a high density of 
proteins in the bilayer. Therefore, a classical approach 
to create biomembrane-derived GUVs is to reconstitute 
integral membrane proteins into proteoliposomes 
prior to electroformation. We here showed that 
electroformation of SV-derived proteoliposomes with 
20 to 60-fold higher L/P ratios than native SVs yielded 
GUVs of high quality. Approximately half of these GUVs 
contained detectable amounts of SV-derived membrane 

proteins, of which the majority were properly sealed. 
However, a disadvantage of the reconstitution-based 
method is that the application of detergent and time-
consuming sample preparation may cause irreversible 
loss of membrane protein function. Indeed, only one 
quarter of the total ATPase activity associated with the 
SV-resident proton pump Pma1p could be recovered 
following reconstitution. Moreover, two recent studies 
showed that affinity purification and reconstitution of 
the SV-resident P4-ATPase Drs2p is accompanied by a 
dramatic reduction in enzymatic activity, presumably 
due to detergent-induced dissociation of the enzyme 
from its essential Cdc50 binding partner (Lenoir et al., 
2009; Zhou and Graham, 2009). 

To eliminate the use of detergent and preserve 
the catalytic activity of SV-resident P4-ATPases, we 
adopted the GUV electroformation method of Pott and 
colleagues (2008). This method was previously used to 
generate GUVs from native red blood cell membranes 
(Montes et al., 2007) and required two modifications 
to allow generation of GUVs from native yeast SVs. 
First, SVs were mixed with liposomes to achieve a 50-
fold increase in the L/P ratio. Second, the SV-liposome 
mixture was subjected to a freeze-thaw cycle prior to 
the electroformation step to promote fusion between 
SVs and liposomes. This approach yielded native 
SV-derived GUVs of a quality comparable to that of 
proteoliposome-derived GUVs. Together, these data 
indicate that the high membrane protein content of 
native SVs is a critical factor for the electroformation of 
SV-derived GUVs. 

Besides eliminating the need for detergent and 
associated risk of disrupting membrane protein 
function, our protocol for electroformation of GUVs 
from native SVs offers some additional advantages. 
To begin with, proteo-GUV formation from native SVs 
appeared largely independent of the lipid formulation 
used; mixing SVs with liposomes comprising either 
DOPC/DOPA (9:1) or DOPC/cholesterol/DOPS (7:2:1) 

Figure 4. Fluorophor derivatives efficiently label SV-derived proteins. SVs were either labeled with fluorescein-5-maleimide 
(Fluo-M), Alexa Fluor 488-C5-maleimide (Alexa-M) or tetramethylrhodamine-5-maleimide (Rho-M). Subsequent to extensive 
washing, labeled membranes were examined by SDS-PAGE followed by Coomassie staining (first panel), immunoblotting to 
detect the genomically tagged proton pump, Pma1p, using an anti-HA antibody (fourth panel), and in-gel fluorescence analysis 
to detect Fluo-M and Alex-M (λem = 488 nm, second panel) as well as Rho-M labeling (λem = 580 nm, third panel).
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yielded proteo-GUVs of comparable quality. This 
indicates that the lipid composition of proteo-GUVs 
can be manipulated over a wide range. In contrast, 
formation of a homogenous population of SV-derived 
proteoliposomes was found to be critically dependent 
on the lipid formulation used, notably on the presence 
of DOPS. Moreover, the use of native SVs as membrane 
source should help preserve the natural orientation of 
membrane proteins during electroformation. This is 
particularly relevant for P4-ATPases, whose active site 
must be accessible for externally added ATP to allow 
phospholipid translocation. In the case of SV-derived 
proteoliposomes, it is expected that no more than half 
of the reconstituted P4-ATPase molecules retain their 
natural, ATP-accessible orientation.

The SV-derived GUVs created in this study 
provide an attractive new tool to investigate the lipid 
transport activity and membrane deforming capacity 
of P4-ATPases. Because of the low compressibility of 

lipid monolayers, net transport of a small fraction of 
phospholipids across the bilayer would be sufficient to 
induce a shape change of a giant vesicle (Devaux, 2000; 
Devaux et al., 2008). Unidirectionality of P4-ATPase-
catalyzed lipid transport required for generating a 
lipid imbalance across the bilayer is ensured, because 
externally added ATP has access to only one membrane 
leaflet. However, to allow this unidirectional transport to 
culminate in membrane deformations, the spontaneous 
flip-flop rate of lipids across the bilayer must be low. 
In this respect, the use of yeast post-Golgi SVs as 
membrane source for proteo-GUV formation offers two 
advantages. Firstly, these organelles naturally contain 
a high level of sterols, which are known to exert an 
inhibitory effect on spontaneous flip-flop by increasing 
the packing of acyl chains in the bilayer (Kol et al., 2003). 
Secondly, in contrast to TGN and plasma membrane, 
SVs are devoid of ER membrane contact sites (Levine 
and Loewen, 2006). The isolation of SVs free of any ER 
contamination is relevant given that the ER contains 
a highly active bidirectional flippase activity, which 
would abolish any P4-ATPase-induced phospholipid 
mass imbalance across the bilayer (Herrmann et al., 
1990; Marx et al., 2000; Papadopulos et al., 2007).

Ezanno et al. (2009) recently reported dramatic 
shape changes in red blood cell-derived GUVs upon 
ATP addition, which they ascribed to the activity 
of flippases. As red blood cells are not amenable to 

Figure 5. SV-derived proteoliposomes yield unilamellar 
and sealed proteo-GUVs. (A) DOPC/cholesterol/
DOPS (7:2:1)-liposomes (upper panel) and SV-derived 
proteoliposomes (L/P = 9; lower panel) were labeled with 
fluorescein-5-maleimide (Fluo-M) and 0.05 mol% rhodamine-
PE (Rho-PE). Subsequent to electroformation, GUVs and 
proteo-GUVs were analyzed by fluorescence confocal 
microscopy. (B) SV-derived proteoliposomes labeled with 
tetramethylrhodamine-5-maleimide (Rho-M) were subjected 
to electroformation. Proteo-GUVs were visualized in presence 
of membrane-impermeable fluorophor carboxyfluorescein 
(carboxyfluo). Bar, 10 μm.

