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Scope of the Thesis 
 
Type 4 P-type ATPases (P4-ATPases) catalyze 
transport of specific phospholipids such as 
phosphatidylserine across membrane bilayers to 
uphold lipid asymmetry, a vital feature of cellular 
membranes that influences a host of biological 
processes (Chapter 1). P4-ATPases belong to the 
P-type ATPase superfamily of cation pumps, which 
includes Ca2+-ATPases, Na+/K+-ATPases and 
various heavy-metal transporters. Atomic structures 
combined with functional analysis and homology 
models revealed that fundamental aspects of the 
transport mechanism are conserved throughout the 
family. A key challenge is to understand how this 
mechanism is adapted in P4-ATPases to meet the 
unusual structural demands imposed by 
phospholipid translocation.  
 
Besides their bulky substrate, another property that 
sets P4-ATPases apart from most other P-type 
pumps is their association with an accessory 
subunit or Cdc50 protein. Recent studies revealed 
that catalytic activity of P4-ATPases critically relies 
on association with a Cdc50 subunit. Moreover, the 
binding affinity between transporter and subunit 
was found to fluctuate during the transport reaction 
cycle, with the strongest interaction occurring at a 
point when the enzyme complex is loaded with 
phospholipid substrate. These results suggest that 
Cdc50 subunits are integral part of the P4-ATPase 
transport machinery, and that their acquisition has 
been a crucial step in the evolution of flippases 
from a family of cation pumps. The leading aim of 
this thesis was to test this concept and to shed 
further light on the inner workings of heterodimeric 
flippases. 
 
In Chapter 2, we set out to identify structural 
determinants that govern the dynamic association 
between subunit and transporter. Using domain 
swapping and site-directed mutagenesis strategies 
in yeast, we found that a precise conformation of 
the large ectodomain of Cdc50 proteins is crucial 
for the specificity and functionality to 
transporter/subunit interactions. Moreover, we 
identified two highly conserved disulfide bridges in 
the Cdc50 ectodomain. Functional analysis of 
cysteine mutants that disrupt these disulfide bridges 
revealed an inverse relationship between subunit 
binding and flippase activity, consistent with an 
intimate role of the Cdc50 ectodomain in P4-
ATPase-catalyzed phospholipid transport. 
Collectively, these results provide complementary 
support for the idea that Cdc50 proteins are 

dynamic and essential components of the P4-
ATPase flippase machinery.   
 
Stable expression and functional maturation of P4-
ATPases in cells requires their assembly with a 
Cdc50 subunit in the ER. Consequently, addressing 
the role of Cdc50 subunits in P4-ATPase-catalyzed 
phospholipid transport is hampered by the fact that 
removal of a subunit will mark its P4-ATPase-
binding partner for degradation. To bypass this 
bottleneck, we employed a liposome-coupled cell-
free expression system for the production of 
functional polytopic membrane proteins. In 
Chapter 3 we tested the suitability of this approach 
by analyzing the enzymatic properties of a cell-free 
produced human sphingomyelin synthase, SMS2. 
In line with previously established characteristics 
of the native enzyme, we found that cell-free 
produced SMS2 retains its dual activity as 
sphingomyelin and ceramide phosphoethanolamine 
synthase, and established an intrinsic property of 
the enzyme that so far had not been disclosed.  
 
In Chapter 4 we used the cell-free expression 
system to successfully uncouple stable expression 
of human and yeast P4-ATPases from co-expression 
with Cdc50 subunits. This allowed us to generate 
proteoliposomes harboring various full-length P4-
ATPases alone or in combination with their Cdc50 
binding partner. Topology studies with membrane 
impermeable proteases and cysteine-modifying 
reagents indicated that the bulk of cell-free 
produced P4-ATPases is embedded into the pure 
lipid vesicles with their active center exposed on 
the outer surface of the vesicles. Moreover, 
immuno-isolation experiments revealed that P4-
ATPases and Cdc50 subunits are incorporated into 
the same subset of vesicles. These findings meet 
the first prerequisites for an entirely novel approach 
to address the inner workings of heterodimeric 
flippases.  
 
In Chapter 5 we discuss the general implications 
of the data presented in this thesis and propose a 
refined model on the inner workings of 
heterodimeric flippases. We also consider how cell-
free produced polytopic membrane proteins are 
incorporated into pure lipid vesicles without 
support of translocon channels or receptors. Lastly, 
we provide some perspectives for future 
experiments aimed at addressing the mechanisms 
and regulation of P4-ATPase-catalyzed 
phospholipid transport.  
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SUMMARY 
 
The plasma membrane, trans-Golgi and 
endosomal system of eukaryotic cells are 
populated with flippases that hydrolyze ATP to 
establish asymmetric phospholipid distributions 
across the bilayer. Upholding phospholipid 
asymmetry is vital to a host of cellular processes, 
including membrane homeostasis, vesicle 
biogenesis, cell signaling, morphogenesis and 
migration. Consequently, defining the identity of 
flippases and their biological impact has been 
subject to intense investigations. Recent work 
revealed a remarkable degree of kinship between 
flippases and cation pumps. Here we review 
emerging insights into how flippases work, how 
their activity is controlled according to cellular 
demands, and how disrupting flippase activity 
causes system 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 (1). The regulated dissipation of this 
asymmetry and cell surface exposure of PS 
triggers physiological responses ranging from 
blood coagulation, myotube formation and sperm 
capacitation, to phagocytic recognition and 
clearance of apoptotic cells (2, 3). This review 
focuses on type 4 P-type ATPases or P4-ATPases 
as ATP-fueled phospholipid pumps 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. Below, 
we discuss emerging evidences indicating that 
unidirectional phospholipid transport catalyzed 
by P4-ATPases helps establish the membrane 
curvature required to bud vesicles from the 
trans-Golgi, endosomes and plasma membrane. 
We 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 are also 
discussed. We conclude with an outline of the 
perspectives and challenges that lie ahead in the 
P4-ATPase flippase field. 
 
Origin and biological relevance of lipid 
asymmetry 
 
While, mostly a single lipid species is sufficient 
to create a stable bilayer, membrane lipids in 
eukaryotic cells are characterized by a 
remarkable structural diversity. In addition, most 
membrane lipids display non-random 
distributions among subcellular organelles as 
well as between the two leaflets of an organellar 
membrane. For instance, sphingolipids and 
sterols form a step gradient along the secretory  
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pathway, with the highest levels at the plasma 
membrane and the lowest in the endoplasmic 
reticulum (ER) (Figure 1; (4, 5)). This 
arrangement has important functional 
consequences. Sterols are rigid and sphingolipids 
usually have saturated acyl chains, and so both 
increase acyl chain order and thus thicken the 
bilayer and reduce permeability to solutes (6). 
Consequently, the accumulation of sphingolipids 
and sterols at the plasma membrane is critical for 
sustaining the barrier function of this organelle. 
On the other hand, low levels of sphingolipids 
and sterols in the ER 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, the 
sphingolipid/sterol step 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 (7-9).  
 Superimposed on the sphingolipid/sterol 
step gradient are the asymmetric lipid 
distributions across the bilayers of the trans-
Golgi, endosomes and plasma membrane, with 
the aminophospholipids, phosphatidylserine (PS) 
and phosphatidylethanolamine (PE) concentrated 
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Figure 1. Membranes of early and late secretory organelles display contrasting lipid 
compositions and physical properties. 
Physical membrane properties are strongly influenced by lipid composition. Fluidity is promoted by 
lipids with short and unsaturated acyl chains, predominantly glycerophospholipids. Thickness is 
promoted by sphingolipids (SL), which have long and saturated acyl chains, and by sterols, which 
order and stretch the acyl chains. Packing defects are promoted by lipids with unsaturated acyl chains 
and/or small head groups, such as phosphatidylethanolamine (PE) or diacylglycerol (DAG). Surface 
charge is determined by the chemical properties of the lipid head group, which is neutral in 
phosphatidylcholine (PC) or negative in phosphatidylserine (PS). The endoplasmic reticulum (ER) has 
a thin bilayer, loose lipid packing and neutral cytoplasmic surface charge, adapted for its biogenic 
function. The plasma membrane (PM) has a thick bilayer, tight lipid packing and negative cytoplasmic 
surface charge, adapted for its barrier function. These contrasting physical properties are reflected in 
the length and geometry of transmembrane domains (TMDs) of ER and PM-resident proteins, but also 
permit organelle-specific recruitment of peripheral membrane proteins. Thus, the ER binds proteins 
with neutral amphipathic lipid packing sensor (nALPS) motifs, which contain bulky hydrophobic 
residues that readily insert into lipid packing defects. The PM, on the other hand, recruits proteins with 
polybasic (PB) motifs. Membrane traffic between the ER and PM passes the Golgi, a polarized multi-
cisternal organelle where both lateral and transbilayer lipid sorting must occur to preserve the unique 
lipid textures and, hence, specialized functions of the ER and PM. Note that lipid traffic can bypass 
membrane traffic at sites where the ER contacts the trans-Golgi or PM to lessen the ‘sorting stress’ of 
the Golgi (not shown). 
!
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in the cytosolic leaflet and the sphingolipids (i.e. 
sphingomyelin and glycosphingolipids) enriched 
in the exoplasmic leaflet (10). This lipid 
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. 
Conversely, the accumulation of cone-shaped 
aminophospholipid PE in the cytosolic leaflet of 
the plasma membrane and on the surface of 
endocytic and exocytic vesicles is believed to 
keep these membranes in a fusion-competent 
state (11). Protein membrane spans of trans-
Golgi and plasma membrane 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 (Figure 1; (9) (12)). An intriguing 
concept is that the transition in transbilayer lipid 
arrangement is used to control the activity of 
integral membrane proteins such as channels and 
transporters as they move along the secretory 
pathway. Moreover, the accumulation of 
negatively charged PS on the cytosolic surface of 
the trans-Golgi and plasma membrane provides a 
specific cue for the recruitment of peripheral 
membrane proteins that contain polybasic motifs 
(13). Studies with a genetically encoded PS 
probe indicate that the bulk of PS resides in the 
luminal leaflet of the ER, an asymmetric 
distribution opposite to that of the trans-Golgi 
and plasma membrane (14). The relatively 
neutral cytosolic surface and loose lipid packing 
allows the ER to specifically recruit proteins 
with neutral amphipathic lipid packing sensor 
(ALPS) motifs, which contain bulky 
hydrophobic residues that readily insert into lipid 
packing defects (15). 
 Following regulated dissipation of 
phospholipid asymmetry, PS exposed on the cell 
surface can act as a susceptibility signal for 
phagocytosis and as a propagation signal in 
blood coagulation (3, 16, 17). 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 
((17, 18); see also below). Given that lipid 
asymmetry influences a broad array of cellular 
functions, understanding the mechanisms 
responsible for its creation has become a topic of 
intense investigations.  

 Phospholipid asymmetry cannot be 
explained by sidedness of lipid biosynthesis or 
breakdown alone and relies, at least in part, on a 
combination of other principles. 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, lipid-
binding proteins), and the presence of protein 
catalysts, termed flippases, which help create 
lipid asymmetry by imposing selectivity and 
directionality on lipid movement. The term 
flippase was originally coined to refer to the lipid 
transporters responsible for equilibrating newly 
synthesized phospholipids across biogenic 
membranes such as the ER (19). 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 phopholipid 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 (20). 
In contrast to the ER, spontaneous flip-flop in 
the plasma membrane is slow. This might be 
related to the finding that helix-induced flip–flop 
is inhibited by sterols (21), 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 
steep 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 at 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 uphill a 
concentration gradient. The first ATP-fuelled 
flippase described was the red blood cell-
associated aminophospholipid translocase (22), 
which catalyzes a fast inward movement of PS 
and PE across the plasma membrane. Similar 
flippase activities occur in the plasma membrane 
of most nucleated cells as well as in the trans-
Golgi, post-Golgi secretory vesicles and 
endosomal compartments (12, 23-25). Some cell 
types (including budding yeast) show a similar 

Chapter 1 



 

 16 

inward transport of phosphatidylcholine (PC) 
due to the presence of either a PC translocase 
next to an aminophospholipid translocase, or a 
translocase of different specificity that flips both 
aminophospholipids and PC (26). 
 
Flippases evolved from a family of cation 
pumps 
 
The discovery of an aminophospholipid 
translocase activity in bovine chromaffin 
granules, termed ATPase II, led to the cloning of 
a gene currently referred to as ATP8A1 (27). 
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 4 or P4-
ATPase subfamily (28). This subfamily 
comprises 5 members in Saccharomyces 
cerevisiae (Drs2, Dnf1, Dnf2, Dnf3, and Neo1) 
and 14 members in Homo sapiens (ATP8A1-
ATP11C) (Table 1). A number of genetic studies 
in yeast strongly supported a direct role of P4-
ATPases in phospholipid translocation. Thus, 
removal of the yeast plasma membrane-resident 
P4-ATPases Dnf1 and Dnf2 abolishes ATP-
dependent transport of fluorescent 7-nitrobenz-2-
oxa-1,3-diazol-4-yl (NBD)-labeled analogues of 
PE and PC from the exoplasmic to the cytosolic 
leaflet of the plasma membrane (29). Although 
their lipid preference disqualified these proteins 
as specific aminophospholipid translocases, 
NBD-labeled analogues of sphingolipids, 
phosphatidic acid and phosphatidylglycerol were 
not recognized. Chemical labeling of 
exoplasmic-leaflet phospholipids and staining 
with aminophospholipid-specific probes showed 
an accumulation of PS and PE on the surface of a 
dnf1dnf2 deletion mutant, a phenotype that is 
exacerbated when Drs2 is removed as well (29, 
30). In addition, Drs2 and Dnf3 are required to 
sustain aminophospholipid transport and 
asymmetry in post-Golgi secretory vesicles (12). 
Purified trans-Golgi membranes carrying a 
temperature sensitive form of Drs2 contain an 
NBD-PS flippase activity that is abolished at the 
restrictive temperature (25), indicating that Drs2 
directly contributes to this activity. Indeed, 
reconstitution of NBD-PS translocase activity 
with purified Drs2 indicates that the enzyme 
functions as a PS flippase (31).  
 Further evidence for a direct relationship 
between P4-ATPases 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 (32). 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 (33). A 
deficiency of ATP8B1, a P4-ATPase located in 
the canalicular membrane of liver cells and 
implicated in familial intrahepatic cholestasis 
type 1 (FIC1) disease, is accompanied by an 
enhanced recovery of PS in bile (34). Moreover, 
heterologous expression of ATP8B1 restores the 
non-endocytic uptake of NBD-PS in PS 
transport-defective CHO mutant cells (35). 
Finally, ATP8A2, a P4-ATPase present in the 
disc membranes of rod and cone photoreceptors, 
displays aminophospholipid transport activity 
when purified and reconstituted in 
proteoliposomes (36).  
 The simplest interpretation of the above 
data is that P4-ATPases catalyze phospholipid 
transport using the free energy of ATP. 
However, 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. 
Prominent examples include the Ca2+-ATPase 
SERCA, which pumps Ca2+ from the cytosol into 
the lumen of the sarcoplasmic reticulum of 
skeletal muscle cells (37), and the Na+/K+-
ATPase, which generates the electrochemical 
gradients for sodium and potassium that are vital 
to animal cells (38). Despite their unusual 
substrate, P4-ATPases share a common 
architecture and substantial degree of sequence 
similarity with cation-pumping ATPases (Fig. 
2A, B), indicating that they utilize a transport 
mechanism that rests on the same principles and 
structural elements (39, 40). How P4-ATPases 
adapted this mechanism to flip phospholipids is 
not well understood. As discussed below, 
moving such bulky amphipathic substrate 
molecules across the membrane poses unique 
mechanistic problems. In addition, P4-ATPases 
form heterodimeric complexes with members of 
the Cdc50 family of membrane proteins (41). 
Cdc50 subunits were originally identified in a 
genetic screen for loss of phospholipid 
asymmetry (42). However, the primary role of 
these accessory polypeptides in the complex is 
not well understood. As all flippase 
reconstitution experiments were performed with 
heterodimeric P4-ATPase complexes (31, 36), it 
is unclear whether P4-ATPases alone are 
sufficient to mediate phospholipid transport or 
whether they rely on a Cdc50 binding partner to 
accomplish this task. Nevertheless, recent 
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reverse genetics and structural approaches have 
begun to reveal first insights into how flippases 
operate. 
 
Inner workings of flippases  
 
P-type ATPase transport cycle 
All P-type ATPases form a phosphorylated 
intermediate during the transport cycle, hence 
the designation ‘P-type’. Two main 
conformations exist, E1 and E2, with 
conformational changes being accompanied by 
translocation of the ligand across a membrane. 
The ligand binding sites are buried deep inside 
the M domain, the region of the pump that spans 
the membrane. In E1, these sites are accessible 
for ligands from the cytosol, i.e. three Na+ ions 
in the case of the Na+/K+-pump (Fig. 2D). 
Ligand binding promotes the phosphorylation of 
the pump at a conserved Asp residue in the 
phosphorylation (P) domain. The phosphate is 
donated by an ATP molecule, which binds to the 
nucleotide-binding (N) domain. The side 
product, ADP, remains briefly associated with 
the pump. Formation of the E1P intermediate 
results in occlusion of the ligands, i.e. they 
become inaccessible from either side of the 
membrane. The pump then releases ADP and 
relaxes to a lower energy E2P conformation, 
whereupon a pathway opens to discharge the 
ligands to the exoplasmic side. The ligand-
binding site now has high affinity for the 
counter-transported ligands, i.e. two K+ ions in 
the case of the Na+/K+-pump, which bind from 
the exoplasmic side. Hydrolysis of the 
phosphorylated Asp residue, catalyzed by the 
actuator (A) domain, results in another state with 
occluded ligands, E2. Mg2+ and inorganic 
phosphate (Pi) dissociate, and the enzyme reverts 
to the E1 state, in which the counter-transported 
ligands are released into the cytosol (39).  
 The P-type ATPase transport cycle is 
strictly controlled so that access to the ligand 
binding sites alternates between the two sides of 
the membrane, with the ligands becoming 
temporarily occluded after each ligand-binding 
event. Thus, contrary to the principle by which 
ion ligands travel through a simple pore, P-type 
ATPases create and destroy ligand binding sites 
at different points in the cycle that are accessible 
to opposite sides of the membrane. This 
mechanism allows cation pumps such as the 
Na+/K+-ATPase to transport ions uphill a 
gradient, while avoiding ion leaks in the opposite 
direction.  
 
Giant substrate problem 

Phospholipid transport catalyzed by P4-ATPases 
would correspond to the transport of K+ ions by 
the Na+/K+-pump, as the direction of flipping is 
from the exoplasmic to the cytosolic side. This 
predicts that the phospholipid ligand in P4-
ATPases binds to the phosphoenzyme 
intermediate E2P (Fig. 2C). Consistent with this 
model, dephosphorylation of the P4-ATPase 
ATP8A2 is stimulated by the transported 
substrates PS and PE (43), similar to K+ ions that 
activate dephosphorylation of the Na+/K+-pump 
and opposing to Na+ ions, which stimulate 
phosphorylation (Fig. 2D). While these data 
argue for a high degree of mechanistic similarity 
between cation pumps and flippases, it is an 
open question how P4-ATPases acquired the 
ability to move a bulky phospholipid, about 40-
times more voluminous than the simple ions 
transported by a Na+/K+-ATPase. This enigma 
has been referred to as the “giant substrate 
problem” (44, 45). In addition, substrate 
recognition by P4-ATPases is complex. 
Transport is head group dependent, in some 
cases specific for PS and in others mainly 
restricted to PC. Transport is also backbone 
dependent, directed at glycerophospholipids and 
excluding sphingolipids (29, 46). Phospholipid 
transport by P4-ATPases also imposes another 
unique requirement. Ion ligands do not have to 
move in the binding pocket as cation pumps 
change conformation, whereas phospholipid 
translocation demands that the ligand physically 
reorients during the transport process.  
 
Phospholipid translocation pathway models 
How do P4-ATPases meet the structural demands 
imposed by phospholipid translocation? Where 
is the phospholipid binding site and transport 
pathway in P4-ATPases? The conserved anionic 
and polar residues in the central helices M4, M5 
and M6 that make up the ligand binding sites in 
Na+/K+ and Ca2+-pumps are largely replaced by 
non-polar residues in P4-ATPases (27). An 
extensive screen for residues that define 
phospholipid head group specificity in the yeast 
P4-ATPases Drs2 and Dnf1 revealed a series of 
side-chains critical to substrate recognition. 
These residues form two clusters outside of the 
canonical substrate binding site, one on the 
exoplasmic membrane face, where substrate is 
initially selected, and the second near the 
cytosolic membrane face, where substrate is 
released (46, 47). These results imply that P4-
ATPases use a two-gate mechanism for 
phospholipid selection and led to the suggestion 
that the phospholipid transport pathway is unique 
compared with the canonical pathway used by  
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Figure 2. Architecture and transport cycle of flippases and Na+/K+-pumps.  
(A, B) Flippases and Na+/K+-pumps share a high degree of structural similarity. Flippases are composed of a P4-
ATPase catalytic chain associated with a small Cdc50 subunit. Na+/K+-pumps comprise a P2C-ATPase catalytic 
chain associated with β- and γ- subunits. Both Cdc50 and β-subunit have a large N-glycosylated ectodomain with 
conserved disulphide bridges (S-S). Cation-transporting ATPases like the Na+/K+-pump utilise a spatially 
restricted ion-binding pocket in the centre of their helical bundle or M domain. Transmembrane segment M4 
harbours a conserved glutamate (E) that binds Na+/K+ and Ca2+/H+ and is alternately exposed to the two sides of 
the membrane during the transport cycle. In P4-ATPases, the residue located at this position is an isoleucine (I). 
M, transmembrane region; A, actuator domain; N, nucleotide-binding domain; P, phosphorylation domain. 
(C, D) Transport cycle schemes of flippases and Na+/K+-pumps according to the Post-Albers E1/E2 model. E1, 
E1P, E2P and E2 are the major enzyme forms, with P referring to the aspartyl-phosphorylated intermediate of the 
enzyme. Note that flippases translocate phospholipid (PL) from the exoplasmic to the cytosolic leaflet, 
analogous to the transport direction of K+ ions in Na+/K+-pumps. (E, F) Cartoon representations of a flippase and 
Na+/K+-pump illustrating domain reorientation and subunit rearrangements during the transport cycle. Occlusion 
of cytosolic ligands (Na+ ions in case of the Na+/K+ pump, unknown for flippases) in the E1 state induces 
autophosphorylation (not shown). Transition from E1P to E2P involves a vertical movement of transmembrane 
segment M4, like a pump rod, allowing delivery of Na+ ions bound at the M4 glutamate (E) in the P2C-ATPase to 
the exoplasmic surface and loading of the enzyme with exoplasmic K+ ions. During transition of the 
dephosphoenzyme from E2 to E1, M4 moves in the opposite direction to allow the release of K+ ions into the 
cytosol. In P4-ATPases, the isoleucine (I) that substitutes the glutamate in M4 of cation pumps serves a critical 
role in the translocation of phospholipid from the exoplasmic to the cytosolic leaflet, presumably by functioning 
as a hydrophobic gate that separates the entry and exit sites of the phospholipid polar head group. Transition 
from E1P to E2P is accompanied by tighter binding of the ATPase to its subunit, involving a high-affinity 
interaction with the subunit’s ectodomain. In this way, the subunit may stabilize E2P to help load the ATPase 
with luminal ligand (K+ ions or phospholipid) or serve as a lid to close access to the ligand-binding site from the 
exoplasm.  
!
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cation pumps. However, a recent study on the 
functional consequences of mutating an 
isoleucine in M4 of the mammalian P4-ATPase 
ATP8A2 at a position equivalent to a cation-
binding glutamate in Ca2+ and Na+/K+-pumps 
uncovered a striking analogy between the roles 
of these residues in the translocation of ligand 
(43).  

M4 serves a central role in the transport 
mechanism of cation pumps. Crystal structures 
of the Ca2+-pump indicate that the E1P > E2P 
transition involves a vertical movement of M4, 
like a pump rod, allowing delivery of Ca2+ bound 
at the M4 glutamate to the lumen (48). During 
the E2 to E1 transition of the dephosphoenzyme, 
M4 moves in the opposite direction to the 
cytosol. In ATP8A2, a missense mutation of the 
isoleucine corresponding to the M4 glutamate of 
cation-pumps was recently identified as the 
cause of cerebellar ataxia, mental retardation, 
and disequilibrium (CAMRQ) syndrome in 
patients (49). This M4 isoleucine is highly 
conserved among P4-ATPases and a detailed 
functional analysis showed that it plays a crucial  
role in phospholipid transport, with mutations 
affecting the affinity for the phospholipid or the 
dissociation of the translocated phospholipid 
toward the cytosolic leaflet (43). Structural 
homology modeling and molecular dynamic 
simulations suggest that the M4 isoleucine and 
adjacent hydrophobic residues in P4-ATPases 
function as a hydrophobic gate that separates the 
entry and exit sites of the phospholipid. This 
hydrophobic gate controls the sequential 
formation and abolishment of water-filled 
cavities in the central core of the protein, 
enabling translocation of the phospholipid 
headgroup, with the acyl chains following 
passively, still in the membrane lipid phase (43). 
This model suggests that the pump rod function 
of TM4 is a general feature of P-type ATPases 
and that movement of the TM4 isoleucine in P4-
ATPases is crucial for releasing the phospholipid 
into the cytoplasmic leaflet during the 
transformation from E2 to E1, likely involving a 
non-favorable interaction between the 
hydrophobic side-chain with the polar 
phospholipid head group. Hence, the overall 
function of M4 in flippases is reminiscent of the 
role of M4 in cation pumps, with the pump rod 
moving up and down to bring about the 
translocation of the substrate (Fig. 2E, F). 
 
Accessory subunits  
Besides their unusual substrate, another property 
that sets P4-ATPases apart from most other P-
type pumps is their association with an accessory 

Cdc50 subunit, forming heteromeric complexes 
with a proposed stoichiometry of 1 (Fig. 2A) (32, 
35, 41, 50-52). This property is shared by only 
one other subfamily of P-type pumps, namely 
P2C-ATPases, comprising Na+/K+- and H+/K+-
pumps, which associate with a β- and γ-subunit 
(Fig. 2B). While the γ-subunit is dispensable for 
function, association with the β-subunit in P2C-
ATPases is required for membrane insertion, 
functional maturation, plasma membrane 
delivery, and catalytic activity of the enzyme 
(53). Cdc50 and β-subunits are relatively small 
in comparison to their P-type ATPase binding 
partners and show little if any sequence 
homology. However, Cdc50 proteins mimic a 
fusion between the β- and γ-subunit in terms of 
polypeptide chain length and membrane 
topology. Moreover, both Cdc50 and β-subunits 
have extended N-glycosylated ectodomains that 
are stabilized by conserved disulfide bridges (42, 
53-55). Conceivably, Cdc50 proteins and β-
subunits adopted similar structures to accomplish 
analogous tasks. 
 Analogous to the situation in 
heterodimeric Na+/K+- and H+/K+-pumps, 
complex formation between P4-ATPase and 
Cdc50 subunit is required for stability and ER 
export of the ATPase subunit (30, 41, 50-52). 
Studies in yeast and mammalian cells revealed 
that the subunit is not a critical determinant of 
substrate specificity or subcellular localization of 
the P4-ATPase heterodimer (46, 50, 51, 56). 
However, recent work indicates that Cdc50 
proteins play a role in P4-ATPase-catalyzed 
phospholipid transport that goes beyond their P4-
ATPase-specific chaperone function. 
Biochemical characterization of purified 
transporter complexes demonstrated that 
catalytic activity of the P4-ATPase critically 
relies on specific interactions with a Cdc50 
subunit (51, 57, 58). In addition, conditional 
mutant forms of Cdc50 have been isolated that 
retain the ability to associate with their P4-
ATPase binding partner, but show a loss of 
function in vivo at the non-permissive 
temperature (59). An intimate role of the Cdc50 
subunit in P4-ATPase-catalyzed phospholipid 
transport can also be inferred from the 
observation that the affinity of the transporter for 
the subunit fluctuates during the transport cycle, 
with the strongest binding occurring at E2P, the 
point where the complex is loaded with 
phospholipid substrate (57). Moreover, 
functional analysis of cysteine mutants that 
disrupt the conserved disulfide bridges in the 
Cdc50 ectodomain revealed an inverse 
relationship between subunit binding and 
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flippase activity (55), indicating that a dynamic 
association between subunit and transporter is 
crucial for the P4-ATPase transport cycle.  
 The role of Cdc50 subunits bears a 
striking similarity to the role of the β-subunit in 
heterodimeric Na+/K+- and H+/K+-ATPases (Fig. 
2E, F). Besides its chaperone function, it has 
been well established that the β-subunit also 
contributes to the intrinsic transport properties of 
these cation pumps (38). Transport of K+ ions by 
Na+/K+- and H+/K+-ATPases corresponds to P4-
ATPase-catalyzed phospholipid transport, as the 
direction of K+ translocation is from the 
exoplasmic to the cytosolic leaflet. Notably, 
reduction of the disulfide bridges in the 
ectodomain of the β-subunit by DTT caused a 
drop in K+-affinity and impaired the enzymatic 
activity of the pump (60, 61). This phenomenon 
was prevented in the presence of K+ ions, 
suggesting that the β-subunit helps stabilize the 
K+ occluded state of the pump. Consistent with 
this idea, disruption of interactions between 
specific residues within the membrane spans of 
the Na+/K+-ATPase results in a shift toward an 
E1 conformation (62). A crystal structure of the 
heterodimeric Na+/K+-ATPase complex in the 
K+-occluded E2P state revealed that the β-
subunit is not directly involved in binding or 
occlusion of extracellular K+ ions (63). Instead, it 
appears that the β-subunit helps promote 
formation of a K+-binding cavity. Such a cavity 
is absent in the corresponding crystal structure of 
the Ca2+-ATPase, which translocates protons as 
exoplasmic substrate (64). It is tempting to 
speculate that, in analogy to the β-subunit, 
Cdc50 proteins actively participates in a 
rearrangement of the membrane spans of P4-
ATPases to stabilize formation of a sizeable 
phospholipid-binding site. Alternatively, the 
subunit may provide part of the transmembrane 
hydrophilic pathway along which the 
phospholipid head group moves during 
translocation. The dynamic association of the 
Cdc50 subunit with the P4-ATPase, which is at 
its strongest at the E2P step, and at its weakest at 
the E1 step, is consistent with such a role (45, 
57). This implies that acquisition of a Cdc50 
subunit may have been a crucial step in the 
evolution of flippases from a family of cation 
pumps.  
 The idea that Cdc50 subunits are integral 
parts of the P4-ATPase flippase machinery is 
challenged by the fact that yeast P4-ATPase 
Neo1p and its human homologues ATP9A and 
ATP9B lack a Cdc50 binding partner (41, 52). 
Among the five P4-ATPases in yeast, Neo1 is 
unique in that deletion of its gene is lethal (65). 

This raises the possibility that Neo1 and its 
human homologs possess an enzymatic activity 
different from that of other P4-ATPases and for 
which it does not require a Cdc50 binding 
partner. Experimental evidence that Neo1 
catalyzes phospholipid transport is lacking. 
Consequently, how Neo1 executes its essential 
function remains to be established. 
 
Flippases participate in key biological 
processes 
 
Vesicular trafficking  
The flippases responsible for generating lipid 
asymmetry have crucial functions in vesicular 
trafficking pathways that emanate from the trans-
Golgi, endosomes and plasma membrane. In 
yeast, plasma membrane-resident flippases Dnf1 
and Dnf2 are required for endocytosis at low 
temperature (29) whereas loss of Drs2 flippase 
activity at the trans-Golgi blocks formation of a 
clathrin-dependent class of post-Golgi secretory 
vesicles (25, 66, 67). Drs2 is also required for 
bidirectional vesicular transport between the 
trans-Golgi and early endosomes (68, 69). 
Furthermore, human ATP8B1 mediates apical 
protein localization (70), and C. elegans TAT-1 
is required for endocytosis and lysosome 
biogenesis (71). In Arabidopsis thaliana, ALA3 
serves a critical role in the formation of post-
Golgi vesicles in actively secreting cells at the 
plant root tip (32). Together with trafficking 
defects found in fungal and plant pathogens (72, 
73), these findings suggest that flippases serve a 
fundamental role in vesicle biogenesis at 
membranes of late secretory and endosomal 
organelles. 
 In support of a direct role in vesicle 
biogenesis, flippases interact genetically and 
physically with components of the vesicle 
budding machinery. In yeast, genetic interactions 
between Drs2, clathrin heavy chain (Chc1), and 
Arf1, a Ras GTPase initiating vesicle formation, 
were detected, whereas no genetic links between 
Drs2 and COPI or COPII coat subunits were 
found (66). Furthermore, Drs2 interacts with 
Gea2, a cytosolic Arf-GEF, and AP-1, a clathrin 
adaptor protein (69, 74). In conjunction with the 
formation defect of clathrin-coated vesicles 
observed in ∆drs2 deletion mutants (66, 67), 
these findings initially suggested 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 a ∆drs2 deletion strain (69). The 
precise role that flippases play in vesicle 
formation remains to be established. A popular 
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model postulates that flippase-catalyzed 
phospholipid translocation creates a 
phospholipid mass imbalance between both 
membrane leaflets (Figure 3A). The resulting 
lateral lipid packaging stress in the cytosolic 
leaflet would drive inward-directed membrane 
bending required for formation of a transport 
vesicle (18). As flippases exclusively populate 
membranes of late secretory and endocytic 
organelles, it is tempting to speculate that they 
primarily evolved to facilitate the coat-induced 
vesiculation of sterol-rich bilayers. Consistent 
with this hypothesis, AP-1 and clathrin are poor 
benders of trans-Golgi membranes in the absence 
of Drs2p (66, 69). Moreover, the stimulation of 
plasma membrane-resident flippase activity 
results in formation of endocytic-like vesicles in 
erythrocytes (75, 76) and accelerates endocytosis 
in erythroleukemia K562 cells (77).  
 There is also evidence that flippases 
contribute to vesicle biogenesis by enriching 
specific phospholipids in the cytosolic leaflet 
that help control the recruitment of vesicle 
budding machinery. A recent study identified the 
Arf-GTPase-activating protein Gcs1 as a down-
stream effector of Drs2 flippase activity in yeast 
(78). Gcs1 contains a variant of the Arf-GAP 
lipid packing sensor (+ALPS) motif, which 
harbors a basic amino acid upstream of ALPS 
that is critical for membrane association. Site-
directed mutagenesis revealed that the +ALPS 
variant in Gcs1 senses both curvature and 
negative charge imparted to the trans-Golgi and 
early endosomal membranes by Drs2-catalyzed 
PS flippase activity (78). A point mutation in 
Dnf1 that allows it to recognize and flip PS was 
sufficient to rescue membrane recruitment of 
Gcs1 and restore vesicular trafficking between 
the trans-Golgi and early endosomes in a drs2 
mutant, demonstrating a crucial role of PS 
translocation in these pathways (78). In line with 
these findings, the C. elegans Drs2 orthologue 
TAT-1 localizes to recycling endosomes and is 
required for their tubular morphology and 
protein trafficking through these organelles (79). 
Consequently, PS flipping by P4-ATPases 
appears to be a conserved mechanism for 
inducing membrane deformation to support 
vesicular biogenesis.  
 
Cell signaling 
The ability of flippases to transport 
phospholipids like PS to the cytoplasmic leaflet 
generates a concentration gradient across the 
bilayer that can be exploited for signal 
transduction. Regulated disruption of lipid 
asymmetry at the plasma membrane and 

exposure of PS plays an important signaling role 
in apoptosis and blood clotting (80). An early 
event in apoptosis is the Ca2+-dependent 
exposure of PS on the outer surface of dying 
cells, which serves as an ‘eat me’ signal for 
phagocytes such as macrophages, which engulf 
the cell corpse (81). A direct role of flippases in 
stimulating PS-induced phagocytosis was 
demonstrated for the Drs2 orthologue, TAT-1 in 
C. elegans (33). 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, a recent 
haploid genetic screen for flippase-encoding 
genes identified the P4-ATPase ATP11C and its 
Cdc50 subunit CDC50A as key regulators of PS 
asymmetry at the plasma membrane of lymphoid 
cells (3). Intriguingly, ATP11C contains 
caspase-cleavage sites, and expression of a 
caspase-resistant form of ATP11C prevented 
both apoptotic PS exposure and engulfment by 
macrophages. Conversely, deletion of CDC50A 
in a T cell line expressing a permanently active 
scramblase resulted in constitutive PS exposure 
and efficient macrophage engulfment in vivo, 
indicating that PS is sufficient as an “eat me” 
signal even in living cells (3). Indeed, ATP11C-
deficient mice loose a large number of B cells 
during differentiation from progenitor B cells to 
precursor B cells in bone marrow, indicating a 
critical role for ATP11C in murine B cell 
development (82, 83).  
 
Cell polarity and migration 
Phospholipid asymmetry mediated by flippases 
has also been shown to control polarized growth 
during cell division of budding yeast (84). PE is 
specifically exposed on the exoplasmic leaflet at 
polarized sites during the early stage of budding, 
and disappears in G2 as the apical bud growth 
switches to isotopic growth. This PE exposure is 
enhanced by the deletion of plasma membrane-
associated P4-ATPases Dnf1 and Dnf2 or their 
Cdc50 binding partner, Lem3, which have been 
shown to translocate PC and PE (Table 1). How 
PE becomes exposed on the exoplasmic leaflet 
remains to be established, but prolonged PE 
exposure in the dfn1dnf2 and lem3 mutants 
causes prolonged apical growth due to a defect in 
the switch to isotropic bud growth. In the mutant 
cells, the GTP-bound form of the small GTPase 
Cdc42, a key-signaling molecule in cell polarity 
that normally localizes only transiently to the 
bud tip to mobilize the actin cytoskeleton,  
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remains polarized at the site of PE exposure. 
These phenotypes can also be mimicked by cell-
surface immobilization of PE using a PE-binding 
peptide (85). Interestingly, the Cdc42 GAPs, 
Rga1 and Rga2, are stimulated by PE. 

Collectively, these data support a model in which 
the apical-isotropic switch is triggered by P4-
ATPase-catalysed redistribution of PE, which 
down-regulates Cdc42 signaling.  
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Figure 3. Role of flippases in vesicle biogenesis.  
(A) Membrane curvature during vesicle budding requires a selective increase in surface area of the cytosolic 
leaflet. In the ER and cis-Golgi membranes, phospholipids can readily cross the bilayer in both directions 
due to loose lipid packing (low sterol content). In these flexible membranes, assembly of a protein coat 
would be sufficient to deform the bilayer into a bud. However, in the trans-Golgi and PM, free flip-flop of 
phospholipids across the bilayer is constrained due to their high sterol content. Here, coat assembly may no 
longer be sufficient to drive vesicle budding, and this process would require assistance of a phospholipid 
pump that is able to expand the cytosolic leaflet at the expense of the luminal one. Selectivity of this 
directional flippase serves to prevent destabilization of the bilayer and may contribute to creating a lipid 
environment favourable for coat recruitment. 
(B) The trans-Golgi-resident yeast P4-ATPase, Drs2p, is activated by phosphatidylinositol-4-phosphate 
(PI4P) and the guanine nucleotide exchange factor Arf-GEF. Both activators bind to an auto-inhibitory 
domain in the C-terminal tail of Drs2p, suggesting a coincidence detection system to control flippase 
activity in coordination with cargo loading and vesicle biogenesis. Note that Arf-GEF triggers membrane 
association of the ADP ribosylation factor Arf, a key regulator of clathrin coat assembly. AP, adaptor 
protein. 
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 Recent work in mammalian cells also 
revealed a critical role of the plasma membrane 
associated P4-ATPase ATP8A1 and its subunit 
CDC50A, in cell migration (86). Where 
overexpression of CDC50A induced extensive 
cell spreading and greatly enhanced cell 
migration, depletion of either CDC50A or 
ATP8A1 caused a severe defect in the formation 
of membrane ruffles, thereby inhibiting cell 
migration. Depletion of CDC50A affected 
inward translocation of both PE and PS, whereas 
depletion of ATP8A1 only disrupted transport of 
PE. As the purified ATP8A1-Cdc50 complex 
displays robust PS flippase activity, it appears 
likely that PS-translocating activity in ATP8A1-
depleted cells is partly taken over by another P4-
ATPase. In any case, these results raised the 
possibility that cell migration critically relies on 
the inward translocation of cell-surface PE. 
Consistent with this idea, cell-surface 
immobilization of PE by PE-binding peptide or 
genetic disruption of PE biosynthesis in each 
case blocked formation of membrane ruffles, 
causing a severe defect in cell migration (86).  
 