Figure 6. Native SVs are a suitable source for formation of 
sealed and unilamellar proteo-GUVs. (A) Giant vesicles 
were electroformed from Alexa Fluor 488- (Alexa-M-)labeled 
SVs mixed with DOPC/cholesterol/DOPS (7:1:2)-liposomes 
supplemented with 0.05 mol% rhodamine-PE (Rho-PE; L/P 
= 25) and analyzed by fluorescence confocal microscopy. 
(B) Giant vesicles generated from tetramethylrhodamine 
(Rho-M)-labeled SVs mixed with DOPC/cholesterol/DOPS 
(7:1:2)-liposomes (L/P = 25) were visualized by fluorescence 
confocal microscopy in the presence of membrane-impermeable 
dye carboxyfluorescein (carboxyfluo). Bar, 10 μm.
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genetic manipulation, it is hard to determine whether 
these ATP-induced shape changes are mediated by P4-
ATPases. A key advantage of yeast SV-derived GUVs 
is that any shape change observed upon external 
addition of ATP can be experimentally traced back to 
P4-ATPases. Indeed, our previous work revealed that 
genetic ablation of yeast P4-ATPases Drs2p and Dnf3p 
results in a complete loss of SV-associated flippase 
activity (Alder-Baerens et al., 2006). In addition, the 
creation of GUVs using native SVs isolated from PS-, 
PE- or PC-deficient yeast mutants should provide 
a unique opportunity to verify the specificity of P4-
ATPases for natural phospholipid substrates (Atkinson 
et al., 1980; Min-Seok et al., 1996; Boumann et al., 2006). 
This is important as available methods for detection 
of flippase activity are exclusively based on the use of 
spin-labeled or fluorescent lipid analogues. Finally, SV-
derived GUVs provide a crucial tool to directly test the 
membrane bending capacity of P4-ATPases and address 
their vital role in vesicular trafficking. An exciting future 
prospect is to use the system to actually elucidate how 
flippases and the coat machinery cooperate to initiate 
vesicle biogenesis in cells.

EXPERIMENTAL PROCEDURES

Lipids 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 
1,2-dioleoyl-sn-glycero-3-(phospho-L-serine) (DOPS), 
and 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA) were 
purchased from Avanti Polar Lipids (Alabaster, AL). 
Asolectin isolated from soybean and cholesterol were 
obtained from Sigma-Aldrich (St. Louis, MO).

Yeast strain

Yeast strain sec6-4 HA-PMA1 (JHY123, MATα sec6-4, 
TPI1::SUC2::TRP1, ura3-52 his3-Δ200 leu2-3-112 trp1-1 
HA-PMA1::LEU2) (Alder-Baerens et al., 2006) expressing 
N-terminally tagged HA-Pma1p under control of its 
endogenous promoter was grown in synthetic dextrose 
(SD) medium at 30 °C.

Isolation of yeast post-Golgi SVs

Yeast post-Golgi SVs were isolated as described 

previously (Alder-Baerens et al., 2006). In brief, sec6-
4 cells were grown at 30 °C to an optical density of 
0.4 - 0.5 OD600/ml. To allow accumulation of SVs, cells 
were shifted for 2h to 38 °C. Subsequent to addition of 
20 mM NaN3 and immediate shift to 4 °C, cells were 
washed twice with SorbTEA buffer (800 mM sorbitol,  
10 mM triethanolamine, 1 mM EGTA, pH 7.2) 
supplemented with protease inhibiors (1 μg/ml 
apoprotein, 1 μg/ml leupeptin, 1 μg/ml pepstatin, 5 μg/
ml antipain, 157 μg/ml benzamidine). Cell resuspended 
at 100 – 125 OD600/ml in SorbTEA buffer were lysed 
by vortexing 20 times for 30 seconds with glass beads 
(425-600 μm). Lysates were subjected to differential 
centrifugation (500 gav, 10 min, 4 °C; 13,000 gav, 20 min,  
4 °C) to remove large contaminating organelles. 
SVs were harvested by high-speed centrifugation at 
100,000 gav (1 h, 4 °C) on a 60% (w/w) sucrose cushion 
in K-glutamate buffer (20 mM HEPES-KOH, 120 mM 
potassium glutamate, 15 mM KCl, 5 mM NaCl, 3 mM 
MgCl2, pH 7.2), resuspended in K-glutamate buffer 
containing 20% glycerol, and stored at – 80 °C.

Preparation of SV-derived proteoliposomes

SV-derived proteoliposomes were prepared as 
described earlier (Girard et al., 2004). SVs were high 
salt-washed with K-glutamate buffer containing  
160 mM potassium glutamate (100,000 gav, 1 h, 4 °C). 
Subsequent to a single washing step with 10-fold excess 
of reconstitution buffer (50 mM Tris-HCl, protease 
inhibitors, pH 7.5), SVs were resuspended at 10 mg 
protein/ml in reconstitution buffer supplemented with 
1% Triton X-100 (TX-100, v/v, Sigma-Aldrich) and 
shaken gently for 90 min at 4 °C. Insoluble material 
was cleared by high-speed centrifugation (100,000 gav,  
45 min, 4 °C). At a concentration of 5 mg lipid/ml, 
liposomes consisting of either DOPC/cholesterol/
DOPS (79:20:1) or DOPC/cholesterol/DOPS (7:2:1) were 
prepared by sonication in 50 mM Tris-HCl pH 7.5 and 
solubilized into mixed micelles by stepwise addition 
of 0.05% TX-100 until final concentration of 0.3%. In 
presence of 5-fold concentrated protease inhibitors, 
solubilized SVs and TX-100-destabilized liposomes were 
mixed at distinct L/P ratios (w/w) followed by gentle 
agitation for 30 min at room temperature. For TX-100 
removal, Bio-Beads SM-2 (Bio-Rad, Hercules, CA) were 

Table 2. Characterization of GUVs generated from SV-derived proteoliposomes of different lipid/
protein ratios

GUV size1          
(µm)

Unilamellarity 
(%)

Protein incorporation         
(%)

Liposomes 12 ± 5 ~ 60 NA
Proteoliposomes (L/P = 9) 9 ± 6 ~ 50 ~ 50
Proteoliposomes (L/P = 20) 20 ± 9 ~ 50 ~ 50
Proteoliposomes (L/P = 30) 11 ± 4 ~ 50 ~ 40
1Quantification based on ≥ ten GUVs. Displayed as mean ± SD. NA, not applicable; L/P, lipid/protein ratio.
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added for 2 h at a concentration of 40 mg/mg detergent. To 
ensure complete detergent scavenging, Bio-Beads were 
exchanged and the incubation was continued overnight. 
Reconstituted material was collected in reconstitution 
buffer on a 60% sucrose cushion (100,000 gav for  
1 h) and loaded underneath a sucrose-step gradient  
(0.9 ml of 20%, 10%, 5%, and 2.5% sucrose followed by 
0.5 ml of reconstitution buffer). Following high-speed 
centrifugation (100,000 gav, 2 h, 4 °C), 500-μl fractions 
were collected, supplemented with 20% glycerol, and 
stored at -20 °C. 

To analyze the floatation of proteoliposomes, 
gradient fractions were subjected to SDS-PAGE analysis 
followed by silver staining and immunoblotting 
using antibodies directed against HA (Santa Cruz 
Biotechnology, Santa Cruz, CA) and endogenous 
Drs2p (gift from T. Graham, Vanderbilt University, 
Nashville, TN). Horseradish peroxidase-conjugated 
secondary antibodies were purchased from Bio-Rad 
and immunodecorated Western blots were developed 
using enhanced chemiluminescence (Thermo Scientific, 
Rockford, IL). 

Phospholipid content was quantified by phosphate 
determination subsequent to lipid extraction (Bligh and 
Dyer, 1959; Rouser et al., 1970). Protein concentration 
was determined using BCA Protein Assay Kit (Thermo 
Scientific). ATPase activity was analyzed by measuring 
the phosphate release after a 30 min-incubation at  
30 °C in presence of 2 mM ATP. Reaction was quenched 
by adding 35 mM H2SO4. Samples were incubated for 
15 min at room temperature with freshly prepared dye 
solution (0.1% malachite green (w/v), 0.3% ammonium 
molybdate (w/v), 0.035% Tween 20, 2.5 M H2SO4) to 
reveal inorganic phosphate. Absorbance of fractions 
and standard samples ranging from 0 to 1.4 mM Pi were 
measured at 570 nm.

Labeling of proteoliposomes and native SVs 

Proteoliposomes corresponding to ~ 150 µg protein 
were washed in reconstitution buffer (100,000 gav,  
30 min, 4 °C) and resuspended in 100 µl of 
reconstitution buffer containing either 400 μM 
fluorescein-5-maleimide (Invitrogen, Carlsbad, 
CA) or 100 μM tetramethylrhodamine-5-maleimide 
(AnaSpec, Fremont, CA). Following a 2 h-incubation 
at 4 °C, labeled membranes were washed twice with  

1 ml of reconstitution buffer (100,000 gav, 30 min, 4 °C), 
resuspended in storage buffer (50 mM NH4HCO3, 1 mM 
sucrose, pH 8.0), and stored at –20 °C.

SVs of ~ 200 µg protein content were washed once 
with K-glutamate buffer (100,000 gav, 30 min, 4 °C) 
and resuspended at 1 mg protein/ml in K-glutamate 
buffer containing protease inhibitors and either 100 μM 
fluorescein-5-maleimide, Alexa Fluor 488-C5-maleimide 
(Invitrogen) or tetramethylrhodamine-5-maleimide. 
The reactions lasting for 3 h at 4 °C were quenched by 
1 mM cysteine. Labeled membranes were washed twice 
with 1 ml of K-glutamate buffer (100,000 gav, 30 min,  
4 °C), resuspended in K-glutamate buffer supplemented 
with 20% glycerol, and stored at -20 °C.

Formation of giant unilamellar vesicles (GUVs) and 
protein-containing GUVs (proteo-GUVs)

Giant unilamellar vesicles were prepared by 
electroformation as described previously  (Angelova 
et al., 1992; Girard et al., 2004). In short, 20 nmol lipids 
supplemented with 0.05 mol% rhodamine-PE (egg 
yolk L-α-phosphati-dylethanolamine-N-(lissamine 
rhodamine B sulfonyl), Avanti Polar Lipids) and solved 
in chloroform were dried for 20 min under vacuum 
onto Pt electrodes. In case of proteo-GUV formation 
from proteoliposomes, labeled membranes of ~ 50 µg 
protein were deposited for 4 h at 4 °C onto a dried 
lipid film of 0.05 mol% rhodamine-PE by vacuum 
desiccation under saturated vapor pressure of saturated 
NaCl solution. GUV formation chambers were filled 
with GUV formation buffer (1 mM MOPS-Tris, 1 mM 
MgCl2, 100 mM sucrose, pH 7.2) and an AC electric field  
(1.9 V at 10 Hz) provided by a function generator (Model 
4010A, BK Precision, Yorba Linda, CA) was applied for  
~ 3 h. Subsequently, 50 μl of GUV or proteo-GUV 
solution were mixed with 200 μl of observation buffer 
(1 mM MOPS-Tris, 5 mM MgCl2, 100 mM glucose, pH 
7.2) and allowed to sediment facilitated by density 
differences inside (sucrose) and outside (glucose) of 
giant vesicles. 

Proteo-GUVs directly formed from native SVs were 
prepared according to a protocol developed by Pott and 
co-workers (Pott et al., 2008). Liposomes supplemented 
with 0.05 mol% rhodamine-PE were prepared by 
sonication in 50 mM HEPES-KOH, 5 mM MgCl2, 20% 
glycerol, pH 7.2, mixed with fluorescently labeled SV-

Table 3. Characterization of GUVs generated from native SVs mixed with liposomes of distinct 
composition (L/P = 25)

Lipid composition GUV size          
(µm)

Unilamellarity
(%)

Protein incorporation         
(%)

DOPC/DOPA (9:1) 8 ± 1 41 ± 14 71 ± 15
DOPC/chol/DOPS (7:2:1) 8 ± 1 32 ± 13 70 ± 18
Quantification based on ≥ ten GUVs obtained in five independent GUV formation experiments. Displayed as mean ± 
SD. L/P, lipid/protein ratio; DOPC, dioleoylphosphatidylcholine; DOPA, dioleoylphosphatic acid; chol, cholesterol; 
DOPS, dioleoylphosphatidylserine.
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enriched membranes at desired L/P ratios (w/w), and 
subjected to a freeze-thaw cycle. 

Prior to electroformation, SV-liposome suspension 
corresponding to 100 nmol lipids was deposited 
overnight onto Pt electrodes under saturated vapor 
pressure of saturated NaCl solution at 4 °C. In 
presence of proteo-GUV buffer (10 mM Tris-HCl, 100 
mM NaCl, pH 7.4) containing 100 mM sucrose, an AC 
electric field (3.2 V at 500 Hz) was applied for 90 min, 
after voltage was gradually increased from 1 to 3.2 V 
within 25 min. To promote GUV detachment from 
electrodes, frequency was continuously reduced over 
60 min from 500 to 50 Hz at constant voltage of 3.2 V. 
To prepare for microscopic analysis (Nikon Eclipse C1 
confocal microscope), sedimentation of proteo-GUVs 
was accelerated by adding 10 μl of proteo-GUVs to 40 
μl of proteo-GUV buffer containing 100 mM glucose. 
Membrane integrity was studied by incubating proteo-
GUVs prior to microscopic studies for 10 min with 2 μg/
ml carboxyfluorescein (Merck Chemicals, Nottingham, 
UK).
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Flippases hiding in an ancient family of cation pumps

Flippases are unidirectional lipid pumps that create 
transbilayer lipid asymmetry in membranes of endocytic 
and late secretory organelles. Flippases catalyzing 
phospholipid (PL) transport from the exoplasmic to the 
cytosolic membrane leaflet were identified as members 
of the P4 subfamily of P-type ATPases. Representatives 
of this superfamily usually transport small cations and 
soft-transitional metal ions. P-type ATPases share a 
common domain organization and sequence homology, 
suggesting that the transport mechanism is conserved 
throughout the P-type ATPase superfamily. How P4-
ATPases adapted the cation transport mechanism to 
translocate PLs remains to be established. P4-ATPases 
form heteromeric complexes with members of the Cdc50 
protein family. Recent findings from our laboratory 
indicate that in yeast, Cdc50 proteins directly contribute 
to the catalytic activity of P4-ATPases (Chapter 1). In this 
thesis, we further elucidated the minimal machinery 
and inner workings of flippases. Furthermore, we 
provided methodological basis to study the biological 
significance of these lipid pumps.