Apical barrier function 
Progressive familial intrahepatic cholestasis 
type-I (PFIC1) is a potentially lethal liver disease 
caused by mutations in the P4-ATPase ATP8B1 
and characterized by a bile salt secretion defect. 
ATP8B1 is thought to translocate PS towards the 
cytoplasmic leaflet of the canalicular membrane 
of liver cells (34, 35). This membrane also 
harbors the bile salt export pump ABCB11. 
Interruption of the enterohepatic circulation of 
bile salts in PFIC1 patients results in 
normalization of their hepatobiliary output, 
indicating that the bile salt transport defect in 
PFIC1 is not a direct consequence of ATP8B1 
dysfunction (87). The enhanced recovery of PS 
in bile from ATP8B1 mutant mice supports a 
role of ATP8B1 as PS translocase (34). These 
mice also display a dramatic increase in biliary 
output of canalicular cholesterol. Subsequent 
studies showed that the activity of the bile salt 
pump is critically dependent on the cholesterol 
content of the canalicular membrane (88). The 
exoplasmic leaflet of this membrane is rich in 
sphingolipids that are tightly packed with 
cholesterol to provide maximal resistance against 
the detergent action of hydrophobic bile salts. It 
has been postulated that by flipping excess PS 
from the exoplasmic surface towards the 
cytoplasmic leaflet, ATP8B1 helps preserve this 
barrier function. Loss of ATP8B1 function 
results in lipid scrambling, thereby reducing the 
lipid ordering in the exoplasmic leaflet and 

increasing its sensitivity toward hydrophobic bile 
salts. Increased cholesterol extraction by bile 
salts reduces the cholesterol content of the 
bilayer, which in turn impairs the activity of the 
bile salt pump and causes cholestasis (34, 88).  
 
Flippase regulation  
 
Regulation in relation to vesicle biogenesis 
As expected from their active participation in a 
multitude of biological processes, flippases are 
subject to tight regulation. For instance, the 
trans-Golgi P4-ATPase Drs2 in yeast is activated 
by phosphoinositide-4-phosphate (PI4P) 
produced by the Pik1, phosphatidylinositol 4-
kinase (89). A phosphoinositide-binding site 
with preference for PI4P maps to a basic patch of 
residues within the enzyme’s C-terminal 
cytosolic tail and mutation of these residues 
abrogates Drs2 activity. Moreover, the basic 
patch overlaps a binding site for the Arf guanine 
nucleotide exchange factor Gea2 and this 
interaction also stimulates Drs2 flippase activity. 
Analogous to regulation of the calcium P-type 
ATPase PMCA1 by calmodulin (90), the C-
terminal tail of Drs2 is an auto-inhibitory 
regulatory domain and binding to PI4P relieves 
the auto-inhibition to stimulate activity (91, 92). 
While PI4P recruits AP-1, GGA and epsinR 
adaptors to facilitate budding of clathrin-coated 
vesicles assembly, Gea2p initiates vesicle 
biogenesis by promoting membrane recruitment 
of Arf (93-95). Hence, the synergistic activation 
of Drs2 by PI4P and Gea2 suggests the presence 
of a coincidence detection system used to 
activate phospholipid translocation at sites of 
vesicle formation at the trans-Golgi (Figure 3B). 
 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 (96). In a tissue-specific 
manner, NUM-1A blocks endocytic recycling by 
inhibiting TAT-1 translocase activity. Numb 
proteins bind clathrin adaptor α-adaptin and 
numerous proteins of the epsin15 homology 
domain family involved in both clathrin-
dependent and -independent endocytosis (97). 
Thus, mechanisms to control flippase activity in 
coordination with vesicle biogenesis appear to be 
a universal feature among eukaryotes.  
 
Regulation in relation to sphingolipid and 
sterol homeostasis 
A remarkable homeostatic circuit appears to 
control plasma membrane lipid organization by 
linking the transbilayer phospholipid asymmetry 
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of the plasma membrane to its sphingolipid 
content. This circuit relies on a number of 
protein kinases whose action in this context has 
been best studied in yeast. First insights into this 
regulatory network came from a genetic screen 
to identify positive regulators of the plasma 
membrane P4-ATPases Dnf1 and Dnf2, which 
yielded a closely related pair of flippase kinases 
termed Fpk1 and Fpk2 (42, 98). Deletion of 
Fpk1 and Fpk2 phenocopy mutations in Dnf1 
and Dnf2 and fpk1fpk2 mutants are deficient in 
plasma membrane-associated flippase activity. 
Fpk1 itself is under direct control of another 
kinase, Ypk1, which phosphorylates Fpk1 and 
inhibits Fpk1 activity (99). Fpk1, in turn, 
phosphorylates Ypk1 and inhibits its kinase 
activity. Several kinds of input into this tug of 
war between Fpk1 and Ypk1 can tip the balance 
in favor of one of the two kinases. Notably, 
sphingolipid long chain base stimulates the 
kinase Pkh1 (100), which phosphorylates and 
activates Ypk1. Thus, conditions that increase 
the levels of sphingolipid precursors should tip 
the balance in favor of Ypk1 and reduce flippase 
activity. In contrast, complex sphingolipids 
(mannosylinositol phosphorylceramide) were 
found to stimulate Fpk1 activity (99). 
Collectively, these and other observations point 
at a homeostatic mechanism ensuring that 
sphingolipid levels in the exoplasmic leaflet of 
the plasma membrane are sensed and corrected 
by fresh synthesis of precursors in coordination 
with a P4-ATPase-catalysed redistribution of 
aminophospholipids to the opposite leaflet (99, 
101), presumably to maximize impermeability of 
the plasma membrane. 
 
Outlook  
 
A combination of genetic and biochemical 
evidence now firmly establishes that no protein 
other than the P4-ATPase catalytic chain in 
association with its small Cdc50 subunit is 
required for flipping specific phospholipids to 
create phospholipid asymmetry in organelles of 
the late secretory and endocytic pathways. P4-
ATPase-Cdc50 complexes are strikingly 
reminiscent of Na+/K+-pumps. Recent 
mutagenesis and functional assays in 

combination with computational studies have 
started to reveal first insights into how flippases 
operate at the mechanistic level. However, the 
precise role of the Cdc50 subunit in the catalytic 
cycle of P4-ATPases remains to be determined. 
Does the subunit form part of the phospholipid 
translocation channel or does it primarily control 
flippase activity? And what is the primary role of 
P4-ATPases that lack a Cdc50 binding partner? 

Studies in yeast, plants and animals 
uncovered a fundamental requirement of 
flippases in vesicle biogenesis from the trans-
Golgi, endosomes and plasma membrane. An 
attractive model is that flippases induce 
membrane curvature to facilitate vesicle budding 
in the rigid, sterol-rich bilayers of these 
organelles. Reconstitution of flippases into giant 
proteoliposomes may be necessary to test this 
hypothesis. As a host of other membrane 
modeling proteins has been implicated in driving 
vesicle biogenesis (e.g. coat proteins, GTPases, 
ENTH domain proteins, BAR domain proteins), 
a key challenge will be to define the relative 
contribution of flippases to this process. Besides 
modulating membrane curvature, flippases also 
affect the fluidity, surface charge and lipid 
packing density of membranes. These altered 
physicochemical properties of the membrane 
likely influence the organization and activity of 
transporters, channels and receptors. However, a 
proper identification of these principles will be 
challenging. Owing to their redundancy in 
mammals, the cellular and physiological roles of 
mammalian P4-ATPases are only slowly 
emerging. It appears likely that genome-wide 
association studies will uncover more human 
diseases that are linked to P4-ATPase deficiency.   

Flippase activity is subject to tight 
regulation, involving phosphorylation, protein-
binding partners, and/or specific protein-lipid 
interactions. How do these regulatory 
mechanisms help coordinate phospholipid 
translocation to the cytosolic leaflet and 
sphingolipid assembly at the luminal leaflet with 
sterol loading in the trans-Golgi to ensure a 
proper maturation of membrane destined for the 
cell surface? Future studies will certainly reveal 
more fascinating insights into the mechanistic 
properties and biological impact of flippases. 
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Table 1. Substrate specificities and biological roles of flippases 
 

Organism P4-ATPase Subunit Substrate Localization Cellular functions  Physiological roles References** 

        Homo 
sapiens* 

ATP8A1 CDC50A/B PS, PE Golgi, RE, 
PM 

Cell migration Hippocampus-dependent 
learning 

Kato et al., 2013; Levano et al., 2012 (a) 

 ATP8A2 CDC50A PS, PE Golgi, disk Photoreceptor & spiral ganglion cell 
survival 

Visual & auditory 
functions 

Coleman et al., 2009; Coleman et al., 2014 (b) 

 ATP8B1 CDC50A/B PS, PE, 
CL 

PM Apical membrane barrier function Bile secretion; auditory & 
airway functions 

Paulusma et al., 2008, Paulusma et al., 2006 (c) 

 ATP9A - n.d. TGN, EE, RE n.d. n.d. Takatsu et al., 2011 
 ATP9B - n.d. TGN n.d. n.d. Takatsu et al., 2011 
 ATP11A CDC50A n.d. PM, EE, RE n.d. n.d. Takatsu et al., 2011; Zhang et al., 2005 
 ATP11B CDC50A n.d. RE Golgi-PM trafficking n.d. Moreno-Smith et al., 2013; Takatsu et al., 2011 
 ATP11C CDC50A PS PM PS signaling in apoptosis Red blood cell longevity; 

B-cell maturation 
Segawa et al., 2014; Yabas et al., 2011; Yabas et 
al., 2014 

        
C. elegans TAT-1 

 
TAT-2 
 
TAT-5 

CHAT-1 
 
n.d. 
 
n.d. 

PS 
 
n.d. 
 
PE 

PM, EE, LE 
 
n.d. 
 
PM 

PS signaling in apoptosis; 
Lysosome biogenesis  
n.d. 
  
Sterol metabolism; Extracellular 
vesicle biogenesis 

Apoptotic cell clearance 
during development 
Post-embryonic growth 
 
Embryo morphogenesis  

Darland-Ransom et al., 2008; Ruaud et al., 2009 
(d) 
Seamen et al., 2009 
 
Lyssenko et al., 2008; Wehman et al., 2011 

        
Drosophila dATP8B n.d. n.d. PM Odorant receptor function n.d. Ha et al., 2014; Liu et al., 2014 
 
 
 
Arabidopsis  

CG33298 
 
 
ALA1 

n.d. 
 
 
ALIS1/3/5 

n.d. 
 
 
PS (PE) 

n.d. 
 
 
PM 

Sterol homeostasis 
 
 
n.d. 

Wing development 
 
 
Chilling tolerance 

Ma et al., 2012 
 
 
Gomès et al., 2000; López-Marqués et al., 2010  

 ALA2 ALIS1/3/5 PS LE n.d. Chilling tolerance López-Marqués et al., 2012 
 ALA3 ALIS1/3/5 PS, PE 

(PC) 
Golgi SV biogenesis  Root tip & trichome 

development 
Poulsen et al., 2008; Zhang and Oppenheimer, 
2009 

        
S. cerevisiae Drs2p Cdc50p PS (PE) TGN SV biogenesis; TGN-endosomal 

trafficking; Sterol homeostasis 
Chilling tolerance Alder-Baerens et al., 2006; Zhou and Graham, 

2009 (e) 
 Dnf1p Lem3p PC, PE  PM, EE Endosomal trafficking Chilling tolerance Hua et al., 2002; Pomorski et al., 2003  
 Dnf2p Lem3p PC, PE PM, EE Endosomal trafficking Chilling tolerance Riekhof and Voelker, 2006; Riekhof et al., 2007 
 Dnf3p Crf1p PC (PE) TGN n.d. n.d. Alder-Baerens et al., 2006 
 Neo1p - n.d. TGN, LE Endosomal trafficking Growth  Hua et al., 2002; Wicky et al., 2004 
         

*Note that the physiological roles of human P4-ATPases are deduced from genetic studies in mice. TGN, trans-Golgi network; SV, post-Golgi secretory vesicle; PM, 
plasma membrane; Disk, photo-receptor disk membrane; EE, early endosome; RE, recycling endosome; PVC, prevacuolar compartment; LE, late endosomes; PS, 
phosphatidylserine; PE, phosphatidylethanolamine; PC, phosphatidylcholine; CL, cardiolipin; n.d., not defined. 
**Only key references are listed. Additional references are as follows: (a) Bryde et al., 2010; van der Velden et al., 2010; Paterson et al., 2006. (b) Coleman et al., 2012; 
Curia et al., 2013; Vestergaard et al., 2014. (c) Stapelbroek et al., 2009; Ray et al., 2010. (d) Chen et al., 2010; Li et al., 2013. (e) Natarajan et al., 2004; Muthusamy et 
al., 2009; Gall et al., 2002. 
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Background: P4-ATPases form heterodimeric complexes with Cdc50 proteins and catalyze phospholipid transport to
generate membrane asymmetry.
Results: Disruption of disulfide bridges in the ectodomain of Cdc50 proteins has reciprocal effects on P4-ATPase binding and
phospholipid transport.
Conclusion: Cdc50 proteins are critical components of the P4-ATPase flippase machinery.
Significance: Our data begin to define the function of different regions of the Cdc50 polypeptide in supporting P4-ATPase-
catalyzed phospholipid transport.

Type 4 P-type ATPases (P4-ATPases) catalyze phospholipid
transport to generate phospholipid asymmetry across mem-
branes of late secretory and endocytic compartments, but their
kinship to cation-transporting P-type transporters raised
doubts about whether P4-ATPases alone are sufficient to medi-
ate flippase activity. P4-ATPases form heteromeric complexes
with Cdc50 proteins. Studies of the enzymatic properties of
purified P4-ATPase!Cdc50 complexes showed that catalytic
activity depends on direct and specific interactions between
Cdc50 subunit and transporter, whereas in vivo interaction
assays suggested that the binding affinity for each other fluctu-
ates during the transport reaction cycle. The structural determi-
nants that govern this dynamic association remain to be estab-
lished. Using domain swapping, site-directed, and random
mutagenesis approaches, we here show that residues through-
out the subunit contribute to forming the heterodimer. More-
over, we find that a precise conformation of the large ectodo-
main of Cdc50 proteins is crucial for the specificity and
functionality to transporter/subunit interactions.We also iden-
tified two highly conserved disulfide bridges in the Cdc50 ecto-
domain. Functional analysis of cysteine mutants that disrupt
these disulfide bridges revealed an inverse relationship between
subunit binding and P4-ATPase-catalyzed phospholipid trans-
port. Collectively, our data indicate that a dynamic association
between subunit and transporter is crucial for the transport
reaction cycle of the heterodimer.

The P-type ATPases are a large and ancient family of cation-
transporting membrane pumps. Well known representatives

are theNa!/K!-ATPase, which generates electrochemical gra-
dients for Na! and K! ions, and the Ca2!-ATPase SERCA,
which pumps cytosolic Ca2! ions into the lumen of the sarco-
plasmic reticulum. Transport by P-type ATPases follows a
cyclic scheme of conformational changes in which the pump
sequentially opens substrate binding sites to the cytoplasm (the
E1 conformations) and exoplasmic surface (the E2 conforma-
tions). This cycle is driven by transient phosphorylation of the
ATPase at a highly conserved aspartate residue, hence the des-
ignation P-type (1, 2). Although P-type ATPases usually pump
small cations or metal ions, members of the P4 subfamily are
implicated in transport of the much larger phospholipids (3–5)
creating phospholipid asymmetry in membranes of late secre-
tory and endocytic compartments (6–8). Their sequence
homology and commondomain organizationwith other P-type
ATPases suggest that P4-ATPases3 utilize a transport mecha-
nism that rests on the same principles and structural elements
(1, 9, 10). Although cation-transporting P-type ATPases utilize
a spatially restricted ion-binding pocket in the center of the
transmembrane domain, residues both inside and outside this
canonical binding pocket have been implicated in phospholipid
substrate specificity of P4-ATPases (11, 12). How the transport
mechanismof P-type cation pumps is adapted in P4-ATPases to
translocate phospholipids is poorly understood.
Besides their unusual substrate, there is another 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 an unrelated!-subunit.
Association with the !-subunit in P2C-ATPases affects protein
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folding, membrane insertion, plasma membrane delivery, and
activity of the enzyme (13).
Compared with their P-type ATPase-binding partners,

Cdc50 and !-subunits are relatively small. They arose inde-
pendently during evolution and show little if any sequence
homology (14). Nevertheless, both the !-subunit and Cdc50
have substantial ectodomains that contain multiple glycosyla-
tion sites and highly conserved cysteine residues, capable of
forming one or more disulfide bridge (10).
Yeast contains five different P4-ATPases that are located in

late secretory and endocytic organelles (i.e. Dnf1 and Dnf2 at
the plasma membrane, Dnf3 and Drs2 at the trans-Golgi net-
work, and Neo1 in endosomes) (6, 15, 16). The yeast Cdc50
proteins Cdc50, Lem3, and Crf1 form heteromeric complexes
with Drs2, Dnf1/Dnf2, and Dnf3, respectively (18–20). Forma-
tion of these complexes is required for stabilization and ER
export of either partner (8, 17, 18, 20). A similar relationship has
been observed in other organisms as well. For example, human
class-1 P4-ATPases also require association with a Cdc50 sub-
unit for ER export and to reach their final subcellular destina-
tion (21, 22, 23).
In recent studies, we and others showed that catalytic activity

of P4-ATPases critically relies on association with a Cdc50 sub-
unit (19, 22, 24–26). 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 E2P state, where phospholipid is loaded onto
the enzyme (19). Together, these results suggested that Cdc50
proteins play an intimate role in P4-ATPase-catalyzed phos-
pholipid transport. To further elucidate the inner workings of
these heterodimeric lipid pumps, we here set out to map func-
tional interactions between P4-ATPases and their Cdc50 bind-
ing partners in yeast.