Cdc50 subunits are critical components of the P4-
ATPase flippase machinery

The yeast genome encodes five P4-ATPase and three 
Cdc50 isoforms. Association with a specific Cdc50 
subunit is essential for ER export of P4-ATPases (Saito 
et al., 2004; Furuta et al., 2007). However, proper 
localization of yeast P4-ATPase Drs2p mediated by 
its binding partner Cdc50p is not sufficient for Drs2p 
functionality (Takahashi et al., 2011), indicating that 
yeast Cdc50 proteins serve critical roles in P4-ATPase 
function. Indeed, specific interactions between Drs2p 
and Cdc50p are required to render the P4-ATPase in 
phosphorylation-competent state (Lenoir et al., 2009). 
These findings suggest that in yeast, Cdc50 subunits 
are vital components of the flippase translocation 
machinery.

The concept that the functional dependency of P4-
ATPases on Cdc50 proteins is conserved throughout 
various kingdoms is challenged by the enormous surplus 
of P4-ATPases in man. Three Cdc50 subunits are clearly 
outnumbered by 14 P4-ATPase isoforms, whereby one 
Cdc50 family member, CDC50C, is exclusively expressed 
in testis (Katoh and Katoh, 2004; Paulusma and Oude 
Elferink, 2010). This implies that human Cdc50 subunits 
associate with various P4-ATPases or, alternatively, that 
some P4-ATPases function without a Cdc50 interaction 
partner. To elucidate the role of human Cdc50 proteins 
in P4-ATPase ER export and catalytic activity, we set out 
to systematically characterize physical and functional 
interactions between human class-1 P4-ATPases and the 
two ubiquitously expressed Cdc50 proteins, CDC50A 
and CDC50B (Katoh and Katoh, 2004).

As shown in Chapter 2, all four class-1 P4-ATPases 

analyzed physically interact with CDC50A and 
CDC50B. Analogous to the situation in yeast, both 
Cdc50 proteins efficiently promote the ER export of 
these class-1 P4-ATPases. The surplus of P4-ATPases 
over Cdc50 proteins seems to be compensated by the 
ability of human Cdc50 proteins to associate with 
multiple P4-ATPase isoforms. Moreover, we found that 
both P4-ATPases tested, namely ATP8B1 and ATP8B2, 
require a Cdc50 subunit for phosphoenzyme formation, 
an essential step of the P-type ATPases reaction cycle. 
This indicates that the catalytic activity of human class-1 
P4-ATPases critically depends on Cdc50 proteins. 

Recent studies on class-5 and -6 P4-ATPases revealed 
that these flippase members also require Cdc50 binding 
partners for ER exit. Although no information about 
the catalytic dependency of these P4-ATPase isoforms 
on Cdc50 subunits is available yet, these findings 
collectively suggest that human P4-ATPases share a 
common PL translocation mechanism that relies on 
assistance of Cdc50 subunits. Moreover, the concept 
of the two-component flippase machinery seems to be 
conserved across various kingdoms including fungi and 
mammals.

The critical importance of human Cdc50 proteins 
for P4-ATPase functionality is not evidently compatible 
with our finding that both human cell lines tested, 
namely epithelial colorectal Caco-2 and cervical HeLa 
cells, express CDC50A as the sole Cdc50 subunit next 
to at least five and six P4-ATPase isoforms, respectively. 
The absence of detectable CDC50B and CDC50C mRNA 
raises the question which biological function dispensable 
for HeLa and Caco-2 cell survival is fulfilled by CDC50B 
and CDC50C. Human and murine P4-ATPases and 
Cdc50 subunits share a similar number of isoforms, high 
sequence homology, and comparable tissue-specific 
functions (Tab. 1; Paulusma and Oude Elferink, 2010). 
Analysis of Cdc50 mRNA in murine tissue revealed that 
murine CDC50A, CDC50B, and CDC50C show organ-
specific expression. CDC50A was detected in all tissues 
analyzed, suggesting that CDC50A plays a fundamental, 
tissue-independent role. CDC50A is solely expressed 
in brain, retina, and heart, whereas co-expression of 
CDC50A and CDC50B was detected in kidney, lung, 
testis, and spleen. In analogy to the situation in man, 
CDC50C expression is restricted to testis (Coleman et 
al., 2011). Intriguingly, tissues exhibiting co-expression 
of CDC50A and CDC50B are highly enriched in 
epithelial cells. One can speculate that the existence of 
two distinct plasma membrane types, namely the apical 
and basolateral membrane, demands for P4-ATPase-
catalyzed flippase activity that is individually adapted 
to the need of these two specialized membranes by either 
CDC50A or CDC50B. One option is that epithelial cells 
specifically express certain P4-ATPase family members 
that preferably associate with CDC50B. Alternatively, 
human Cdc50 subunits being vital components of the 



Chapter 5

71

flippase translocation machinery may individually 
affect the PL translocation properties of their P4-ATPase 
binding partners. In both cases, CDC50A and CDC50B 
may be required in epithelial cells to fine-tune flippase 
activity according to the requirements of the apical and 
basolateral membrane. To better understand the precise 
functional role of Cdc50 subunits and hence the inner 
workings of flippases, we set out to map functional 
protein-protein interactions in P4-ATPase/Cdc50 
complexes.

Cdc50 ectodomains contain key structural determinants 
of P4-ATPase binding and function

Cdc50 proteins consist of a large, N-glycosylated 
ectodomain linked to two transmembrane domains 
(TMDs; Coleman et al., 2011). To investigate which 
topological Cdc50 domains convey P4-ATPase binding 
specificity characteristic for yeast flippases, we 
generated chimeric Cdc50 constructs and analyzed their 
P4-ATPase binding preference using a genetic reporter 
system. Corresponding studies described in Chapter 3 
led to the identification of the yeast Cdc50 ectodomain 
as the key determinant for P4-ATPase binding specificity 
and function, whereby a precise configuration of 
the ectodomain was a prerequisite for proper Cdc50 
functionality.

Further characterization of the Cdc50 ectodomain 
revealed that four highly conserved cysteine residues 
are involved in disulfide bridge formation. Intriguingly, 
both disulfide bonds reciprocally affect P4-ATPase 
binding affinity and PL translocation activity. Loss of 
the N-terminal disulfide bridge substantially weakens 
the P4-ATPase-Cdc50 interaction, but only mildly 
reduces flippase activity. On the contrary, disruption 
of the C-terminal disulfide bond hardly alters the 
subunit association, but leads to a dramatic decrease 
in PL translocation activity. These results demonstrate 
an inverse correlation between binding affinity and 
flippase activity of P4-ATPase/Cdc50 complexes, 
providing further evidence that Cdc50 subunits are 
vital components of the flippases machinery. Moreover, 
disulfide bridge-stabilized Cdc50 ectodomains seem to 
serve an intimate function in P4-ATPase-catalysed PL 
translocation.

Intriguingly, recent work from Popescu and co-
workers (2010) suggests that extracellular protein 
disulfide isomerase (PDI) activity regulates P4-ATPase-
mediated PL translocation at the plasma membrane of 
endothelial cells. The precise regulatory mechanism is 
unclear. However, based on the membrane topology 
of P4-ATPase/Cdc50 complexes (Chapter 1, Fig. 2), the 
Cdc50 ectodomain is most likely the sole cysteine-
containing region of the heteromeric complex that is 
accessible for extracellular PDIs. The most promising 
target is the C-terminal disulfide bridge, as its loss 
most drastically affects flippase activity. Intriguingly, 
this disulfide bond is linked to the region that is best 

conserved among Cdc50 proteins found in yeast, 
Arabidopsis thaliana, mice, and man (Fig. 1A). One 
of the two cysteine residues forming the C-terminal 
bridge is part of this 13-aa long motif. It is tempting to 
speculate that proper folding of this ectodomain motif 
is prerequisite for efficient flippase activity. One can 
hypothesize that PDI-mediated regulation of flippase 
activity occurs via oxidoreductive modification of the 
C-terminal disulfide bridge resulting in misfolding of the 
highly conserved and potentially functionally relevant 
ectodomain motif. Collectively, the novel insights into 
the structure-function relationship between P4-ATPases 
and Cdc50 subunits provided solid basis for a refined 
working model of these heteromeric flippase pumps.

Inner workings of a flippase: a model

Our data presented in Chapter 2 and 3 provide further 
support for the hypothesis that Cdc50 proteins are 
integral components of the flippase translocation 
machinery. The vital role of Cdc50 proteins in ER 
export and catalytic activity of P4-ATPase seems to be 
conserved throughout various kingdoms including 
fungi and mammals. First insights into the inner 
workings of flippases were gained by early work 
from our laboratory. Interaction studies revealed that 
the binding of yeast P4-ATPase Drs2p for its binding 
partner Cdc50p fluctuates during the ATPase reaction 
cycle. Strongest interactions between both subunits 
occur in the E2P conformation, the state of PL loading 
(Lenoir et al., 2009).  This suggests that Cdc50 subunits 
are critically involved in the PL binding step. One can 
hypothesize that the Cdc50 subunits assist P4-ATPases 
by either forming a sizeable pathway for the PL substrate 
or stabilizing the P4-ATPase in a PL-receiving state.

TMDs of P4-ATPases and Cdc50 subunits are most 
likely the key domains that are directly involved in 
PL binding, translocation, and release. It is tempting 
to speculate that the fluctuating P4-ATPase-Cdc50 
association described earlier reflects in part dynamic 
rearrangements between TMDs of both subunits. 
Coordinated repositioning of these transmembrane 
segments may be prerequisite for transient formation 
of the PL binding cavity and translocation pathway. 
Thus, the high binding affinity between P4-ATPase and 
Cdc50 protein observed in the E2P state may be caused 
by tight TMD interactions that promote PL binding. 
However, subsequent to PL loading, these high-affinity 
interactions may restrict conformational changes of the 
P4-ATPase required for further transitioning through 
the catalytic cycle. Hence, coordinated repositioning of 
Cdc50 TMDs subsequent to PL binding may destabilize 
the E2P state of the P4-ATPase triggering further 
transition through the remaining reaction cycle.

A promising candidate domain directing dynamic 
TMD rearrangements between P4-ATPase and Cdc50 
subunits is the Cdc50 ectodomain. As described in 
Chapter 3, the ectodomain of Cdc50 proteins affects 
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P4-ATPase binding affinity and functionality. One can 
hypothesize that the Cdc50 ectodomain directs the 
positioning of the Cdc50 TMD towards the P4-ATPase 
in accordance with the reaction cycle. The Cdc50 
ectodomain may promote tight association between 
TMDs of both subunits in the E2P state, but may restrict 
it beyond the step of PL loading. Transitioning through 
the catalytic cycle, P-type ATPases undergo dramatic 
conformational changes involving the entire enzyme. 
One can hypothesize that the short extracellular P4-
ATPase loops may influence the Cdc50 ectodomain in 
a reaction cycle-dependent manner. In turn, the Cdc50 
ectodomain directs the positioning of the Cdc50 TMD 
accordingly (Fig. 1B).

As a putative key element coordinating association 
between P4-ATPase and Cdc50 protein TMDs, the 
ectodomain has to liberate sufficient mechanical force 
to guide the repositioning of the Cdc50 TMDs relative 
to the ATPase. Our studies in Chapter 3 suggest that 
the Cdc50 ectodomain functions as a rigid entity that 
is stabilized by two disulfide bridges. In particular, 
the C-terminal disulfide bridge that is part of a highly 
conserved motif (Fig. 1A) is required for efficient P4-
ATPase-driven PL translocation. Thus, structural 
integrity of Cdc50 ectodomains and potentially the 
proper folding of the ectodomain motif may be crucial 
for the Cdc50 ectodomain-mediated dynamics of P4-
ATPase-Cdc50 protein interactions and hence for 
flippase activity.

Despite the valuable insight we gained into the 
structure-function relationship of Cdc50 ectodomains, it 
remains to be elucidated how Cdc50 TMDs stimulate P4-
ATPase-catalyzed PL translocation. Members of the P2C 
subfamily of P-type ATPases associate with accessory 
subunits, which are remarkably reminiscent to Cdc50 
proteins. Thus, structural and functional knowledge 
of these heteromeric cation pumps may contribute to 
a better understanding of the flippase translocation 
mechanism and the precise role of Cdc50 TMDs.

Analogy between flippases and Na+/K+-pumps

Members of the P2C-ATPase family comprising Na+/K+- 
and H+/K+-ATPases are the only other P-type ATPases 
that associate with an accessory subunit required for 
catalytic activity (Bublitz et al., 2011). In terms of domain 

topology, both classes of accessory subunits share 
striking structural similarities. Alike Cdc50 proteins, 
β-subunits are composed of a large, N-glycosylated 
ectodomain that is stabilized by disulfide bridges 
(Geering, 2008). The two protein classes solely differ 
in the number of TMDs, whereby β-subunits lack the 
C-terminal TMD present in Cdc50 proteins. Besides the 
overall structural resemblance, both accessory subunits 
fulfill comparable functional roles. 
     In analogy to Cdc50 proteins, β-subunits are required 
for ER export and catalytic activity of P2C-ATPases 
(Geering, 2008). Moreover, P2C-ATPase functionality 
critically depends on the precise and disulfide 
bridge-stabilized conformation of the β ectodomain. 
Disruption of the highly conserved disulfide bonds 
substantially impairs Na+/K+- and H+/K+-ATPase 
stabilization, assembly, and activity (Chow et al., 1992; 
Noguchi et al., 1994; Kimura et al., 2002). Furthermore, 
DTT-induced reduction of disulfide bonds located in 
the ectodomain inactivates the Na+/K+-ATPase through 
loss of K+ occlusion, suggesting that the β ectodomain 
contributes to K+ binding (Lutsenko et al., 1993). The 
striking structural and functional resemblance between 
Cdc50 proteins and β-subunits implies that both 
classes of accessory subunits use a similar mechanism 
to contribute to the P-type ATPase-catalyzed substrate 
transport.