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
(MAT" URA3 leu2 trp1 his3 loxP::ade2). The !cdc50 and
!lem3 deletion mutants were created in yeast strain SEY6210
(MAT" ura3-52 his3-!200 leu2–3,112 trp1-!901 lys2-801
suc2-!9) using a loxP-HIS3-loxP cassette (6, 19). All strains
were grown in synthetic dextrose (SD) medium. Plasmids used
for the split-ubiquitin assay were created as described (19). 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 ter-
minus of ubiquitin (Nub) were created in THY.AP5 by in vivo
recombination between the linearized vector pNXgate33–3HA
andPCR fragments of Cdc50, Crf1, and Lem3, respectively. The
resulting transporter-Cub and Nub-Cdc50 subunit constructs
were reisolated and sequenced to verify fidelity of recombina-
tion. The Nub-Lem3 construct was subjected to random
mutagenesis using 70 mg/ml hydroxylamine hydrochloride
(75 °C, pH 6.6). The mutagenized construct was purified by
agarose gel electrophoresis and transformed into THY.AP4
harboring the Dnf1-Cub construct. Nub-Lem3 interaction

mutants were analyzed for protein expression levels by immu-
noblotting, isolated, sequenced, and then reanalyzed for inter-
action with Dnf1-Cub using the split-ubiquitin assay (see
below). For the generation of Cdc50!Crf1 chimeras, Cdc50 and
Crf1 were divided into five topological domains: namely two
transmembrane domains predicted by TMHMM 2.0 (27), two
cytosolic tails, and the large ectodomain. To create chimeras
between the Cdc50 and Crf1 ectodomains, their sequences
were aligned using ClustalW2 (28). Two swapping sites in
regions of high sequence identity were selected to divide the
ectodomain into three roughly equal parts. Chimeras were
assembled by fusion PCR and then cloned into pNXgate33–
3HA. Cysteine-to-alanine substitutions were created by site-
directed mutagenesis of Nub-Cdc50, Nub-Crf1, and Nub-
Lem3 in pNXgate33–3HA or Lem3-Myc9 in pRS425 under
control of the PMA1 promotor (19). All constructs were
sequence-verified and transformed into THY.AP4 for split-
ubiquitin assays or into !cdc50 and !lem3 mutant strains for
drug sensitivity and NBD-phospholipid transport studies.
Split-ubiquitin Assays—The mating-based split-ubiquitin

assay of Obrdlik et al. (29) was used as described (19). For inter-
action 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-controlled expression of the Cub
constructs. For quantitative assays of !-galactosidase expres-
sion, diploids were grown overnight in SD"Leu"Trp suspen-
sion cultures at 30 °C to midlogarithmic growth phase. The
culture medium of cells expressing either Drs2-Cub and Dnf1-
Cub or Dnf3-Cub was supplemented with 75 and 40 #Mmethi-
onine, respectively, to ensure equal expression of the transport-
ers. One A600 of each culture was harvested, permeabilized in
100 #l of YPER permeabilization reagent (Pierce) for 20 min at
room temperature, and then combinedwith 1ml of Z buffer (60
mMNa2HPO4, 40mMNaH2PO4, 10mMKCl, 1 mMMgSO4, pH
7.0) containing 4 mg/ml freshly added o-nitrophenyl-!-D-ga-
lactopyranoside. After incubation at 30 °C for 10 min, the assay
mixture was sedimented, and the A420 of the supernatant was
measured to obtain specific activity for !-galactosidase.
Mapping of Disulfide Bridges in Cdc50 Ectodomain—

THY.AP4 cells expressing wild type or cysteine mutants of
Nub-tagged Cdc50 proteins were grown at 30 °C to midloga-
rithmic phase in selective SDmedium, resuspended in ice-cold
TEPI buffer (100 mM Tris-HCl, pH 7.5, 10 mM EDTA, 1 #g/ml
apoprotein, 1#g/ml leupeptin, 1#g/ml pepstatin, 5#g/ml anti-
pain, 157#g/ml benzamidine), and lysed by bead bashing. After
clearing lysates for unbroken cells and nuclei (700 # gav, 5 min,
4 °C), membranes were collected by centrifugation at
100,000 # gav (1 h, 4 °C), resuspended in SDS/urea sample
buffer, and normalized for protein content. To break disulfide
bridges, extracts were incubated with 5 mM dithiothreitol
(DTT) for 20 min at 37 °C. For modification of free cysteines,
extractswere incubatedwithmethoxypolyethylene glycol-5000
maleimide (mPEG; Sigma-Aldrich) at the indicated concentra-
tion for 20min at 37 °C. Next, samples were supplementedwith
10 mM N-ethylmaleimide, incubated for another 20 min at
37 °C, and subjected to SDS-gel electrophoresis and immuno-
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blot analysis using anti-HA antibody (12CA5; Santa Cruz Bio-
technology, Inc., Santa Cruz, CA).
Drug Sensitivity Assays—Yeast !cdc50 and !lem3 mutant

strains transformedwithwild type ormutant Cdc50 expression
constructs were grown at 30 °C in selective SDmedium tomid-
logarithmic phase. Serial dilutions of cell suspensions were
spotted onto SD plates supplemented with 1 !M papuamide B
(Flintbox, Wellspring Worldwide, Chicago, IL) or DMSO as a
control. Alternatively, cell suspensions of 0.2 A600/ml were
spotted onto SD plates containing concentration gradients of
miltefosine (0–5 !g/ml; Sigma-Aldrich) or duramycin (0–25
!g/ml; Santa Cruz Biotechnology, Inc.). Plates were incubated
at 30 °C, and growth was monitored after 2–3 days.
NBD-lipid Uptake—Palmitoyl-(NBD-hexanoyl)-PE (NBD-

PE) and palmitoyl-(NBD-hexanoyl)-PC (NBD-PC) were from
Avanti Polar Lipids (Birmingham, AL). NBD-lipid stocks (10
mM) were prepared in DMSO. NBD-lipid uptake experiments
were performed essentially as described (6), with some modifi-
cations. In brief, cells were grown to midlogarithmic phase,
resuspended in SDmedium to 10A600/ml, and incubated for 20
min at 30 °C with 50 !M NBD-PE or NBD-PC. NBD-labeled
cells werewashed twice in ice-cold SDmediumwithout glucose
but containing 2% sorbitol and 20 mM NaN3 (SSA medium)
supplemented with 4% (w/v) BSA, resuspended in ice-cold SSA
medium, and labeled with propidium iodide. Flow cytometry of
NBD-labeled cells was performed on a FACSCalibur flow
cytometer (BD Biosciences) equipped with an argon laser using
Cell Quest software, as described (6). A histogram of the red
fluorescence (propidium iodide; SP 610, LP 630) was used to set
the gate that excluded dead cells from the analysis. Green fluo-
rescence (NBD; SP 560, BP 515–545) of living cells was plotted
on a histogram.Themean fluorescence intensitywas calculated
and used for further statistical analysis.

RESULTS

Residues Critical for P4-ATPase Binding Are Located
throughout Topologically Distinct Cdc50 Domains—The criti-
cal role of Cdc50 subunits in P4-ATPase function emphasizes
the importance of understanding how the twoproteins interact.
The example of the transporter/subunit interaction deduced
from a recently solved crystal structure of the Na"/K"-trans-
porting P2C-ATPase!"-subunit complex (30) would suggest an
intimate interaction encompassing a large interacting surface,
but the highly dynamic nature of the interaction between
P4-ATPases and Cdc50 subunits (19) might suggest a smaller,
more discrete area of contact. To investigate how P4-ATPases
and Cdc50 subunits interact, we took advantage of the split-
ubiquitin system (29, 31). The P4-ATPase transporter was
tagged with the Cub linked to a transcriptional activator as a
reporter, whereas the Cdc50 subunit was marked with the Nub
(Fig. 1A). Previous experiments have shown that specific inter-
action between the transporter and subunit in living yeast
results in release of the reporter; the subsequent transcriptional
activations confer the ability to grow in the absence of histidine
and adenine, detectable by growth assays, and activate the pro-
duction of "-galactosidase, which can be measured quantita-
tively in cell extracts (19).

Tomap the parts of the subunits that interact with the trans-
porter, plasmid DNA containing the gene for a Nub-tagged
Lem3 subunit was mutagenized in vitro by treatment with
hydroxylamine. The extent of mutagenesis was monitored by
measuring the decrease in transformation efficiency (data not
shown); DNA was treated until this efficiency dropped 30-fold
and then purified; restriction analysis indicated that the DNA
was intact and recovered in high yield. This DNAwas then used
to transform yeast harboring the Cub-tagged cognate trans-
porter Dnf1. Transformants that failed to grow in the absence
of histidine and adenine were identified by replica plating.
Expression of Nub-Lem3 in such transformants was verified by
immunoblotting using an antibody against a C-terminal HA
epitope present in the Nub-tagged protein. One common phe-
notype of these mutants was the absence or very low concen-
tration of the Nub-tagged subunit in cells (e.g.mutants 3, 4, and
7; Fig. 1C). Mutants in which the level of expression of the
subunit was disrupted were set aside. We concentrated on

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 (WT) and single-point
mutants of Nub-Lem3. C, immunoblot analysis of membrane extracts from
equal amounts of yeast cells expressing WT or mutant Nub-Lem3 using an
antibody recognizing the HA-epitope encoded in the Nub tag. D, quantitative
measurement of Dnf1-Cub interactions with WT or mutant Nub-Lem3 using
the split-ubiquitin "-galactosidase assay. E, positions of single point muta-
tions in Lem3 having an impact on Dnf1 binding.
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mutantswith strongly reduced interaction (Fig. 1B) and subunit
protein levels comparable with those of wild type cells (Fig. 1C).
The mutated plasmids in transformants with this phenotype
were isolated and sequenced. As expected, some mutations
were observed in the Nub tag itself (data not shown). However,
there were also several instances where mutations occurred
exclusively in the subunit structural gene. For these mutations,
the interaction efficiency was estimated by quantitative com-
parison of the level of !-galactosidase activity and the amount
of theNub-tagged subunit, as determined by immunoblot anal-
ysis. The results of these measurements are shown in Fig. 1D.
These mutations have two characteristics. One is that they are
scattered throughout the protein, including the cytoplasmic
domain and ectodomain as well as the transmembrane helices
(Fig. 1E), indicating that the subunit interacts with the trans-
porter over a large surface rather than at a small binding
domain. The second is that they tend to occur in highly con-
served residues. This finding suggests that these residues con-
tribute to binding between subunits and transporters in gen-
eral. Because these mutants were selected for reduced
interaction with the transporter Dnf1, we investigated this lat-
ter possibility by testing whether these mutants were also less
able to interact with the transporter Dnf2. As predicted from
the sequence conservation of the affected residues, interactions
with Dnf2 were also reduced (data not shown).
Although the residues identified by random mutagenesis

may be generally necessary for interaction between subunits
and transporters, they cannot be sufficient, because the various
subunits are not capable of strong interactions with all of the
P4-ATPases that they encounter; the subunits Cdc50 and Crf1
contain these amino acids but do not interact strongly with
either Dnf1 or Dnf2, and Lem3 does not interact strongly with
Dnf3 orDrs2. This led us to investigate where in the subunit the
determinants for transporter-specific interactions are located.
The Ectodomain of Cdc50 Subunits Mediates P4-ATPase

Binding Specificity—Co-immunoprecipitation analysis showed
that the yeast subunits Cdc50, Crf1, and Lem3 associate with
the P4-ATPases Drs2, Dnf3, and Dnf1/2, respectively (17, 18).
We have been able to recapitulate these specific interactions
using the split-ubiquitin assay (19) (Fig. 2A). Whereas the
Dnf1!Lem3 and Dnf2!Lem3 complexes reside at the plasma
membrane, theDrs2!Cdc50 andDnf3!Crf1 complexes co-local-
ize in the trans-Golgi network (6, 8, 15, 17). To investigate
whether any one domain of the subunit controls specificity to
P4-ATPase binding, we generated a series of chimeric con-
structs, in which topologically distinct domains of Cdc50 and
Crf1 proteins were exchanged.We then analyzed the specificity
of the interaction of these chimeras with Drs2 and Dnf3 using
the split-ubiquitin assay. Dnf1 served as a negative control. As
shown in Fig. 2B, swapping of cytosolic tails, membrane spans,
or both had no impact on binding specificity. In contrast, swap-
ping the ectodomain that connects the twomembrane 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 Cdc50 fused to the ectodomain of Crf1
interacted specifically with Dnf3, whereas its reverse counter-
part associated exclusively with Drs2 (Fig. 2B). These results

demonstrate that the ectodomain of the subunits is the critical
determinant of P4-ATPase binding specificity.
A Precise Configuration of the Cdc50 Ectodomain Is Essential

for P4-ATPase Binding—We next investigated whether we
could narrow the location of the determinants of P4-ATPase
binding specificity to a discrete region of the Cdc50 ectodo-
main. To this end, the ectodomains of Cdc50 and Crf1 were
divided in three roughly equal parts (Fig. 3), and a new series of
chimeric constructs was created, in which individual ectodo-
main segments were exchanged. All junctions were located in
regions where Cdc50 and Crf1 sequences were identical.
Expression of chimeras was verified by immunoblot analysis
using an antibody against theC-terminalHAepitope.As shown
in Fig. 4A, the majority of these chimeras lost the ability to bind
either Drs2 or Dnf3, suggesting that they failed to fold into a
conformation capable of interacting with the transporter. Chi-
meras carrying an ectodomain in which the first one-third was

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 cog-
nate Nub-Cdc50 subunits. B, split-ubiquitin growth assay reporting interac-
tions between Nub-Cdc50!Crf1 chimeras and Cub-tagged P4-ATPases. Cdc50-
and Crf1-derived domains are marked in red and blue, respectively.
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derived from Cdc50 and the remainder from Crf1 formed a
notable exception. Interestingly, these chimeras lost the ability
to discriminate between Drs2 and Dnf3 and bound both trans-
porters with similar affinity (Fig. 4A, row 5); moreover, this
result was observed whether the ectodomain was associated
with the cytosolic tails and membrane spans of Crf1 (right) or
Cdc50 (left). These observations were confirmed by quanti-
tative measurements of !-galactosidase activity (Fig. 4B).
Together, these data suggest that the first third of the ectodo-

main has critical determinants for Cdc50!Drs2, but not for
Crf1!Dnf3 binding. Our previous work revealed that Drs2/
Cdc50 interactions are coupled to the ATPase reaction cycle
and that Cdc50 preferentially interacts with the E2P phospho-
enzyme intermediate ofDrs2 (19). Interestingly, theCrf1-based
chimera carrying the first one-third of the ectodomain ofCdc50
displayed the same reaction cycle-dependent association with
Drs2, interacting strongly with amutant blocked at theE2P step
(E342Q) but failing to interact withmutants blocked before the

FIGURE 3. Sequence alignment of yeast Cdc50 proteins. Shown is a multisequence alignment generated by the ClustalW2 algorithm. The asterisks mark
amino acid residues conserved in all three family members. Transmembrane domains predicted by the TMHMM prediction server are shaded in gray. Con-
served cysteine residues in the Cdc50 ectodomain are shaded in black. Scissors indicate the swapping sites that were used to create the Cdc50!Crf1 chimeras
analyzed in this study.
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E2P step (D560N, blocked at E1, and G341L, blocked at E1P)
(Fig. 4C). However, the presence of this region was not suffi-
cient for Drs2 binding (Fig. 4A), indicating that it did not act
autonomously. Together, these data indicate that several
regions within the subunit’s ectodomain must cooperate to
convey binding specificity, making the precise conformation of
the Cdc50 ectodomain of critical importance for P4-ATPase!
Cdc50 complex assembly.
Ectodomain-mediated Binding of Cdc50 Subunits Is Required

butNot Sufficient for P4-ATPase Function—Characterization of
the enzymatic properties of Drs2!Cdc50 complexes purified
from yeast revealed that catalytic activity relies on direct inter-
actions between subunit and transporter (19). 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
Drs2 renders yeast cells hypersensitive to papuamide B (Pap B),
a cyclic lipopeptide that exerts its cytolytic activity through
binding to PS exposed on the cell surface (32). This phenotype
is consistent with Drs2-catalyzed PS transport from the exo-
plasmic to the cytosolic membrane leaflet (5). Cells lacking
Cdc50 also display hypersensitivity toward PapB (8), consistent
with a requirement of Cdc50 for Drs2 function. Pap B hyper-
sensitivity in the !cdc50mutant was suppressed by expression
of Nub-tagged Cdc50 (Fig. 5, top left panel). Nub-Cdc50!Crf1
chimeras that lost the ability to bind Drs2 consistently failed to
suppress Pap B hypersensitivity, as expected if subunit binding
is essential for Drs2 function. However, the pair of Cdc50!Crf1
chimeras that retained their Drs2-binding properties but lost
the ability to discriminate between Drs2 and Dnf3 provide an
interesting case. The chimera containing Crf1 sequences only
in the C-terminal two-thirds of the ectodomain bound to both
transporters and suppressed Pap B hypersensitivity in !cdc50
cells (Fig. 5, left). This result shows that, although binding of a
subunit is critical, binding specificity is dispensable for trans-
porter function. In contrast, the chimera consisting of Crf1
except for the first third of the ectodomainwas also able to bind
Drs2 yet failed to suppress Pap B hypersensitivity (Fig. 5, right).
Importantly, the latter finding shows that association with a
Cdc50 subunit, although required, is not sufficient for P4-
ATPase function.
The inactive Crf1-based chimera containing the first one-

third of the Cdc50 ectodomain provided a starting point for
further exploration of the structural basis for functional trans-
porter/subunit interactions. In particular, we found that intro-
ducing either the N-terminal or C-terminal transmembrane
and cytosolic domains into the inactive Crf1-based chimera
were sufficient to restore functionality, as evidenced by the Pap
B sensitivity assay (Fig. 6B). Neither substitution had any obvi-
ous impact on the affinity or specificity of transporter binding
(Fig. 6A). These results indicate that a loss in function associ-
ated with an imperfect configuration of the Cdc50 ectodomain
can be compensated by structural information contained
within the subunit’s membrane spans and/or cytosolic tails.
This result implies that the several domains of Cdc50 subunits
not only contribute binding residues but also cooperate to
render transporter/subunit interactions functional.

FIGURE 4. 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, quantita-
tive measurements of Nub-Cdc50!Crf1 chimeras with Cub-tagged P4-ATPases
using the split-ubiquitin !-galactosidase assay. For normalizing expression
levels of Cub-tagged P4-ATPases, measurements were performed on cells
grown in the presence of 75 "M (Drs2-Cub, Dnf1-Cub) or 40 "M methionine
(Dnf3-Cub). C, schematic representation of the P4-ATPase reaction cycle. Res-
idues important for E13 E1P, E1P3 E2P, and E2P3 E2 transitions in Drs2 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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The Ectodomain of Cdc50 Subunits Contains Two Conserved
Disulfide Bridges—The ectodomain of Cdc50 subunits in yeast
contains four highly conserved cysteine residues (Fig. 3). At
least two of these are paired to form an intramolecular disulfide
bridge; wild type Nub-tagged Cdc50 displays a marked SDS-
PAGE mobility shift following exposure to the reducing agent
DTT (Fig. 7A, lanes 1 and 2 in the top two rows). A similar shift
can be observed in wild type Nub-tagged Crf1 and Lem3 (Fig.
7A, lanes 1 and 2 in the bottom four rows). Because even subtle
changes in the configuration of Cdc50 ectodomains can disrupt
transporter binding and function (Figs. 5 and 6), we first set out
to identify the cysteines responsible for disulfide bridge forma-
tion. To this end, single cysteine residues or pairs of cysteine
residues in the ectodomain of Nub-tagged subunits were
replaced by alanine residues. In Nub-Cdc50, mutation of Cys80,
Cys123, or both abolished the DTT-induced mobility shift (Fig.
7A, top row), implying that these cysteine residues pair to form
the disulfide bridge responsible for the mobility shift. In con-
trast, mutation of the C-terminal cysteine pair Cys176-Cys190
left the mobility shift intact (Fig. 7A, row 2). Mutation of the
corresponding cysteine residues in Nub-Crf1 and Nub-Lem3
gave similar results (Fig. 7A, rows 3–6), indicating that a disul-

fide bridge between theN-terminal pair of cysteine residues is a
conserved feature of yeast Cdc50 subunits.
The spacing between theC-terminal pair of cysteine residues

in the subunit’s ectodomain is quite small (13–14 residues), so
that a disulfide bridge between this pair may not produce a
mobility shift that is large enough to resolve by SDS-PAGE.We
therefore used a different approach to investigate whether the
C-terminal pair of cysteine residues also forms a disulfide bond.
In these experiments, wild type and mutant subunits in SDS/
urea-solubilized membrane extracts were treated with mPEG
to tag free cysteine residues with a 5-kDa PEG moiety prior to
immunoblot analysis. SDS-gel analysis of wild type Nub-Cdc50
revealed singly and doubly tagged mobility-shifted mPEG
adducts (Fig. 7B, left), consistent with the presence of two free
but poorly reactive cysteine residues in the hydrophobic mem-
brane spans of Cdc50 (Cys54 and Cys343; see Fig. 3). When the
N-terminal disulfide pair in Cdc50 is disrupted by the C80A
mutation, tagging with mPEG resulted in only multiply tagged
proteins (Fig. 7B, middle panel, top two arrowheads) and the
virtual disappearance of the singly tagged species (bottom
arrowhead), as expected if the C80A mutation generates a
highly reactive third cysteine (Cys123) available to react with

FIGURE 5. Ectodomain-mediated binding of Cdc50 subunits is required but not sufficient for P4-ATPase function. Serial dilutions of a !cdc50 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 1 !M
papuamide B in DMSO (#) and incubated at 30 °C for 2 days.