A recent crystal structure of the heteromeric Na+/K+-
ATPase complex in the K+-occluded E2P conformation 
revealed that β-subunits are not directly involved in 
binding or occlusion of extracellular K+ ions. Instead, 
they induce rearrangements of Na+/K+-ATPase TMDs 
that are atypical for the E2P state of other P-type 
ATPases. Tight interactions between the TMDs of the 
ATPase and β-subunit trigger the formation of a K+ 
ion-binding cavity. Corresponding space is lacking in 
the Ca2+-ATPase that counter-transports exoplasmic 
protons (Toyoshima et al., 2004; Shinoda et al., 2009). This 
suggests that β-subunits stabilize the E2P conformation 
of P2C-ATPases and promote the formation of a K+-
binding cavity that is absent in P-type ATPases that 
translocate no exoplasmic substrate or extracellular 
protons. 

Besides P2C-ATPases, P4-ATPases are the only other 
P-type ATPase superfamily members that transport 

Table 1. Number of P4-ATPases and Cdc50 proteins encoded by various species

Organism P4-ATPase Cdc50 subunit P4-ATPase/Cdc50 
binding specificity

Saccharomyces cerevisiae1   5 3 Yes
Arabidopsis thaliana2 12 5 No
Mus musculus 15 3 ND
Homo sapiens3 14 3 No
References: 1Saito et al., 2004; Furuta et al., 2007. 2Lopez-Marques et al., 2010. 3Bryde et al. 2010; van der Velden et al., 
2010. ND, not determined.
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exoplasmic, non-proton ligands and require assistance 
of additional machinery. It is tempting to speculate 
that the P-type ATPase-catalyzed translocation of 
exoplasmic substrates other than protons necessitated 
the acquisition of an accessory subunit that promotes 
the formation of a binding cavity for uncommon 
exoplasmic ligands, such as K+ ions and PLs. Thus, in 
analogy to β-subunits, the TMDs of Cdc50 subunits 
may induce the rearrangement of P4-ATPase TMDs 
promoting the formation of a sizeable PL binding site.

Monomeric flippases?

The proposed role of Cdc50 proteins as vital components 
of the flippase machinery is challenged by the existence 
of P4-ATPases for which no accessory subunit has yet 
been identified. Among all P4-ATPases studied so far, 
neither yeast Neo1p nor human ATP9A and ATP9B 
associate with a known Cdc50 binding partner (Saito 

et al., 2004; Takatsu et al., 2011). In contrast to the vast 
majority of P4-ATPases, neither ATP9A nor ATP9B 
depend on exogenous Cdc50 expression for ER export 
(Saito et al., 2004; Furuta et al., 2007; Bryde et al., 2010; 
van der Velden et al., 2010; Takatsu et al., 2011). This 
suggests that Neo1p, ATP9A, and ATP9B are unusual 
representatives of the P4-ATPase family.

Little is known about these Cdc50-independent P4-
ATPases. It remains unclear which substrate preference 
they exhibit and whether their functionality depends 
on P4-ATPase-driven catalytic activity. Based on 
phylogenetic analysis, Neo1p, ATP9A, and ATP9B 
group together with C. elegans TAT-5 in the class-2 P4-
ATPase cluster (Paulusma and Oude Elferink, 2010). 
Intriguingly, this phylogenetic group includes the sole 
essential flippases identified so far, namely Neo1p and 
TAT-5 (Hua et al., 2002; Lyssenko et al., 2008).

 The striking difference between class-2 P4-ATPases 

Figure 1. Model of the flippase phospholipid translocation mechanism. (A) Multi-sequence alignment of the 13 amino acid 
residue-long ectodomain motif of Cdc50 proteins expressed in yeast (Cdc50p, Crf1p, Lem3p), Arabidopsis thaliana (ALIS1-5), 
mice (mCDC50A-C), and man (CDC50A-C). This motif representing the best conserved Cdc50 region includes a cysteine residue 
involved in the formation of the C-terminal disulfide bridge, which is critical for efficient flippase activity. Alignment was obtained 
by ClustalW2 algorithm. Asterisks and colons indicate fully and strongly conserved residues, respectively. (B) Schematics of 
the E1 and E2P state of P4-ATPases. Conformational changes of the cytosolic P4-ATPase domains induce rearrangement of the 
transmembrane domains resulting in the transient formation of phospholipid binding cavity and translocation pathway. Cdc50 
subunits critically contribute to the step of PL loading by stabilizing the P4-ATPase in E2P state. To this end, Cdc50 transmembrane 
domains (TMDs) tightly associate with P4-ATPase membrane segments. Beyond PL loading, these high-affinity TMD interactions 
are loosened by repositioning of Cdc50 TMDs. Resulting release of Cdc50-mediated structural constraints enables the P4-ATPase 
to progress through the remaining reaction cycle. Coordinated rearrangements of Cdc50 TMDs are triggered by the Cdc50 
ectodomain that senses the catalytic state of the P4-ATPase binding partner via the short, extracellular ATPase loops. Precise 
functionality of the Cdc50 ectodomain critically depends on proper folding of the ectodomain motif stabilized by the C-terminal 
ectodomain disulfide bridge. PL, phospholipid.
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and the remaining P4 subfamily members provides 
ground for speculation about the biological function and 
underlying transport mechanism of these monomeric 
flippases. Firstly, class-2 P4-ATPases may interact with 
unknown accessory subunits that are evolutionary 
independent from Cdc50 proteins. Secondly, altered 
substrate specificity may make functional assistance of 
Cdc50 proteins dispensable. Thirdly, class-2 P4-ATPases 
may serve an essential, but pump-independent role. 
Further characterization of these monomeric flippases 
will be required to elucidate their precise biological role 
and working mechanism. 

In contrast to these peculiar P4-ATPase members, 
the vast majority of P4-ATPases associate with Cdc50 
subunit to form functional translocation machineries. 
The number of Cdc50 genes relative to the number of 
P4-ATPase isoforms varies significantly among various 
organisms, suggesting that Cdc50 subunits fulfill 
species-specific functions in addition to the assistance 
in P4-ATPase-catalyzed PL translocation.

Secondary functions of Cdc50 subunits

Genomes of higher organisms, such as man, mice, and 
Arabidopsis thaliana, encode 12 to 15 P4-ATPases and 
three to five Cdc50 proteins. The relative surplus of P4-
ATPase isoforms over Cdc50 subunits correlates with 
a loss of binding specificity. In contrast, budding yeast 
Saccharomyces cerevisiae expresses only five P4-ATPases 
and three Cdc50 proteins, whereby yeast Cdc50 subunits 
specifically interact with P4-ATPases (Tab. 1). The unique 
binding specificity of yeast P4-ATPase/Cdc50 complexes 
indicates that yeast Cdc50 subunits fulfill unique 
secondary functions. Two potential scenarios describing 
the purpose of specific Cdc50 binding partners in yeast 
are discussed below.

First, due to the enrichment of sphingolipids and 
sterols in membranes of endocytic and late secretory 
organelles, bilayer thickness increases along the 
secretory pathway. In mammalian cells, the transition 
in membrane thickness occurs between the cis- and 
trans-Golgi. Beyond this transition point, trans-Golgi 
network (TGN), endosomes, and plasma membrane 
share a similar bilayer thickness. Independent of their 
localization to these three organelles, type I and II 
membrane proteins exhibit a TMD of about 25 amino 
acid residues (Sharpe et al., 2010). In contrast, yeast 
membranes show a continuing increase in bilayer 
thickness beyond the Golgi apparatus. With an average 
length of 24 amino acid residues, TMDs of yeast 
membrane proteins located to the TGN and endosomal 
system differ significantly from TMDs of PM-resident 
membrane proteins with a mean length of 27 amino acid 
residues (Sharpe et al., 2010). It is tempting to speculate 
that in yeast, the inconsistent membrane thickness of 
endocytic and late secretory organelles necessitated the 
evolvement of specific Cdc50 subunits that perfectly fit 
the residence membrane’s thickness and hence TMD 

lengths of their P4-ATPase binding partners.
In consistency with that hypothesis, Lem3p 

exclusively associates with the P4-ATPases Dnf1p and 
Dnf2p, which co-localize to the PM (Pomorski et al., 
2003). The complexes Drs2p/Cdc50p and Dnf3p/Crf1p 
are primarily localized to the TGN. However, Drs2p/
Cdc50p cycles between TGN and PM either directly 
or indirectly via late endosomes. In contrast, Dnf3p/
Crf1p was suggested to traffic between early endosomes 
and TGN (Hua et al., 2002). One can speculate that the 
distinct trafficking behavior of Drs2p and Dnf3p led to 
the evolvement of specific Cdc50 binding partners that 
had adapted to corresponding membrane thicknesses 
and P4-ATPase TMDs. 

The second scenario describes the Cdc50-mediated 
substrate specificity of yeast P4-ATPases. Yeast 
flippases show an uncommonly diverse PL substrate 
spectrum. Drs2p and Dnf3p preferentially translocate 
phosphatidylserine (PS) and -ethanolamine (PE), 
respectively (Natarajan et al., 2004; Alder-Baerens 
et al., 2006). Dnf1p and Dnf2p primarily transport 
phosphatidylcholine (PC; Pomorski et al., 2003). In 
contrast, all plant, nematode, and mammalian P4-
ATPases studied so far translocate primarily PS 
(Chapter 1, Tab. 1). While metazoan P4-ATPases lack 
substrate diversity as well as Cdc50 binding specificity 
(Tab. 1), yeast P4-ATPases associate with distinct Cdc50 
proteins according to their substrate specificity. Dnf1p 
and Dnf2p share not only the primary substrate, but also 
their Cdc50 binding partner Lem3p. PS-transporting 
Drs2p associates with Cdc50p, and the PE translocase 
Dnf3p with Crf1p. Thus, yeast P4-ATPases might have 
acquired specific Cdc50 subunits for the translocation of 
distinct PL species. Yeast Cdc50 proteins may function 
as a PL selectivity filter and/or directly participate in the 
formation of PL binding pocket.

Further characterization of P4-ATPase/Cdc50 
complexes and their species-specific properties is 
required to better understand the inner workings and 
biological role of individual flippases. Lack of suitable 
methods prompted us to develop a new technique 
to study the transport mechanism and biological 
significance of flippases. 

A new approach to study the inner workings and 
biological role of flippases

Over recent years, intense studies on flippases provided 
us with profound knowledge of the PL translocation 
mechanism and P4-ATPase-dependent cellular 
processes. However, it remains to be elucidated which 
vital biological role of P4-ATPase-catalyzed PL transport 
necessitated the evolvement of these unidirectional lipid 
pumps. P4-ATPases are critically involved in vesicle 
biogenesis at endocytic and late secretory organelles 
(Chen et al., 1999; Gall et al., 2002; Hua et al., 2002; 
Pomorski et al., 2003). Their precise role in promoting 
vesicle formation is unclear. Sphingolipids and 
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sterols are progressively enriched along the secretory 
pathway. Resulting increase in lipid packing density 
and membrane rigidity enables the PM to function 
as a permeability barrier of high mechanical stability 
(van Meer and de Kroon, 2011). However, high bilayer 
rigidity impairs membrane bending required for vesicle 
formation. Hence, it was proposed that by catalyzing 
unidirectional PL transport, P4-ATPases assist vesicle 
coat machineries in inducing membrane curvature at 
endocytic and late secretory organelles. 

Unidirectional PL translocation induces an imbalance 
of PL mass and hence total bilayer area between both 
membrane leaflets (Devaux, 2000; Devaux et al., 2008). 
According to the bilayer-couple model, transbilayer 
area differences result in membrane curvature (Sheetz 
and Singer, 1974). First indications imply that red blood 
cell-associated flippase activity can induce membrane 
deformations (Ezanno et al., 2009). However, limited 
options for genetic manipulation of erythrocytes 
prevented Ezanno and co-workers to provide final proof 
that the membrane curvature was induced by P4-ATPase-

catalyzed PL translocation. To be able to demonstrate 
and characterize flippase-dependent membrane 
deformations, we set out to optimize the experimental 
strategy applied by Ezanno and colleagues.

The ideal model system to study membrane bending 
is the giant unilamellar vesicle (GUV). With diameters 
of 10 - 100 µm, GUVs can be readily analyzed by light 
and fluorescence microscopy. In agreement with the 
bilayer-couple model, early studies on GUVs revealed  
that the incorporation of exogenous lipids into the outer 
GUV leaflet results in detectable shape changes (Fig. 2B; 
Mathivet et al., 1996; Tanaka et al., 2004). To generate 
giant vesicles from membranes of an organism that is 
readily genetically and biochemically manipulable, 
we decided to isolate post-Golgi secretory vesicles 
(SVs) from the budding yeast Saccharomyces cerevisiae. 
Yeast SVs isolated from temperature-sensitive sec6-ts 
secretion mutants by differential centrifugation are 
well defined and exhibit Drs2p- and Dnf3p-dependent 
PL translocation activity (Harsay and Schekman, 2002; 
Alder-Baerens et al., 2006). As described in Chapter 4, 

Figure 2. Giant vesicles: an ideal model system to study membrane-bending capacity of flippases. (A) P4-ATPase-containing 
giant unilamellar vesicles (GUVs) are generated from yeast post-Golgi secretory vesicles (SVs) by electroformation. Dilution of 
membrane protein content of SVs is prerequisite for formation of high-quality GUVs. To this end, SVs are mixed with liposomes 
and subjected to a membrane fusion-triggering freeze-thaw cycle. Subsequently, vesicle mixture is deposited on Pt electrodes 
of a GUV formation chamber and rehydrated in the presence of an oscillating electric field. (B) P4-ATPases required for vesicle 
biogenesis at endocytic and late secretory membranes were proposed to promote vesicle formation at these rigid membranes by 
inducing membrane curvature via unidirectional phospholipid translocation. SV-derived GUVs represent a powerful tool to study 
the membrane-bending capacity of flippases, since P4-ATPase-mediated bilayer deformations of GUVs would result in apparent 
shape changes. Moreover, this model system can be exploited to identify cytosolic factors of vesicle formation machineries that 
locally restrict P4-ATPase-catalyzed membrane curvature promoting the generation of highly curved, vesicular structures.
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we systematically optimized the technique to generate 
SV-derived GUVs.