FIGURE 6. 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 !cdc50 mutant strain transfected with Nub-Cdc50 or a Nub-Cdc50!Crf1 chimera was analyzed for
papuamide B sensitivity as in Fig. 4.
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mPEG. This experiment confirms the conclusion drawn from
themobility shift assay above and is readily applied to theC-ter-
minal pair of cysteines. We therefore analyzed a mutation of
one of the residues in that pair, C176A. As shown in the right
panel of Fig. 7B, treatment of this mutant with mPEG also
resulted in the appearance of multiply tagged protein (top two
arrowheads) at the entire expense of the singlymodified adduct
(bottom arrowhead). This mutation thus makes a highly reac-
tive third sulfhydryl (Cys190) available for reaction, indicating
that Cys176 is also involved in a disulfide bridge. From these
results, we conclude that Cys80 pairs with Cys123 and Cys176
pairs with Cys190 to form two disulfide bridges in the ectodo-
main of Cdc50. The conservation of these residues implies that
these two disulfide bridges are a conserved feature of the ecto-
domain structural fold.

Disruption of Disulfide Bridges in Cdc50 Subunits Has Recip-
rocal Effects on P4-ATPase Binding and Function—To investi-
gate whether disulfide bridge formation in Cdc50 subunits is
relevant for P4-ATPase binding, we first analyzed Cdc50 cys-
teine mutants for their interaction with Drs2 in the split-ubiq-
uitin assay. Mutation of either one or both residues of the
N-terminal Cys80-Cys123 pair strongly reduced interactionwith
Drs2 as assayed by growth on selective plates (Fig. 8A). In con-
trast, disruption of theC-terminal Cys176-Cys190 pair had only a
modest effect onDrs2 binding. Likewise,mutation of theN-ter-
minal pair of cysteine residues in Crf1 and Lem3 virtually abol-
ishedDnf3 andDnf1 binding, respectively, whereasmutation of
the C-terminal pair affected transporter binding only to a
minor extent (Fig. 8, B andC). These results were confirmed by
quantitativemeasurements of !-galactosidase activity (Fig. 8D)
(data not shown), demonstrating that disruption of the disul-
fide bridge between the N-terminal pair of cysteine residues in
the ectodomain of Cdc50 subunits significantly weakens the
interaction with the P4-ATPase transporter.

We next investigated the impact of disrupting disulfide
bridges in Cdc50 subunits on P4-ATPase function. To this end,
we focused on the cysteine mutants of Lem3 because this sub-
unit forms a complex with Dnf1 and Dnf2, two plasma mem-
brane-resident P4-ATPases responsible for catalyzing the
inward translocation of phosphatidylethanolamine (PE) and
phosphatidylcholine (PC) at the cell surface (6). As expected,

FIGURE 7. 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 ectodo-
main 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 WT or mutant Nub-Cdc50 carrying a C80A or C176A substitution
were labeled with either varying amounts of mPEG or DMSO (0 "M mPEG) and
subjected to immunoblot analysis using an #-HA antibody. The arrowheads
indicate mPEG adducts of Cdc50.

FIGURE 8. The N-terminal disulfide bridge in the Cdc50 ectodomain is
critical for P4-ATPase binding. Shown is a split-ubiquitin growth assay
reporting interactions between Cub-tagged P4-ATPases and Nub-tagged
wild type (WT) as well as cysteine substitution mutants of Cdc50 (A), Crf1 (B),
and Lem3 (C), respectively. D, quantitative measurement of Dnf1-Cub inter-
actions with WT or mutant Nub-Lem3 using the !-galactosidase assay. Data
shown are means # range (error bars) of two independent experiments.
Membrane extracts from equal amounts of cells expressing WT or mutant
Nub-Lem3 were subjected to immunoblot analysis (WB) using an #-HA
antibody.
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the removal of Lem3 rendered cells resistant to the cytotoxic
PC analog miltefosine and hypersensitive to the PE-binding
cytotoxin duramycin (33, 34) (Fig. 9A). In contrast, mutation of
either one or both residues of the N-terminal Cys110-Cys159
pair in Lem3 did not affect duramycin sensitivity and caused
only aminor increase inmiltefosine resistance. In linewith this,
mutation of the Cys110-Cys159 pair in Lem3 did not interfere

with the inward translocation of NBD-labeled PE at the cell
surface and caused at best only a minor (less than 30%) reduc-
tion in the inward translocation of NBD-PC (Fig. 9B). These
findings were unexpected because disruption of theN-terminal
disulfide bridge in Cdc50 subunits greatly impairs their inter-
action with the P4-ATPase transporters (Fig. 8). Thus, forma-
tion of the N-terminal disulfide bridge in the Cdc50 ectodo-
main, although critical for P4-ATPase binding, appears largely
dispensable for P4-ATPase-catalyzed phospholipid transport.

Mutation of the C-terminal Cys216-Cys231 pair in Lem3 pro-
duced very different results. To begin with, substitution of
Cys216 for Ala caused a substantial increase in miltefosine
resistance and duramycin sensitivity (Fig. 9A), which was cou-
pled to a major reduction in the inward translocation of
NBD-PC (70%) and NBD-PE (55%) at the cell surface (Fig. 9B).
This was surprising because mutation of Cys216 had only a
modest effect on P4-ATPase binding (Fig. 8, C and D). Unex-
pectedly, mutation of Cys231 had a less severe impact on milte-
fosine resistance and duramycin sensitivity (Fig. 9A), and this
was reflected by a lower reduction in the inward translocation
of NBD-PC (45%) and NBD-PE (25%; Fig. 9B). Moreover, the
greater reduction in Lem3 function resulting frommutation of
Cys216 could be alleviated by additional elimination of Cys231;
this effect was independent of the expression levels of the
mutants (Fig. 9C) or their ability to associate with their P4-
ATPase binding partner (Fig. 8, C and D). Together, these
results indicate that the greater reduction in Lem3 function
observed upon elimination of Cys216 is not the result of confor-
mational changes from disruption of the C-terminal disulfide
bond. Instead, the additional inhibition appears to be a conse-
quence of the generation of a free sulfhydryl group at the second
position. As shown in Fig. 9D, the second cysteine in the C-ter-
minal disulfide bond forms part of a 13-residue-long sequence
motif that is nearly perfectly conserved among Cdc50 proteins
from humans to yeast.
In sum, our functional analysis of Cdc50 mutants demon-

strates an inverse relationship between Cdc50 binding and
transport activity of P4-ATPases. This implies that binding per
se is not the key contribution that Cdc50 subunits make to
P4-ATPase function. Instead, our data indicate that P4-
ATPase-catalyzed phospholipid transport critically relies on a
dynamic association between subunit and transporter.

DISCUSSION

Although most P-type ATPases transport small cations,
P4-ATPases are a notable exception; their known substrates are
large amphipathic phospholipidmolecules.Many aspects of the
mechanism coupling ATP hydrolysis to substrate transport are
known for the cation transporters. How this mechanism is
modified to allow phospholipid transport is poorly understood.
The presence of several key signature sequences in the P and A
domains imply that the basic coupling of ATP hydrolysis to
conformational transitions between the E1 and E2 conforma-
tions. But these events in the reaction cycle do not provide any
information on the role of the Cdc50 proteins; recent experi-
ments have suggested that these proteins are essential acces-
sory subunits (19, 22, 24) and that they play a dynamic, and not
just a structural, role in the reaction (19). We here set out to

FIGURE 9. Disruption of disulfide bridges in Cdc50 subunits differentially
affects P4-ATPase-catalyzed phospholipid transport. A, Wild type (LEM3)
and !lem3 mutant strains transformed with empty vector (EV) or a plasmid
encoding Myc-tagged wild type (WT) or cysteine mutants of Lem3 were spot-
ted onto SD plates containing a concentration gradient of miltefosine or
duramycin and incubated at 30 °C for 3 days. B, cell surface uptake of NBD-PC
or NBD-PE by !lem3 mutant strains expressing Myc-tagged WT or cysteine
mutants of Lem3 as in A. NBD-phospholipid uptake was determined by flow
cytometry and expressed as percentage fluorescence intensity relative to the
strain expressing WT Lem3-Myc. The mean fluorescence intensity of six inde-
pendent experiments was used to analyze the statistical significance by Stu-
dent’s t test. Data shown are the means " S.D. C, expression levels of Myc-
tagged Lem3 in the strains used for lipid uptake experiments described in B
were determined by immunoblot analysis with an antibody against the Myc
epitope. D, sequence alignment of Cdc50 protein family members. Only the
region around the C-terminal disulfide bridge-forming cysteine pair in the
ectodomain of yeast Lem3, Cdc50, and Crf1 and human CDC50A, CDC50B,
and CDC50C is shown. Highly conserved residues are shaded in black.
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identify the parts of the subunit that interact with the trans-
porter and to define the location of the critical determinants of
P4-ATPase binding specificity.We used site-directedmutagen-
esis of four conserved cysteines in the ectodomain of the sub-
unit to show that these residues form two highly conserved
disulfide bridges. We also took advantage of having separate
assays for binding and activity to dissect the relationship
between Cdc50 binding and P4-ATPase-catalyzed phospho-
lipid transport. Together, the results indicate that the strength
of interaction between Cdc50 proteins and their P4-ATPase
binding partners is not the only determinant of their contribu-
tion to activity, as would be predicted from their dynamic role
in the phospholipid transport reaction.
Analogy with the ! Subunit of Na!/K!-ATPases—Besides

P4-ATPases, one other notable subfamily of P-type ATPases is
known to have a mandatory subunit, namely the P2C subfamily
of Na!/K!- and H!/K!-ATPases (13). These enzymes have
been crystallized as complexeswith two smaller subunits (! and
"). Interactions between the subunits and the transporting P2C-
ATPases include extensive contacts in the transmembrane
domains and, more prominently, extensive interactions with
the large extracellular domain of the ! subunit, which forms a
lid that completely covers the extracellular loops between M5
and M6 and between M7 and M8 (30, 35). The data presented
here suggest that the overall architecture of the subunits asso-
ciatedwith the P4-ATPases is similar. The randommutagenesis
experiments show that conserved residues scattered through-
out the subunit contribute to the interaction. The domain-
swapping experiments were designed to identify the location of
the specific interactions that partition individual members of
the Cdc50 to interactions with specific P4-ATPases in yeast.
Our observation that swapping the ectodomains between
Cdc50 and Crf1 leads to a complete switch of P4-ATPase-bind-
ing partners provides compelling evidence that this region har-
bors a key determinant of P4-ATPase binding specificity. How-
ever, 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 sug-
gests that binding specificity is not mediated by a discrete
region in the ectodomain but rather relies on a precise confor-
mation of the ectodomain. Rather, these attempts to narrow the
potential location of these determinants showed that there are
extensive contacts between the ectodomain and the external
loops of the transporter. The overall structure picture that
emerges from these studies is quite similar to that observed for
the P2C-ATPases.

The resemblance between the subunits of the P4- and P2C-
ATPases even extends to the presence of critical disulfide bonds
that stabilize the ectodomain structure. The presence of these
cysteines in vertebrate subunits suggests that the disulfide
bonds demonstrated here have been conserved, at least since
the divergence of the animals and fungi.
The Cdc50 Ectodomain as Critical Mediator of P4-ATPase

Binding and Function—The view of subunit/transporter inter-
actions obtained from crystallography is inherently static.
However, in previous work, we showed that the affinity of
Cdc50 subunits for P4-ATPases is not static but fluctuates dur-
ing the ATPase reaction cycle, with the strongest interaction

occurring at a point where the enzyme is loaded with phospho-
lipid ligand (19). At first glance, these observations would sug-
gest that strong binding affinity would be a determinant of
functional efficiency. Because the experiments presented here
use separate assays for binding interactions and function, this
supposition could be tested, and it was found to be false. On the
one hand,we found that subunits could retain the ability to bind
P4-ATPases but still be unable to render P4-ATPases transport-
competent. For instance, a Crf1-based chimera carrying the
N-terminal one-third of the Cdc50 ectodomain was able to
associate with native Cdc50 binding partner Drs2 in an ATPase
reaction cycle-dependent manner. However, this interaction
was not productive because the resulting complex did not sup-
port Drs2-catalyzed PS transport. Strikingly, swapping either
the N- or C-terminal membrane span and cytosolic tail of the
Crf1-based chimera for that of Cdc50 was sufficient to restore
functionality. These data suggest that functionality in P4-
ATPase/Cdc50 interactions relies on cooperativity between
topologically distinct domains in the Cdc50 subunit.
Even further, the data on subunits in which the two highly

conserved disulfide bridges have been disrupted show that
weaker interactions between subunit and transporter can sup-
port function better thanmore strongly interacting variants. In
particular, breaking the N-terminal disulfide bond caused a
dramatic reduction in the affinity of the subunit for its cognate
P4-ATPase binding partner while having only a mild effect on
P4-ATPase flippase activity. In contrast, breaking the C-termi-
nal disulfide bond had a much smaller effect on P4-ATPase
affinity but resulted in a substantial reduction in P4-ATPase
flippase activity. Together, these results indicate that a dynamic
association between subunit and transporter is crucial for the
transport reaction cycle of the heterodimer.
One curious result from these studies is the greater reduction

in protein function resulting from elimination of the first of the
two cysteines in the C-terminal disulfide pair in comparison
with elimination of the second residue or both. The latter con-
trol shows that the effect is not the result of conformation
changes from disruption of the disulfide link. Instead, the addi-
tional inhibition seems to be a consequence of the generation of
a free sulfhydryl at the second position. The second cysteine in
the C-terminal disulfide bond forms part of a 13-residue-long
sequence motif, PCGLIANSMFNDT, which is nearly perfectly
conserved among Cdc50 proteins from humans to yeast. Our
previous work suggested that Cdc50 proteins preferentially
interact with the E2P state of the P4-ATPase (19) and thus that
Cdc50 proteins may serve a crucial role in loading P4-ATPases
with phospholipid ligand. Although more experiments will be
needed to understand this result in molecular terms, one pos-
sible explanation for the inhibitory effect of a free sulfhydryl at
the secondposition is that creation of a hydrogen bonddonor at
this location might hold the phospholipid substrate at the
external surface, resulting in less efficient translocation of the
substrate to the cytoplasmic leaflet.
This result may also help explain the recent observation by

Popescu and co-workers (36) that an antibody to extracellular
protein-disulfide isomerase reduces the rate of PS internaliza-
tion in endothelial cells, suggesting that protein-disulfide
isomerase is essential formaintaining an active aminophospho-
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lipid translocase. The membrane topology of P4-ATPases and
their Cdc50 binding partners indicates that the Cdc50 ectodo-
main provides the sole cysteine-containing region of the het-
eromeric complex accessible to extracellular protein-disulfide
isomerase. In view of our current data, it would be interesting
to investigate whether protein-disulfide isomerase-mediated
preservation of the highly conserved C-terminal disulfide
bridge in the Cdc50 ectodomain helps to maintain P4-ATPase-
catalyzed phospholipid transport.

Acknowledgment—We thank Maarten Egmond for stimulating dis-
cussions and critical reading of the manuscript.
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ABSTRACT 

 
Sphingomyelin (SM) is a vital and ubiquitous 
component of mammalian membranes, 
providing a structural framework for plasma 
membrane organization and function. 
Mammalian cells also produce trace amounts 
of the SM analog ceramide 
phosphoethanolamine (CPE), but the 
biological role of this sphingolipid is 
enigmatic. SM production requires ceramides 
as obligatory precursors and is mediated by 
SM synthase (SMS). Mammalian cells contain 
two SMS isoforms, namely SMS1 in the Golgi 
and SMS2 at the plasma membrane, while a 
related enzyme, SMSr, resides in the 
endoplasmic reticulum (ER). We previously 
showed that SMS family members display 
striking differences in substrate specificities, 
with SMS1 and SMSr serving as 
monofunctional SM and CPE synthases, 
respectively, and SMS2 acting as a 
bifunctional enzyme with both SM and CPE 
synthase activity. While SMSr produces only 
trace amounts of CPE, blocking its catalytic 
activity causes a substantial rise in ER 
ceramides, triggering a mitochondrial 
pathway of apoptosis. How SMSr controls ER 
ceramides to prevent cell death is not known. 
To study the functional properties of SMS 
family members under chemically defined 
conditions, we here adopted a liposome-
assisted cell-free protein expression system. In 
line with previously established properties of 
the native enzyme, we show that cell-free 
produced SMS2 displays dual SM and CPE 
synthase activity. Thus, the cell-free 
expression system provides a promising new 
tool to dissect the mechanisms by which SMS 
enzymes control cellular ceramide levels. 
 
INTRODUCTION 

 

Sphingolipids are multi-purpose components of 
cellular membranes in organisms ranging from 
mammals to yeast. Sphingomyelin (SM), the 
major sphingolipid in mammals, is concentrated 
in the outer leaflet of the plasma membrane 
where its high packing density and affinity for 
cholesterol help create a rigid barrier to the 
extracellular milieu (1). SM and cholesterol form 
concentration gradients along the secretory 
pathway that may affect protein sorting through 
hydrophobic matching of membrane spans (2-4). 
The SM pool in the plasma membrane acts as a 
reservoir of lipid signaling molecules, the 
liberation of which is catalyzed by acidic or 
neutral SMases in response to various biological 
stimuli (5, 6). Thus, SM-derived metabolites like 
ceramide, sphingosine and sphingosine-1-
phosphate are critical regulators of physiological 
processes including cell proliferation, 
development, motility and apoptosis (7). SM 
production is mediated by SM synthase (SMS), 
an enzyme that catalyzes the transfer of a 
phosphocholine head group from 
phosphatidylcholine (PC) to ceramide, yielding 
diacylglycerol (DAG) as a side product. By 
regulating cellular levels of pro-apoptotic factor 
ceramide and pro-survival factor DAG in 
opposite directions, SM synthases are believed to 
have an impact on cell proliferation and life span. 

 Mammalian cells contain two SMS 
isoforms, namely SMS1 responsible for bulk 
production of SM in the Golgi lumen from 
ceramides synthesized in the endoplasmic 
reticulum (ER), and SMS2 at the plasma 
membrane, serving a role in regenerating SM 
from ceramides liberated by SMase (8-10). 
Together with a closely related enzyme, SMSr, 
they constitute the SMS protein family (11). 
Besides SM, mammalian cells also produce trace 
amounts of the SM analogue ceramide 
phosphoethanolamine (CPE). Two CPE synthase 
activities were originally described in 
mammalian cells, one enriched in ER-like 
microsomes and the other one associated with the 
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plasma membrane (12). We previously 
demonstrated that SMS2 displays dual activity as 
CPE synthase while SMSr functions as a 
dedicated CPE synthase in the ER (13, 14). Thus, 
SMS2 and SMSr qualify for the plasma 
membrane and microsome-associated CPE 
synthase activities originally described by Malgat 
et al. (12). So far, little is known about the 
biological role of CPE and the relevance of SMS-
catalyzed CPE biosynthesis. 

 SMSr constitutes by far the best-
conserved member of the SMS family. For 
instance, SMSr homologs are found in a wide 
array of invertebrate and marine organisms that 
do not produce SM, such as insects, molluscs and 
hydrozoa (15). Unexpectedly, blocking SMSr 
catalytic activity in mammalian and insect cells 
causes an accumulation of ER ceramides, leading 
to a structural collapse of the early secretory 
pathway (13) and activation of mitochondrial 
apoptosis (16). The substantial rise in ER 
ceramides due to inactivation of SMSr is hard to 
account for by loss of the very modest CPE-
producing activity of the enzyme. We recently 
demonstrated that SMSr-catalyzed CPE 
production, although required, is not sufficient to 
suppress ceramide-induced cell death and that 
SMSr-mediated control over ER ceramides is 
critically dependent on the enzyme’s N-terminal 
sterile-a motif or SAM domain of the enzyme 
(16). Collectively, these findings argue against 

metabolic conversion of ceramides as the 
principal mechanism by which SMSr controls ER 
ceramide levels. Recent work indicates that SMSr 
self-associates through its SAM domain to form 
homo-polymers (B. Cabukusta and J. Holthuis, 
unpublished). Dynamic polymerization of SAM-
containing proteins has been recognized as an 
important mechanism in the regulation of signal 
transduction (17). Based on these results, we 
proposed that SMSr serves a primary role in 
monitoring ER ceramide levels to prevent 
inappropriate cell death during sphingolipid 
biosynthesis (13, 16). We envision that during 
CPE production, SMSr adopts a conformation 
that relays a signal, conceivably mediated 
through its SAM domain, to inhibit ceramide 
biosynthesis, stimulate ceramide turnover and/or 
accelerate ceramide export from the ER. 
Experimental validation of this model and 
resolving the mechanism by which SMSr 
mediates ceramide homeostasis in the ER poses a 
major challenge.  