The conventional method to form protein-containing 
(proteo-)GUVs involves several preparation steps. 
First, proteins of interest are incorporated into 
proteoliposomes by detergent-mediated reconstitution. 
Subsequently, reconstituted material is deposited on Pt 
electrodes of a GUV formation chamber and rehydrated 
in the presence of an oscillating electric field. However, 
reconstitution of membrane proteins is a detergent-
dependent and time-consuming preparation step that 
severely affects protein activity. Aiming for a detergent-
free approach, we set out to define conditions favoring 
GUV formation from native secretory vesicles. 

As described in Chapter 4, we found that a high 
lipid/protein (L/P) ratio is the main determinant for 
successful proteo-GUV formation. Native SVs mixed 
with liposomes (L/P = 25) have to undergo at least one 
freeze-thaw cycle to promote the generation of high-
quality proteo-GUVs. Freezing induces membrane 
fusion events (Crowe and Crowe, 1985), suggesting 
that the dilution of the high membrane protein content 
of yeast SVs has to occur prior to electroformation. 
One can speculate that elevated L/P ratios promote 
proteo-GUV formation due to an increased amount 
of freely available lipids required for the formation of 
intermediate membrane fusion states. 

This novel approach to generate high-quality proteo-
GUVs from native SVs provides profound basis for 
further studies on the membrane-bending capacity 
of flippases. The impact of membrane rigidity on P4-
ATPase-mediated membrane deformations will be 
addressed by varying the sphingolipid and sterol 
content of the liposomes and hence of the proteo-GUV 
preparations. Additionally, these flippase-containing 
GUVs represent a powerful tool to identify the minimal 
machinery required to limit membrane bending to the 
site of vesicle formation. To this end, cytosolic factors 
of vesicle formation machineries will be isolated and 
analyzed for their capacity to locally restrict flippase-
induced membrane curvature, a prerequisite for the 
generation of highly curved membrane vesicles (Fig. 2B). 
Moreover, SV-derived proteo-GUVs represent a unique 
read-out system to study flippase substrate specificity 
for endogenous PLs, as PC-, PE-, and PS-deficient yeast 
are available (Atkinson et al., 1980; Min-Seok et al., 1996; 
Papadopulos et al., 2007). So far, substrate preference of 
P4-ATPases is either directly determined by labeled PL 
analogous or indirectly using PL-binding antibiotics. 
In summary, SV-derived proteo-GUVs are a powerful 
model system to further elucidate the biological role 
and inner workings of flippases.

Concluding remarks

Studies described in this thesis substantially contributed 
to the advanced understanding of the flippase PL 
transport mechanism. We found that human P4-ATPases 

functionally rely on Cdc50 binding partners, suggesting 
that the concept of the two-component flippase 
machinery is conserved from yeast to man. Moreover, 
we identified the disulfide bridge-stabilized Cdc50 
ectodomain as a key structural element that affects P4-
ATPase binding and activity. Our resulting model of 
the flippase mechanism will hopefully serve as a useful 
guide in developing novel strategies to further unravel 
the inner workings of flippases and the precise role of 
Cdc50 subunits.

A future key challenge is the elucidation and 
characterization of the biological significance of 
flippases. To this end, we devised a novel method 
to study the membrane-bending capacity of these 
unidirectional lipid pumps. P4-ATPase-induced 
membrane deformations may be required for vesicle 
biogenesis at endocytic and late secretory organelles. 
Further characterization of the flippases’ role in 
this fundamental biological process may help us to 
understand why eukaryotic ancestors acquired these 
fascinating lipid pumps.
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Ontleding van een lipidepomp betrokken bij vesiculair eiwittransport

Cellen beschikken over pompjes waarmee vetmoleculen asymmetrisch kunnen worden verdeeld over de 
membranen. Deze flippases zijn betrokken bij de vorming van transportblaasjes, maar hoe ze werken is niet bekend. 
Recent is aangetoond dat de flippases zijn opgebouwd uit twee verschillende eiwitten, namelijk een P4-ATPase 
verwant aan calcium natrium/kalium-pompen en een accesoir eiwit welke deel uitmaakt van de Cdc50 eiwitfamilie. 
Uit vooronderzoek in bakkersgist kwamen aanwijzingen dat Cdc50 eiwitten van belang zijn voor de katalytische 
activiteit van P4-ATPases en dat ieder type P4-ATPase beschikt over een eigen Cdc50 subunit. Echter, in menselijke 
cellen is dat niet het geval en is het aantal verschillende Cdc50 eiwitten ten opzichte van P4-ATPases zeer beperkt. 
In haar promotieonderzoek heeft Hanka Hennrich laten zien dat individuele Cdc50 eiwitten in menselijke cellen 
kunnen binden aan meerdere soorten P4-ATPases en dat deze interacties vereist zijn voor katalytische activiteit 
van P4-ATPases. Uit vervolgstudies met chimere eiwitten (eiwitten opgebouwd uit onderdelen van 2 verschillende 
eiwitten) en eiwitten waarin specifieke aminozuren zijn veranderd bleek dat de interactie tussen het Cdc50 eiwit 
en de P4-ATPase nauw gekoppeld is aan de transportreactie waarmee lipiden over cellulaire membranen worden 
gepompt. Uit deze gegevens kan worden afgeleid dat Cdc50 eiwitten vitale onderdelen zijn van flippases. Dus 
het verwerven van Cdc50 eiwitten als bindingspartner is waarshijnlijk een cruciale stap geweest in de evolutie 
van flippases uit een familie van calcium en natrium/kalium-pompen. Om het werkingsmechanisme van flippases 
verder te kunnen ontleden heeft Hennrich een protocol ontwikkeld waarmee P4-ATPase/Cdc50 complexen kunnen 
worden ingebouwd in een reuze-liposoom. Hiermee is het in principe mogelijk de activiteit van individuele 
flippases te volgen onder een microscoop en te achterhalen op welke wijze deze lipidepompen bijdragen aan de 
vorming van transportblaasjes in cellen. 
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