 To gain further insight into the enzymatic 
properties of SMS family members, we here use 
a liposome-assisted cell-free synthesis system 
designed for in vitro expression of active 
polytopic membrane proteins (18, 19). This 
system combines a couple of advantages over 
commonly used procedures. First, it allows 
insertion of the membrane protein into an 
artificial lipid environment, thus permitting a 

SMS1 SMS2 SMSr 

411 aa / 48.4 kDa 365 aa / 42.3 kDa 415 aa / 48.3 kDa 

active site 

H H 
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COOH 
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Figure 1. Membrane topology and substrate specificities of human SMS family members.  
SMS enzymes share a common domain structure with six transmembrane helices and an active site consisting 
of conserved His (H) and Asp (D) residues that face the exoplasmic leaflet. Note that SMS1 and SMSr carry 
an N-terminal sterile alpha motif or SAM domain at their N-terminus. While SMS1 and SMSr function as 
dedicated SM and CPE synthases in the lumen of the Golgi complex and ER, respectively, SMS2 is a 
bifunctional enzyme that uses both PC and PE as head group donors to synthesize SM and CPE at the cell 
surface.   
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detailed analysis of the impact of any lipid 
substrate or product on the catalytic properties of 
SMS enzymes. Second, expression in the 
presence of an artificial lipid environment 
enables an unequivocal functional 
characterization since no other membrane 
proteins are present, in contrast to e.g. cell-free 
expression in the presence of microsomes or 
expression in oocytes. Third, the protein can be 
directly analyzed without further purification, 
thus bypassing the time-consuming and 
technically demanding steps involved in the 
overexpression, purification and reconstitution of 
membrane proteins from intact cells. Finally, the 
complete control over the amino acid pool 
facilitates the efficient and versatile incorporation 
of unnatural amino acids or isotopes for structural 
approaches (20). In here we illustrate and 
validate the utility of the liposome-assisted cell-
free expression system for a detailed functional 
analysis of human SMS enzymes.       
 
EXPERIMENTAL PROCEDURES  
 
Chemicals and Reagents – Pfu high fidelity 
DNA polymerase and restriction enzyme PmeI 
were from Fermentas/Thermo Scientific. 
Restriction enzyme SgfI, SP6 RNA polymerase, 
RNasin and pGEM-T Easy vector kit were from 
Promega. Plasmid isolation kits were from 
Qiagen. Creatine kinase and Proteinase K were 
from Roche. All fine chemicals were from 
Sigma-Alderich, except for DTT (Amresco) and 
the rNTP set (GE Healthcare Life Sciences). 
Soybean polar lipid extract, phosphatidylcholine 
(PC), phosphatidylethanolamine (PE), 
phosphatidylinositol (PI), phosphatidylserine 
(PS), Rhodamine-B sulfonyl PE as well as egg 
PC and PE were from Avanti Polar Lipids. 7-
nitro-2,1,3-benzoxadiazole (NBD)-C6-ceramide 
(NBD-Cer) was from Molecular Probes. Wheat-
germ extract was from Cell-free Sciences and 
Accudenz from Accurate Chemicals. Mouse 
monoclonal anti-V5 antibody was from 
Invitrogen Life Technologies. 
 
Cell-Free Expression Constructs – Open 
reading frames (ORFs) of human SMS1, SMS2 
and SMSr were PCR amplified in-frame with a 
C-terminal V5 epitope using Pfu high fidelity 
DNA polymerase. Primers used contained SgfI 
and PmeI restriction sites for cloning into SgfI 
and EcoICRI restriction sites of the wheat germ 
pEU Flexi expression vector (kind gift of Brian 
G. Fox and James D. Bangs, University of 
Wisconsin, Madison) (18). pGEM T-Easy vector 

served as intermediate cloning vector of the PCR 
amplified ORFs. All constructs were sequence 
verified before use.  
 
Preparation of Liposomes – Unilamellar 
liposomes were prepared from total soybean 
lipid extracts or defined lipid mixtures using a 
mini-extruder (Avanti Polar Lipids) as described 
(18, 19). Lipid mixtures were spiked with 0.01 
mol% Rhodamine-B sulfonyl PE to track the 
presence of liposomes following density gradient 
centrifugation (see below). In brief, 4 µM of 
lipid was dried under a flow of nitrogen to create 
a thin film. The film was resuspended in 200 µl 
lipid rehydration buffer (25 mM HEPES-pH 7.5, 
100 mM NaCl) by rigorous vortexing to create a 
20 mM lipid suspension. Sequential extrusion of 
the lipid suspension through a 0.4-micron and 
0.1-micron track-etched polycarbonate 
membrane (Whatman-Nuclepore) generated 
unilamellar liposomes with an average diameter 
of 100 nm. Liposomes with an average diameter 
of 400 nm were obtained by omitting the 0.1-
micron membrane extrusion step. Liposomes 
with a diameter of 30-50 nm were obtained by 
tip-sonication of the 100 nm liposomes. The 
diameter of liposomes was confirmed by 
dynamic light scattering. All liposomes were 
prepared just before use.  
 
Cell-Free Transcription and Translation – 
Purified pEU-Flexi-SMS DNA constructs were 
treated with Proteinase K to remove trace 
amounts of RNAase. In vitro transcription was 
carried out in 50µl reaction volume containing 
5µg of DNA construct, 2 mM each of ATP, 
GTP, CTP and UTP, 19 units of Sp6 RNA 
polymerase and 40 units of RNasin in 100 mM 
HEPES-KOH pH 7.8, 25 mM Mg-acetate, 2 mM 
spermidine and 10 mM DTT. After incubation at 
37°C for 4 h, the reaction mixture was spun in an 
Eppendorf centrifuge at 6000 rpm for 5 min at 
RT. The supernatant, containing SMS mRNA, 
was collected to set up a cell-free translation 
reaction. To this end, 20µl of mRNA-containing 
supernatant was used per 100 µl translation 
reaction containing 2mM each of all 20 amino 
acids, 2 mM liposomes, 40 µg/ml creatine 
kinase, 15 OD260 WEPRO2240 wheat germ 
extract, 15 mM HEPES-KOH pH 7.8, 50 mM 
potassium acetate, 1.25 mM Mg-acetate, 0.2 mM 
spermidine, 2 mM DTT, 0.6 mM ATP, 125 µM 
GTP, 8 mM creatine phosphate, and 0.0025% 
sodium azide. The reaction mixture was 
transferred to a 12kDa MWCO dialysis cup 
(Novagen) dipped in 5 ml reservoir buffer (same 
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composition as translation reaction but omitting 
wheat germ extract, mRNA, creatine kinase and 
liposomes). After incubation for 4-16 h at 26°C, 
translation reactions were processed for 
immunoblotting or enzyme assays as indicated 
below. Alternatively, translation reactions were 
subjected to density gradient ultracentrifugation. 
To this end, 75 µl of translation reaction was 
mixed with 75 µl of 80% (w/v) Accudenz 
prepared in gradient buffer (25 mM HEPES pH 
7.5, 100 mM NaCl, 10% glycerol) and 
transferred to the bottom of a 800µl 5x41 mm 
Thinwall Ultra-Clear™ tube (Beckman Coulter) 
and 350 µl of 30% Accudenz and 100 µl of 
gradient buffer were loaded on top. The gradient 
was spun at 189,000 g in a MLS-50 rotor 
(Beckman Coulter) for 4 h at 4°C. Fractions of 
60 µl were collected from the top to the bottom 
of the gradient and processed for 
immunoblotting or enzyme assays as indicated 
below. Gradient fractions were snap frozen in 
liquid nitrogen and stored at -80°C. 
 
Immunoblotting and Silver Staining – Equal 
volumes of translation reactions or gradient 
fractions were mixed with 2X SDS-Urea sample 
buffer (40mM Tris-Cl 6.8, 1mM EDTA, 9M 
Urea, 5% SDS, 0.01% bromophenol blue, 5% β-
mercaptoethanol). Samples were heated at 50°C 
for 10 min and then subjected to SDS-PAGE and 
immunoblotting using mouse monoclonal anti-
V5 antibody. For silver staining, the gel was 
soaked for 1 h in fixing buffer-1 (50 % MeOH, 

12% acetic acid, 0.019% paraformaldehyde), 
washed in water, treated for 30 min in fixing 
buffer-2 (50% ethanol) and shortly in fixing 
buffer-3 (0.02% Na2S2O3). After extensive 
washing in water, the gel was incubated for 45 
min in staining buffer (0.2% AgNO3, 0.028% 
paraformaldehyde PFA)) in the dark. After two 
brief washes in water, the gel was developed in 
6% Na2CO3, 0.019% PFA and 2% fixing buffer 
3. Development was stopped by adding acetic 
acid to a final concentration of 1% and the gel 
was washed in water before scanning.  
 
SMS Enzyme Assay – Cell-free produced SMS 
proteins were analyzed for enzymatic activity 
using an assay modified from Ternes et al., 2009 
(14). In brief, 40 nmol each of head group 
donors PC and PE were dried in a 12 ml Pyrex 
tube under a stream of nitrogen and resuspended 
in 200µl of Buffer R (20 mM HEPES-KOH pH 
7.2, 15 mM KCl, 5 mM NaCl) supplemented 
with 0.002% Triton X-100 by sonication at 37°C 
for 15 min. To the lipid suspension, Buffer R and 
20-100 µl of cell-free translated SMS proteins 
(as proteoliposomes) were added to a final 
volume of 400 µl. As alternative to cell-free 
translated SMS proteins, post-nuclear lysates 
from yeast strains expressing human SMS 
enzymes (14) were added as positive control. In 
the enzyme assays of Figs. 8 and 9, external 
addition of the head group donors and Triton X-
100 was omitted. Following a pre-incubation of 
1 h on ice, the reaction was started by adding 
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Figure 2. Cell-free translation of human SMS family members.  
(A) Map showing the principle features of the pEU Flexi vector used for cell-free expression of V5-tagged 
SMS proteins.  
(B) Schematic outline of the wheat germ-based dialysis mode for cell-free translation of SMS proteins. Unless 
indicated otherwise, the translation reaction is supplemented with unilamellar liposomes.  
(C) Cell-free expression of V5-tagged SMS proteins. Translation reactions with control (empty vector, EV) or 
SMS-V5 transcripts were subjected to immunoblot analysis using anti-V5 antibody. Note that translation 
reactions with SMS-V5 transcripts in each case yielded an immunoreactive protein of the expected size.  
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NBD-Cer dissolved in ethanol to a final 
concentration of 25 µM and incubated at 37°C 
for 2 h. The reaction was terminated by adding 1 
ml of MeOH and 0.5 ml of CHCl3. Phase 
separation was induced by further adding 0.5 ml 
of CHCl3 and 0.5 ml of 0.45% (w/v) NaCl, 
followed by centrifugation at 1000 rpm for 5 min 
at RT. The lower phase was transferred into a 
new Pyrex tube and the upper phase was re-
extracted once with 1 ml of CHCl3. The 
combined lower phases were washed with 2 ml 
of MeOH/0.45% (w/v) NaCl (1:1). The solvent 
was evaporated under a stream of nitrogen and 
analyzed by thin layer chromatography on TLC 
Silica Gel 60 plates (Macherey Nagel). The TLC 
was developed first in acetone and dried, and 
then in CHCl3/MeOH/25% NH4OH (50/25/6, 
v/v/v). Fluorescent lipids were visualized by a 
Typhoon Image Analyzer (Typhoon™ FLA 
9500 Biomolecular Imager). 
 
RESULTS 
 
Cell-free expression of human sphingomyelin 
synthases – To facilitate a detailed analysis of 
the enzymatic properties of human SMS family 
members, we adopted a recently developed 
system for the cell-free expression of functional 
polytopic membrane proteins (18, 19). In this 
system, SMS mRNA is synthesized by in vitro 
transcription and used for cell-free translation in 
a wheat germ extract (Fig. 2A,B). The mRNA 
and extract are retained within a dialysis cup to 
allow replenishment of additives required for 
translation (e.g. ATP, amino acids, cofactors) 
and removal of any inhibitory products without 
dilution of the main translation reaction 
constituents. Translation is performed in the 
presence of unilamellar liposomes prepared from 
soybean PC, PE and PI (2:2:1 ratio). The 
liposomes are thought to capture and stabilize 
the nascent membrane spans as they emerge 
from the ribosome (18). While the mechanistic 
principles behind this process remain to be 
established, proper folding of the polytopic 
membrane protein can be verified by enzymatic 
assay. 
 For cell-free expression of human 
SMS1, SMS2 and SMSr, the corresponding 
cDNAs were cloned down stream of the Sp6 
promoter in pEU Flexi-vector pFlx (18). To 
facilitate detection of the cell-free produced SMS 
proteins, a V5 epitope was introduced at their C-
termini. As shown in Fig. 2C, cell free 
translation of SMS mRNA in the presence of 
liposomes in each case yielded a V5-tagged 
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protein of the expected size. No such protein was 
detected when in vitro transcription and 
translation were performed with an empty pFlx 
vector (EV). Thus, all three human SMS proteins 
are translated from their corresponding mRNA in 
the wheat germ extract.  
 
Cell-free expressed SMS proteins are 
incorporated into liposomes – To investigate 
whether cell-free expressed SMS proteins are 

Figure 3. Density gradient fractionation of SMS 
proteins synthesized in the presence of liposomes.  
(A) Schematic outline of the Accudenz gradient 
fractionation method used to separate SMS proteins 
translated in the presence of liposomes from wheat 
germ extract proteins.  
(B) SMS1-V5, SMS2-V5, SMSr-V5 and empty vector 
transcripts were translated in the presence of 
liposomes. Translation reactions were subjected to 
density gradient fractionation. Gradient fractions were 
analyzed by immunoblotting using anti-V5 antibody 
(left) or by silver staining (right). Note that the bulk of 
cell-free translated SMS proteins float to the top of the 
gradient whereas the majority of wheat germ extract 
proteins remain in the 30-40% Accudenz layers.  
 



 

 54 

Cell-free expression and functional analysis of human sphingomyelin synthases 
 

 

1 2 3 4 5 6 7 8 9 

1 2 3 4 5 6 7 8 9 

1 2 3 4 5 6 7 8 9 

1 2 3 4 5 6 7 8 9 

1 2 3 4 5 6 7 8 9 

no liposomes 

liposomes 
 added before translation 

liposomes 
added after translation 

liposomes 
+0.5M KCl 

liposomes 
control 

top bottom 

top bottom 

fraction number 

fraction number 

B 

A 

incorporated into liposomes, the translation 
reactions were loaded at the bottom of an 
Accudenz step gradient and subjected to high-
speed centrifugation (Fig. 3A). Fractions were 
collected from the top and analyzed by 
immunoblotting using a αV5 antibody. As 
shown in Fig. 3B, the bulk of V5-tagged SMS 
proteins were recovered from the top fractions of 
the density gradient (i.e. fraction number 2 and 
3). These fractions also contained the bulk of 
externally added liposomes (data not shown). 
Silver staining revealed that the SMS-containing 
top fractions were largely devoid of wheat germ 
proteins (Fig. 3B, left panels). No silver-stained 
band was found to correspond with V5-tagged 
protein, indicating that the amounts of cell-free 
produced SMS proteins are below the detection 

limit of silver staining. Quantitative immunoblot 
analysis revealed that the amount of SMS 
proteins produced in wheat germ extract ranges 
between 10 and 50 µg/ml (data not shown). 
 The co-migration of SMS proteins with 
liposomes during density gradient centrifugation 
is consistent with their incorporation into the 
lipid bilayer. However, this finding does not rule 
out two alternative possibilities, namely that: i) 
the SMS proteins are not integrated into the 
bilayer but rather associated to surface 
phospholipids by electrostatic interactions, or; ii) 
the SMS proteins are incorporated into 
microsomes that contaminate the wheat germ 
extract. To distinguish among these possibilities, 
we focused on cell-free translated SMS2 and 
performed several control experiments. In one 
experiment, liposomes were omitted from the 
translation reaction. In another experiment, 
liposomes were added after completion of 
translation just prior to density gradient 
centrifugation. Unlike SMS2-V5 produced in the 
presence of liposomes, SMS2-V5 produced in 
their absence was mainly found in the bottom 
fractions of the Accudenz gradient. This was also 
the case when liposomes were added after 
translation (Fig. 4A). Moreover, subjecting 
SMS2-V5 translated in the presence of 
liposomes to a high-salt (0.5 M KCl) wash prior 
to density gradient centrifugation had no impact 
on its ability to float up in the gradient (Fig. 4B). 
Collectively, these results indicate that cell-free 
translated SMS2-V5 is incorporated into 
externally added liposomes.  
 
SMS protein incorporation into liposomes is 
influenced by liposome diameter – To establish 
optimal conditions for analyzing the enzymatic 
properties of cell-free translated SMS proteins, 
we next focused on the impact of varying 
liposome composition, concentration and 
diameter on the migration properties of SMS2-
V5 in the density gradient. First, we compared 3 
types of unilamellar liposomes with different 
lipid compositions. Type 1 liposomes were 
prepared from a total soybean lipid extract, Type 
2 from soybean PC:PE:PI (2:2:1) and Type 3 
from egg PC:egg PE:soybean PS:soybean PI 
(2:2:1:1). The gradient migration profiles of 
SMS2-V5 produced in the presence of these 
different liposomes were in each case 
indistinguishable (data not shown), indicating 
that incorporation of this protein into liposomes 
is not strictly dependent on lipid composition. 
Subsequent experiments were performed with 
Type 3 liposomes. Adding less than 2 mM of 

Figure 4. Cell-free translated SMS proteins are 
incorporated into liposomes.  
(A) SMS2-V5 transcripts were translated in the 
absence (no liposomes) or presence of liposomes 
(liposomes added before translation) and then 
subjected to density gradient fractionation. 
Alternatively, liposomes were added after 
translation of SMS2-V5 transcripts. Gradient 
fractions were analyzed by immunoblotting using 
V5 antibody.  
(B) SMS2-V5 transcripts were translated in the 
presence of liposomes and then subjected to density 
gradient fractionation in the absence (control) or 
presence of 0.5 M KCl. Gradient fractions were 
analyzed by immunoblotting using anti-V5 
antibody. Composition of liposomes (1.5 mg/ml) 
was Soybean PC:PE:PI (2:2:1). 
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liposomes to the translation reaction resulted in a 
gradual loss of SMS2-V5 flotation (Fig. 5). 
Therefore, all subsequent translation reactions 
were performed in the presence of 2 mM 
liposomes. As shown in Fig. 6, flotation of cell-
free produced SMS2-V5 in the density gradient 
was best supported by liposomes with a diameter 
of approximately 100 nm. Reducing the diameter 
of liposomes to 30 nm or increasing it to 400 nm 
in each case diminished the flotation capacity of 
SMS2-V5. From these results we conclude that 
cell-free produced SMS2-V5 is most efficiently 
incorporated into 100 nm liposomes. 
 
Cell-free expressed SMS2 is catalytically active  
– Human SMS2 is a bifunctional enzyme that 
catalyzes production of both SM and CPE using 
PC and PE as head group donors, respectively 
(14). This dual activity can be readily detected in 
lysates of SMS2-V5-expressing yeast cells by 
monitoring the conversion of externally added 
C6-NBD-ceramide (NBD-Cer) into NBD-SM 
and NBD-CPE (Fig. 7). These products do not 
form when lysates of control yeast cells are 
incubated with NBD-Cer. Of note is that SMS2 
preferentially synthesizes SM over CPE, 
regardless of whether the enzyme is expressed in 
yeast or human cells (14). This imbalance 
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between SM and CPE production appears to be 
due to an intrinsic property of the enzyme, as 
external addition of equal amounts of the head 
group donors PC and PE to the enzyme assay 
had no significant impact on the relative amounts 
of SM and CPE produced (14). SMS2-V5 
translated in wheat germ extract in the presence 
of liposomes displayed a dual enzymatic activity 
indistinguishable from that observed for SMS2-
V5 expressed in yeast (Fig. 7). Indeed, cell-free 
produced SMS2-V5 showed a clear preference 
for the production of SM over CPE in spite of 
the fact that the liposomes contained equimolar 
amounts of the head group donors PC and PE. 
However, the overall catalytic activity of cell-
free produced SMS2-V5 was approximately 10-
fold lower than that of SMS2-V5 expressed in 
yeast (Fig. 7; data not shown).  
 Remarkably, the omission of liposomes 
during SMS2-V5 translation did not affect 
SMS2-V5 expression levels and still yielded 
catalytically active enzyme (Fig. 7). This 
suggested that the wheat germ extract contains 
an endogenous pool of phospholipid that 
supports functional expression of SMS2-V5. 
Alternatively, catalytic activity of SMS2-V5 
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Figure 5. Impact of liposome concentration on 
density gradient fractionation of cell-free 
translated SMS2.  
SMS2-V5 transcripts were translated in the presence 
of the indicated amounts of liposomes (0 mM, 0.07 
mM, 0.3 mM or 2 mM) and then subjected to 
density gradient fractionation. Gradient fractions 
were analyzed by immunoblotting using anti-V5 
antibody. Composition of liposomes was Egg 
PC:PE:PS:Soy PI (2:2:1:1) 

Figure 6. Impact of liposome diameter on 
density gradient fractionation of cell-free 
translated SMS2.  
SMS2-V5 transcripts were translated in the 
absence or presence of liposomes with indicated 
diameter (30 nm, 100 nm or 400 nm) and then 
subjected to density gradient fractionation. 
Gradient fractions were analyzed by 
immunoblotting using anti-V5 antibody. 
Composition of liposomes (1.5 mg/ml) was Egg 
PC:PE:PS: Soy PI (2:2:1:1) 
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produced in the absence of liposomes might rely 
on phospholipid added externally to the enzyme 
assay. As shown in Fig. 8, SMS2-V5 translated 
and assayed in the absence of any exogenous 
phospholipid still catalyzed SM production, 
albeit at a substantially (up to 5-fold) reduced 
level when compared to enzyme produced in the 
presence of liposomes. Addition of liposomes 
after translation, yielded SMS2-V5 protein with 
a catalytic activity similar to that of enzyme 
produced in the presence of liposomes. 
Collectively, these data suggest that wheat germ 
extract contains an endogenous phospholipid 
pool, but one whose size is limiting for SMS2-
catalysed SM production. Moreover, the data 
support a model whereby the incorporation of 
SMS2-V5 into liposomes can occur via a post-
translational mechanism. 
 To ascertain that SMS2-V5 incorporated 
into liposomes is catalytically active, we used 
density gradient centrifugation to segregate 
SMS2-V5-containing liposomes from the wheat 

germ extract and analyzed the gradient fractions 
for enzymatic activity. As shown in Fig. 9, the 
bulk of SMS2-V5 was found in the top fractions 
of the gradient. These fractions also contained 
virtually all SM synthase activity. From this we 
conclude that SMS2-V5 incorporated into 
liposomes is catalytically active.  

  
DISCUSSION 
 
In here we established a wheat germ-based 
system for the cell-free expression and 
incorporation of human SMS proteins into pure 
lipid vesicles. In keeping with previously 
established properties of the native enzyme (14), 
cell-free expressed SMS2 displayed dual activity 
as SM and CPE synthase (Fig. 7). SMS2 
preferentially synthesized SM over CPE 
regardless of whether the enzyme was expressed 
in cells or in wheat germ extract. This imbalance 
in SM and CPE production is likely due to an 
intrinsic property of the enzyme rather than a 
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Figure 7. Cell-free translated SMS2 is enzymatically active.  
TLC analysis of reaction products formed when SMS2-V5 expressed in yeast (left) or wheat germ extract in 
the presence of absence of liposomes (right) was incubated with NBD-ceramide (NBD-Cer). All enzyme 
reactions were supplemented with liposomes to provide equal amounts of head group donors PC and PE, as 
described under Experimental procedures. SMS2-V5 levels were determined by immunoblotting using anti-V5 
antibody (bottom). Note that SMS2-V5 expressed in yeast and wheat germ extract each support production of 
both NBD-SM and (trace amounts of) NBD-CPE. Migration of an unidentified NBD-labeled lipid is marked 
by an asterisk. 
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limited supply of lipid substrate as the synthetic 
liposomes added to the cell-free translation 
reaction contained equal amounts of the head 
group donors PC and PE. A detailed functional 
analysis of cell-free produced SMS1 and SMSr 
is in progress.  

Several lines of evidence indicate that 
cell-free expressed SMS proteins get inserted 
into the lipid bilayer of externally added 
liposomes. First, SMS2 migrates to the top of a 
density gradient when translated in the presence 
of liposomes whereas SMS2 translated in their 
absence does not (Fig. 4A). In contrast, cytosolic 
enzymes translated in the presence of liposomes 
do not show this flotation behavior (M. 
Nordmann and J. Holthuis, unpublished 
observations). Second, the co-migration of 
SMS2 with liposomes is not affected by the 
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presence of 0.5 M KCl (Fig. 4B), ruling out that 
association of the protein with liposomes is due 
to electrostatic interactions with surface-exposed 
phospholipids. Third, SMS2-catalysed SM 
production is largely dependent on externally 
added liposomes (Fig. 8) while liposome-
associated SMS2 is catalytically active (Figs. 9). 
For SMS2 to become catalytically active, the 
protein must fold into a conformation whereby 
active site residues located in two distinct 
exoplasmic loops can form a functional catalytic 
triad (Fig. 1). In addition, the active site must be 
accessible for lipid substrates, which include a 
head group donor (PC or PE) and acceptor 
(ceramide; (11)). It is hard to imagine how 
SMS2 could adopt a catalytically active 
conformation without support of a lipid bilayer 
in the absence of any detergent. A 
complementary approach to verify membrane 
insertion of cell-free produced SMS proteins is 
freeze-fracture electron microscopy.   

The cell-free incorporation of SMS 
proteins into a protein-free lipid bilayer is 
somewhat surprising given that the targeted 
insertion of membrane proteins in cells generally 
requires membrane-embedded protein 
machinery. Previous work revealed that some 
tail-anchored (TA) proteins containing a mildly 
hydrophobic membrane span at their C-terminus 
are able to insert post-translationally into pure 
lipid vesicles without assistance of translocons or 
receptors (21, 22). Several independent studies 
reported a coupled cell-free synthesis and lipid 
vesicle insertion of polytopic membrane 
proteins. For example, cell-free production of the 
seven-helix membrane protein bacteriorhodopsin 
in the presence of liposomes yielded a correctly 
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Figure 8. Impact of externally added liposomes 
on SMS2-catalysed SM production.  
(A) TLC analysis of reaction products formed when 
wheat germ-expressed SMS2-V5 was incubated 
with NBD-ceramide (NBD-Cer). Liposomes 
containing equal amounts of head group donors PC 
and PE were added before and/or after cell-free 
expression of SMS2-V5, as indicated. Note that 
SMS2-mediated SM production is largely 
dependent on externally added liposomes regardless 
of whether liposomes were added before or after 
cell-free expression of the enzyme. Migration of an 
unidentified NBD-labeled lipid is marked by an 
asterisk. 
(B) SMS2-V5 expressed in the presence of the 
indicated amounts of liposomes was detected by 
immunoblotting using anti-V5 antibody.  
 

Figure 9. Liposome-associated SMS2 is 
enzymatically active.  
SMS2-V5 transcripts were translated in the presence 
of liposomes and then subjected to density gradient 
fractionation. Gradient fractions were incubated 
with NBD-Cer and then analyzed for NBD-labeled 
reaction products by TLC (top panel). Gradient 
fractions were analyzed by immunoblotting using 
anti-V5 antibody (bottom panel).  
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folded enzyme with a light-induced proton pump 
activity similar to that of the native enzyme (23). 
Likewise, cell-free produced bacterial 
thermosensor DesK was found to spontaneously 
insert into liposomes whereby the enzyme’s 
ability to adequately sense and respond to a shift 
in temperature was retained (24). Other 
examples of functionally active, cell-free 
translated polytopic membrane proteins include 
human stearoyl-CoA desaturase (25) and 
phosphosphingolipid synthases from parasitic 
trypanosomatid protozoa (19). The latter 
enzymes are structurally related to SMS 
enzymes, with both families modeled to have a 
six transmembrane topology and the key 
catalytic residues located on the luminal side of 
the organellar membrane (8, 26).  

Our finding that addition of liposomes 
either before or after cell-free translation of SMS 
proteins in each case yields a similar amount of 
active enzyme (Fig. 7) implies that membrane 
insertion may occur via a post-translational 
mechanism, as previously demonstrated for tail-
anchored proteins (27). Whether wheat germ 
extract contains proteins that maintain newly 
synthesized SMS proteins in a competent state 
for membrane integration remains to be 
established. It deserves mention that the 

enzymatic activity of SMS2 produced in wheat 
germ extract is approximately 10-fold lower than 
that of SMS2 expressed in yeast. Thus, partial 
misfolding and/or incomplete membrane 
insertion of protein may constitute a bottleneck 
in the cell-free production of functional SMS 
enzymes. The impact of pharmacological 
chaperones and exogenously added lipid on the 
functional competence of cell-free produced 
SMS enzymes is currently under investigation. 
Nonetheless, our present findings provide a 
valuable basis for unraveling the catalytic 
properties of SMS enzymes under chemically 
defined conditions without the need for time-
consuming, in vivo overexpression, detergent-
dependent purification and reconstitution 
strategies that are commonly used for the 
functional analysis of polytopic membrane 
proteins.  
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ABSTRACT 

 
Type 4 P-type ATPases (P4-ATPases) form 
heterodimeric complexes with Cdc50 proteins 
and catalyze phospholipid transport to create 
lipid asymmetry in late secretory and 
endocytic organelles. Previous work suggests 
that the catalytic activity of P4-ATPases relies 
on association with a Cdc50 subunit. 
However, whether Cdc50 proteins actively 
participate in phospholipid translocation or 
whether P4-ATPases alone are sufficient to 
catalyze phospholipid transport remains to be 
established. Addressing these questions is 
hampered by the fact that, stable expression 
and functional maturation of P4-ATPases in 
cells requires their assembly with a Cdc50 
subunit in the ER. To circumvent this 
problem, we here used a liposome-coupled cell 
free expression system to produce P4-ATPases 
independently from their Cdc50 binding 
partners. This allowed us to generate 
proteoliposomes harboring various full-length 
P4-ATPases with or without their cognitive 
Cdc50 subunits. Topology studies with 
membrane impermeable proteases and 
cysteine-modifying reagents revealed that the 
bulk of cell-free produced P4-ATPases is 
incorporated into the pure lipid vesicles with 
their active site exposed on the external 
vesicular surface. Moreover, immuno-
isolation experiments indicated that P4-
ATPases and Cdc50 proteins are incorporated 
into the same subset of vesicles. These results 
open up new avenues for a detailed molecular 
dissection of P4-ATPase-catalyzed 
phospholipid transport. 
 
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 (1). The biological relevance 
of lipid asymmetry is multifold. For instance, the 
enrichment of PE on the cytosolic surface of the 
plasma membrane, endocytic and exocytic 
vesicles is believed to keep these membranes in a 
fusion-competent state (2)  whereas the 
accumulation of PS provides a negative charge 
exploited for recruitment of peripheral signaling 
proteins with polybasic motifs (3). In addition, 
regulated dissipation of lipid asymmetry and 
externalization of aminophospholipids is 
associated with physiological processes such as 
platelet activation, sperm capacitation, myoblast 
fusion and the phagocytic recognition and 
clearance of apoptotic cells (4, 5). Finally, the 
dynamic process of lipid translocation 
responsible for the generation and maintenance 
of lipid asymmetry has been implicated in 
membrane bending and in the biogenesis of 
endocytic and secretory vesicles (6, 7).  
 Converging lines of evidence indicate 
that type 4 P-type ATPases (P4-ATPases) 
catalyze phospholipid transport across cellular 
membranes (8-11) to create aminophospholipid 
asymmetry in the endomembrane system of 
eukaryotic cells (5, 8, 12, 13). 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.  Structural similarities among 
P-type ATPases indicate that the overall 
transport mechanism is conserved throughout the 
family (14). How this mechanism is adapted in 
P4-ATPases to flip phospholipids remains to be 
established.  Besides their unusual substrate, 
another remarkable feature of P4-ATPases is that 
they operate as heterodimers in combination with 
members of the Cdc50 family of membrane 
proteins (15). Cdc50 proteins contain two 
transmembrane helices connected by a large 
ectodomain with conserved pairs of disulfide 
bridge-forming cysteine residues (16, 17). 
Interaction of P4-ATPases with a Cdc50 subunit 
is required for their mutual stability and export 
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from the ER (15) (18) (19) (20, 21). Recent 
studies revealed that catalytic activity of P4-
ATPases critically relies on association with a 
Cdc50 subunit (16, 17, 20, 22) and that the 
affinity between transporter and subunit 
fluctuates during the transport reaction cycle 
with the strongest interaction occurring when the 
transporter is loaded with phospholipid substrate 
(22). Collectively, these findings indicate that the 
Cdc50 subunit plays an intimate role in P4-
ATPase-catalyzed phospholipid transport that 
goes beyond its P4-ATPase-specific chaperone 
function. However, whether this interaction 
merely serves a regulatory purpose or reflects a 
role of the subunit as vital component of the P4-
ATPase transport machinery is an important 
open question. Consequently, the precise 
molecular composition of a functional flippase 
remains to be established.  
 To facilitate a molecular dissection of 
P4-ATPase-catalyzed phospholipid transport and 
elucidate the role of Cdc50 subunits in this 
process, we used a liposome-coupled cell-free 
expression system designed for in vitro 
expression of active polytopic membrane 
proteins (23, 24)(Panatala et al., MS in prep). 
This approach offers a couple of advantages over 
commonly used cell-bound protein production 
strategies. First, because it uncouples protein 
production from cellular homeostasis, cell-free 
expression allows the production of proteins that 
form complexes in cells that are marked for 
degradation in the absence of their interaction 
partner(s). This point is particularly relevant for 
addressing the role of Cdc50 proteins in P4-
ATPase-catalyzed phospholipid transport, which 
is hampered by the fact that stable expression 
and functional maturation of P4-ATPases in cells 
is strictly dependent on their assembly with a 
Cdc50 subunit. Second, the system allows 
insertion of membrane proteins into an artificial 
lipid environment, thus permitting a detailed 
analysis of the impact of any lipid substrate or 
product on the catalytic properties of the cell-
free expressed protein. Third, expression in the 
presence of an artificial lipid environment 
enables an unequivocal functional 
characterization since no other membrane 
proteins are present, in contrast to e.g. cell-free 
expression in the presence of microsomes or 
expression in oocytes. Finally, cell-free 
expressed membrane proteins can be directly 
analyzed without further purification, thus 
bypassing the time-consuming and technically 
demanding steps involved in the overexpression, 

purification and reconstitution of membrane 
proteins from intact cells. 

 In here, we report the cell-free expression 
of one yeast and two human P4-ATPases along 
with their Cdc50 binding partners. 
Proteoliposomes containing P4-ATPases with or 
without their cognitive Cdc50 subunit were 
analyzed to determine the abundance, membrane 
topology and catalytic activity of the cell-free 
expressed proteins. Our results pave the way for a 
new approach to elucidate the inner workings of 
a heterodimeric phospholipid pump.       
 
EXPERIMENTAL PROCEDURES  
 
Chemicals and Reagents – Pfu high fidelity 
DNA polymerase and restriction enzyme PmeI 
were from Fermentas/Thermo Scientific. 
Restriction enzyme SgfI, SP6 RNA polymerase, 
RNasin and pGEM-T Easy vector kit were from 
Promega. Plasmid isolation kits were from 
Qiagen. Creatine kinase and Proteinase K were 
from Roche. All fine chemicals were from 
Sigma-Aldrich, except for DTT (Amresco) and 
the rNTP set (GE Healthcare Life Sciences). 
Soybean polar lipid extract, soy 
phosphatidylcholine (PC), soy 
phosphatidylethanolamine (PE), soy 
phosphatidylinositol (PI), soy phosphatidylserine 
(PS), Rhodamine-B sulfonyl 
phosphatidylethanolamine (Rho-PE), 7-nitro-
2,1,3-benzoxadiazole (NBD)-phosphatidylserine 
(NBD-PS), egg PC and egg PE were from Avanti 
Polar Lipids. Wheat-germ extract was from Cell-
free Sciences and Accudenz from Accurate 
Chemicals. Rabbit polyclonal anti-His antibody 
was from Santa Cruz. Mouse monoclonal anti-
HA and anti-V5 antibodies were from Abcam 
and Invitrogen Life Technologies respectively. 
Eppendorf Protein LoBind tubes were from 
Eppendorf. Anti-HA agarose was from Thermo 
Scientific Pierce and Amylose resin was from 
NEB, MA. Rabbit anti-V5 Antibody was from 
Bethyl Laboratories Inc. ATP detection kit 
(A22066) was from Molecular Probes, Life 
Technologies. 
 
Cell-Free Expression Constructs – Complete 
open reading frames (ORFs) of yeast P4-ATPase, 
Drs2p, and its Cdc50 subunit, Cdc50p, were PCR 
amplified with Pfu DNA polymerase using 
primers flanked with 5’ SgfI and 3’ PmeI 
restriction sites for cloning into 5’ SgfI and 3’ 
EcoICRI restriction sites of the wheat germ pEU 
Flexi expression vector (a kind gift of Brian G. 
Fox and James D. Bangs, University of 
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Wisconsin, Madison) (23). Human P4-ATPases, 
ATP8A1 and ATP8B1, and their Cdc50 subunit, 
CDC50A, were amplified in a similar manner. 
The ORFs were cloned in frame with either a 
10xHis tag at the N-terminus (His10-Drs2p) or a 
3xHA epitope at the C-terminus (ATP8A1-HA3, 
ATP8B1-HA3) or V5 epitope at the C-terminus 
(Cdc50p-V5, CDC50A-V5). pGEM T-Easy 
vector served as intermediate cloning vector of 
the PCR amplified ORFs. All constructs were 
sequence verified. 
 
Preparation of Liposomes – Unilamellar 
liposomes were prepared from total soybean lipid 
extracts or defined lipid mixtures using a mini-
extruder (Avanti Polar Lipids) as described (23, 
24). In brief, 4 µmol of lipid was dried under a 
flow of nitrogen to create a thin film. The film 
was resuspended in 200 µl lipid rehydration 
buffer (25 mM HEPES-pH 7.5, 100 mM NaCl) 
by vigorous vortexing to create a 20 mM lipid 
suspension. The lipid suspension was subjected 
to 2-3 freeze-thaw cycles in liquid nitrogen. 
Sequential extrusion of the lipid suspension 
through a 0.4-micron and 0.1- micron track-
etched polycarbonate membrane (Whatman-
Nuclepore) generated unilamellar liposomes with 
an average diameter of 100 nm. The diameter of 
liposomes was confirmed by dynamic light 
scattering. All liposomes were prepared just 
before use. Lipid mixtures were spiked with 0.01 
mol% Rhodamine-B sulfonyl PE to track the 
presence of liposomes following density gradient 
centrifugation (see below). Fluorescence 
measurements of the fractions were made using 
Typhoon™ FLA 9500 Biomolecular Imager.  
 
Cell-Free Transcription and Translation – 
Purified pEU-Flexi-ORF DNA constructs were 
treated with Proteinase-K to remove trace 
amounts of RNAase. Re-purification of plasmid 
is a critical step since contaminating Proteinase-
K is detrimental. In vitro transcription was 
carried out in 50 µl reaction volume containing 5 
µg of plasmid, 2 mM each of ATP, GTP, CTP 
and UTP, 19 units of Sp6 RNA polymerase and 
40 units of RNasin in 100 mM HEPES-KOH pH 
7.8, 25 mM Mg-acetate, 2 mM spermidine and 10 
mM DTT. After incubation at 37°C for 4 h, the 
reaction mixture was spun in an Eppendorf 
centrifuge at 6000 rpm for 5 min at RT. The 
supernatant, containing mRNA, was collected to 
set up a cell-free translation reaction. To this end, 
20 µl of mRNA-containing supernatant was used 
per 100 µl translation reaction containing 2 mM 
each of all 20 amino acids, 2 mM liposomes, 40 

µg/ml creatine kinase, 15 OD260 WEPRO2240 
wheat germ extract, 15 mM HEPES-KOH pH 
7.8, 50 mM potassium acetate, 1.25 mM Mg-
acetate, 0.2 mM spermidine, 2 mM DTT, 0.6 mM 
ATP, 125 µM GTP, 8 mM creatine phosphate, 
and 0.0025% sodium azide. The reaction mixture 
was transferred to a 12kDa MWCO dialysis cup 
(Novagen) dipped in 5 ml reservoir buffer (same 
composition as translation reaction but omitting 
wheat germ extract, mRNA, creatine kinase and 
liposomes). After incubation for 4-16 h at 26°C, 
translation reactions were subjected to density 
gradient ultracentrifugation. To this end, 75 µl of 
translation reaction was mixed with 75 µl of 80% 
(w/v) Accudenz prepared in gradient buffer (25 
mM HEPES pH 7.5, 100 mM NaCl, 10% 
glycerol) and transferred to the bottom of a 800 
µl 5x41 mm Thinwall Ultra-ClearTM tube 
(Beckman Coulter) and 350 µl of 30% Accudenz 
and 100 µl of gradient buffer were loaded on top. 
The gradient was spun at 189,000 g in a MLS-50 
rotor (Beckman Coulter) for 4 h at 4°C. Fractions 
of 60 µl were collected from the top to the bottom 
of the gradient and either processed for 
immunoblotting or biochemical assays as 
indicated below. Gradient fractions were snap 
frozen in liquid nitrogen and stored at -80°C until 
use. 
 
Immunodetection and Silver Staining – Equal 
volumes of translation reactions or gradient 
fractions were mixed with 2X SDS-Urea sample 
buffer (40 mM Tris-Cl 6.8, 1 mM EDTA, 9 M 
Urea, 5% SDS, 0.01% bromophenol blue, 5% β-
mercaptoethanol). Samples were heated at 50°C 
for 10 min and then subjected to SDS-PAGE and 
immunoblotting using antibodies as described 
above. For silver staining, the gel was soaked for 
1 h in fixing buffer-1 (50 % MeOH, 12% acetic 
acid, 0.019% paraformaldehyde), washed in 
water, treated for 30 min in fixing buffer-2 (50% 
ethanol) and shortly in fixing buffer-3 (0.02% 
Na2S2O3). After extensive washing in water, the 
gel was incubated for 45 min in staining buffer 
(0.2% AgNO3, 0.028% paraformaldehyde PFA)) 
in the dark. After two brief washes in water, the 
gel was developed in 6% Na2CO3, 0.019% PFA 
and 2% fixing buffer 3. Adding acetic acid to a 
final concentration of 1% stopped further 
development of the bands. The gel was washed in 
water before scanning. 
 
Immuno-isolation of Proteoliposomes – 
Immuno-isolation of ATP8B1-HA3 and/or 
CDC50A-V5 containing proteoliposomes was 
performed under detergent-free conditions. 0.5% 
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BSA (w/v) was used as blocking reagent in 25 
mM HEPES, 100 mM NaCl and 10% Glycerol 
(gradient buffer). All buffers were kept ice-cold 
unless mentioned otherwise. Anti-HA agarose 
resin was used to bind ATP8B1-HA3-containing 
proteoliposomes whereas Amylose resin served 
as control for non-specific binding. Rabbit anti-
V5 antibody was used to detect CDC50A-V5 by 
immunoblot analysis. In brief, floated 
proteoliposomes were isolated from Accudenz 
gradients (typically in fraction #3 from the top) 
was used for CDC50A-V5 expressed on its own 
or co-expressed with ATP8B1-HA3. The samples 
were incubated in Eppendorf protein LoBind 
tubes with blocking reagent for 1 hour at 4°C on 
a lab rotary mixer. This step prevents non-
specific binding or adsorption of the antibody to 
the liposomes in the following step. Anti-HA 
agarose resin and amylose resin were equilibrated 
in gradient buffer. After the blocking step each 
proteoliposome sample was split into two halves. 
One half was incubated with anti-HA agarose and 
the other half with amylose resin overnight at 
4°C on a lab rotary mixer. Following overnight 
incubation, the samples were spun at 700 g in a 
precooled bench top centrifuge. The supernatants 
were collected and the beads were washed three 
times in blocking reagent. The fourth and the 
fifth washes were done in gradient buffer without 
BSA by each time taking the beads into a new 
tube. After the last wash, the beads were 
resuspended in SDS-Urea sample buffer without 
β-mercaptoethanol (see the previous section) and 
heated for 10 min at 50°C. The samples were 
analyzed by SDS-PAGE and immunoblotting. 
 
Protease Protection Assay – Fraction two of the 
ATP8B1-proteoliposomes, which had a total 
protein concentration of 300 ng/µl (determined 
by amido-black protein determination assay), was 
used in the assay at a final concentration of 3 µg. 
The assay was performed at room temperature for 
5 min with intact or solubilized proteoliposomes 
(solubilized in Triton X-100, 1% (v/v)). 
Proteinase-K was dissolved in deionized water at 
1 mg/ml and used at increasing concentrations of 
1, 10, 50 µg/µl for the assay. The reaction was 
stopped by inhibiting Proteinase-K with 5 mM 
PMSF followed by boiling the mixture for 45 
seconds at 95°C with 2x SDS/Urea-Buffer. The 
reaction was chilled on ice afterwards and 
analyzed by SDS-PAGE and immuno-detection 
using mouse anti-HA antibody. 
 
Maleimide PEG 5000 (mPEG) Induced 
Migration Shift Assays – mPEG was stored 

always as powder at -20°C and freshly dissolved 
in deionized water. mPEG forms a stable 
thioether bond with the free sulfhydryl groups of 
cysteine residues. Conjugation reaction was 
performed as follows: Floated proteoliposomes in 
fraction 3 of ATP8B1, CDC50A and 
CDC50AC17A were used for conjugation 
reactions. Total protein concentration of 300 
ng/µl was estimated by amido-black protein 
determination assay. As a start, intact or 
solubilized (solubilized in SDS-Urea sample 
buffer, SU) proteoliposomes were incubated for 
20 min at room temperature with TCEP at 50 
µM, to open all the possible disulfide bridges of 
exposed cysteine residues. Conjugation reactions 
were performed for 20 min at room temperature 
with freshly prepared mPEG at increasing 
concentrations (10, 30, 100 µM). 2-β-
mercaptoethanol (βME) was used at 1 mM to 
stop the reaction at room temperature for 20 min. 
To confirm the inhibition affect of βME, intact 
and solubilized proteoliposomes of CDC50AC17A 

were incubated together with 100 µM mPEG and 
1 mM β-Mercaptoethanol for 20 minutes. 
Afterwards, the intact proteoliposomes were 
solubilized in SDS-Urea sample buffer and all the 
samples were heated to 50°C and subjected to 
SDS-PAGE and immuno-detection using mouse 
anti-HA and mouse anti-V5 antibodies. 
 
ATPase Assay – Before performing kinetic 
measurements, the total translation reaction was 
depleted off the contaminating ATP from the 
translation reaction mix. This was done by 
dialysis in a buffer containing 25 mM HEPES pH 
7.5, 100 mM NaCl and 10% glycerol. To remove 
ATP efficiently, we used the dialysis buffer at 
2000 times the volume of the translation reaction 
mix. After density gradient centrifugation, a 
small volume of each proteoliposome fraction 
was used to detect for the amount of ATP using 
luciferase-based ATP detection kit (see 
Chemicals and Reagents). 
Activity assays at pH 7.5 were performed in 
duplicate using equal volumes of ATP8B1 or its 
enzyme dead mutant, ATP8B1D454N expressed on 
their own or co-expressed with CDC50A. The 
total reaction volume was 160 µl with 3.75 mM 
MgCl2, 20 mM KCl, and 6.25% dimethyl 
sulfoxide, with or without 100 µM 
orthovanadate. The samples were preincubated 
for 10 min at 30 °C and the reactions were started 
by the addition of 1 mM ATP (stock of 8 mM 
prepared in 40 mM Tris pH 7.5). After incubation 
for 15 min at 30°C the reactions were stopped by 
freezing the assay tubes in liquid nitrogen. 
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Inorganic phosphate was measured as a complex 
of phosphomolybdate with malachite green as 
follows. Solutions were prepared according to 
Wieczorek H., et al.(25). 100 µl of acid 
molybdate solution was pipetted into a 1.5 ml 
microcentrifuge tube and one tube was used per 
assay sample. Timing of the following steps is 
critical and is referred for four samples. Numbers 
in parentheses refer to the timing of samples 2, 3 
and 4 respectively. 
 
(a) Time = 0’ (30’’, 1’, 1’30’’)  
(b) Time = 2’  
(c) Time = 3’30’’ (4’, 4’30’’, 5’)  
(d) Time = 3’45’’  
(4’15’’, 4’45’’, 5’15’’)  
(e) Time = 5’45’’  
(6’15’’, 6’45’’, 7’15’’)  
 
(a) Add 50 µl of TCA to the sample, place it in 
70°C water bath for 15 seconds. Afterwards, mix 
well and place the samples in a centrifuge. 
(b) Centrifuge the samples for 1 min. 
(c) Transfer 60 µl of the supernatant from the 
sample into the corresponding tube of acid 
molybdate solution and mix. 
(d) Add 30 µl of malachite green solution and 
mix. 
(e) Add 200 µl of 7.8% sulfuric acid and mix. 
Samples were stored at room temperature while 
repeating the procedure for the next samples. The 
absorbance for each sample was measured at 625 
nm between 70-110 min after the addition of 
TCA to the sample. 
 
Dithionite-based Lipid Translocation Assay – 
Flippase activity was defined by a change of 
inter-leaflet distribution of fluorescent lipid 
probes (NBD-phospholipids) in proteoliposomes 
measured using a dithionite-based quenching 
approach. The assay was performed with cell-free 
expressed ATP8B1 and its enzyme dead mutant, 
ATP8B1D454N, expressed independently or co-
expressed with CDC50A. A concentration of 2 
mM of liposomes composing PC:PE:PI (molar 
ratio of 2:2:1), supplemented with one mole 
percent (0.02 mM) of 7-nitro-2,1,3-
benzoxadiazole (NBD)-phosphatidylserine 
(NBD-PS) (stock in 100% ethanol and stored at -
20°C) was used during the translation reaction. 
Before floatation of the proteoliposomes a second 
dialysis in 25 mM HEPES (pH 7.5), 100 mM 
NaCl and 10% Glycerol (1000 times the volume 
of dialysis buffer compared to the volume of the 
translation mix; second dialysis was performed 
twice of 2 hours each at 4°C) was performed to 

remove contaminating substances from the 
translation buffer (ATP, DTT etc.). In addition to 
an immuno-blot the floated fractions were 
analyzed in a Typhoon™ FLA 9500 
Biomolecular Imager to pick the fraction with the 
best protein/lipid – ratio. Fraction 3 was pre-
quenched with 2 mM Dithionite (DT) for three 
minutes at room temperature and the unreacted 
dithionite was removed by an overnight dialysis 
at 4°C in translocation/flippase buffer (40 mM 
Tris-HCl pH 7.5, 200 mM NaCl). For the flippase 
assay, 50 µL of the floated, pre-quenched and 
dialyzed proteoliposomes were used. It was 
mixed with 30 µL of flippase buffer. The reaction 
was started by adding 20 µL 25 mM Mg2+-ATP. 
Two incubation periods of 0 min and 120 min 
were chosen. For each time point, 20 µL (~10 ng) 
of ATP8B1 or ATP8B1D454N with or without 
CDC50A was used. For 0 min time point, 
fluorescence was measured immediately after 
adding Mg+2-ATP. In each case, the sample was 
diluted to 1 ml with flippase buffer in a quartz 
cuvette and mixed by a cuvette-stir-bar. The 
time-scale measurements in the fluorometer 
(JASCO) were started at 480 nm (excitation) and 
540 nm (emission). After stabilization of initial 
fluorescence signal for 60 seconds, 10 mM of 
dithionite (dissolved in 2 M Tris, pH 10) was 
used to quench the fluorescent probes in the outer 
leaflet of liposomes. Fluorescence was recorded 
for another 180 seconds. After 240 seconds in 
total, the samples were completely solubilized 
using 0.5% Triton X-100 and the remaining 
fluorescence was recorded for another 60 
seconds. 
 
RESULTS 
 
Cell-free translation of P4-ATPases and their 
Cdc50 subunits – To address whether Cdc50 
proteins directly participate in P4-ATPase-
catalyzed lipid transport, we employed a recently 
established system for the cell-free expression of 
polytopic membrane proteins (24)(Panatala et 
al., in prep). In this system, Cdc50 and P4-
ATPase mRNAs are synthesized by in vitro 
transcription and then translated in a wheat germ 
extract in the presence of externally added 
liposomes (Fig. 1). Extract, mRNA and 
liposomes are retained within a dialysis cup to 
allow replenishment of additives required for 
translation (e.g. ATP, amino acids, cofactors) 
and removal of any inhibitory products without 
dilution of the main translation reaction 
constituents. The liposomes are thought to 
capture and stabilize the membrane spans of the 
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newly synthesized proteins, but the molecular 
principles by which this occurs are not known 
(Panatala et al., in prep.).  
 We initially focused on the cell-free 
expression of the yeast P4-ATPase Drs2p and the 
human P4-ATPases ATP8A1 and ATP8B1 along 
with their cognitive Cdc50 binding partners, 
Cdc50p and CDC50A, respectively. To this end, 
their corresponding cDNAs were cloned down 
stream of the Sp6 promoter in pEU Flexi-vector 
pFlx (23). To facilitate detection of the cell-free 
produced proteins, a poly-His, triple-HA or V5 
epitope was introduced at their N- or C-termini. 
As shown in Fig. 2, cell-free translation of the 
P4-ATPase or Cdc50 mRNA in the presence of 
liposomes (1.5 mg/ml of soybean PC:PE:PI in a 
molar ratio of 2:2:1) in each case yielded an 
epitope-tagged protein of the expected size. No 
such protein was detected when in vitro 
transcription and translation were performed 
with an empty pFlx vector (EV). Thus, all five 

proteins are translated from their corresponding 
mRNA in the wheat germ extract. Importantly, 
expression of the P4-ATPases in each case 
appeared to be independent of expression of their 
cognitive Cdc50 binding partners, hence in 
contrast to the situation in living cells where 
stable expression of P4-ATPases relies on the 
availability of Cdc50 subunits. We next focused 
on a detailed characterization of cell-free 
produced ATP8B1 and its subunit CDC50A.  
 
Cell-free translated ATP8B1 and CDC50A are 
incorporated into liposomes – To investigate 
whether cell-free translated ATP8B1 and 
CDC50A are incorporated into liposomes, the 
translation reactions were loaded at the bottom 
of an Accudenz step gradient and subjected to 
high-speed centrifugation (Fig. 3A). Fractions 
were collected from the top and analyzed by 
immunoblotting using αHA and αV5 antibodies. 
As shown in Fig. 3B and C, the bulk of ATP8B1 
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Figure 1. Cell-free expression system for P4-ATPase flippase machinery.  
(A) Membrane topology of P4-ATPases and their Cdc50 subunits. Transmembrane helices (TM) are shown as 
cylinders. Also indicated are the phosphorylation (P), nucleotide binding (N) and actuator domains (A) in the 
ATPase and pairs of disulfide-forming cysteines in the Cdc50 ectodomain.  
(B) Maps showing the principle features of the pEU Flexi vector used for cell-free expression of P4-ATPases and 
their Cdc50 binding partners.  
(C) Schematic outline of the wheat germ-based dialysis mode for cell-free translation of P4-ATPase and Cdc50 
transcripts. See main text for further details.  
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and CDC50A were recovered from the top 
fractions of the density gradient (i.e. fraction 
number 2 and 3). These fractions also contained 
the bulk of externally added liposomes (see 
below). Treating the liposome-containing 
reaction mix with high-salt (0.4 M KCl) prior to 
density gradient centrifugation had no impact on 
the ability of cell-free translated ATP8B1 and 
CDC50 to float up in the gradient, indicating that 
association of these proteins with liposomes is 
not determined by electrostatic interactions 
(Suppl. Fig. 1). In contrast, ATP8B1 and 
CDC50A produced in the absence of liposomes 
were mainly found in the bottom fractions of the 
Accudenz gradient (Fig. 3B,C). Collectively, 
these results indicate that cell-free translated 
 

ATP8B1 and CDC50A are incorporated into the 
externally added liposomes.  

Figure 2. Cell-free expression of yeast and 
human P4-ATPases and their Cdc50 binding 
partners.  
(A) Cell-free expression of His-tagged yeast P4-
ATPase Drs2p and its V5-tagged Cdc50p subunit. 
Translation reactions with control (empty vector 
transcript, -) or different combinations of His10-
Drs2p and Cdc50p-V5 transcripts (+) were 
subjected to immunoblot analysis using anti-
polyHis and anti-V5 antibodies. Note that 
translation reactions with P4-ATPase and/or 
Cdc50 subunit-encoding transcripts in each case 
yielded an immune-reactive protein of the 
expected size (predicted Mw: His10-Drs2p, 153.2 
kDa; Cdc50p-V5, 46.4 kDa). 
(B) Cell-free expression of the HA-tagged human 
P4-ATPases ATP8A1-HA3 and ATP8B1-HA3 and 
their V5-tagged CDC50A subunit. Translation 
reactions with the indicated combination of 
transcripts were subjected to immunoblot analysis 
as in (A). Translation reactions with the P4-
ATPase and/or Cdc50 subunit-encoding 
transcripts in each case yielded an immune-
reactive protein of the expected size (predicted 
Mw: ATP8A1-HA3, 135.2 kDa; ATP8B1-HA3, 
147.2 kDa; CDC50A-V5, 42.8 kDa). 
 

Figure 3. Cell-free produced ATP8B1 and 
CDC50A are incorporated into liposomes.  
(A) Schematic outline of the Accudenz gradient 
fractionation method to separate liposome-
incorporated membrane proteins from wheat germ 
extract.  
(B) ATP8B1-HA3 transcripts were translated in 
the absence or presence of liposomes. Translation 
reactions were subjected to density gradient 
fractionation. Gradient fractions were analyzed by 
immunoblotting using anti-HA antibody (top) or 
by silver (bottom). Note that the bulk of HA3-
ATP8B1 produced in the presence of liposomes is 
segregated from wheat germ extract proteins and 
floats to the top of the gradient whereas HA3-
ATP8B1 produced in the absence of liposomes is 
primarily found in the bottom fractions. 
(C) CDC50A-V5 transcripts were translated in 
the absence or presence of liposomes. Translation 
reactions were processed as described in (B) 
except that immunoblot analysis was performed 
with anti-V5 antibody.  
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Figure 4. Density gradient fractionation profiles of 
ATP8B1, CDC50A and liposomes.  
(A) HA3-ATP8B1 transcripts were translated in the 
presence of liposomes spiked with rhodamine-PE 
(Rho-PE). Translation reactions were subjected to 
density gradient fractionation and gradient fractions 
were analyzed by immunoblotting using anti-HA 
antibody (top) or fluorometry to determine the 
fractionation profile of liposomes (bottom).  
(B) HA3-ATP8B1 and CDC50A transcripts were co-
translated in the presence of Rho-PE labeled 
liposomes and processed as in (A). Note that the 
fractionation profiles of cell-free produced HA3-
ATP8B1 and CDC50A display a nearly perfect 
overlap. In contrast, the liposome profiles only 
partially overlap with those of the cell-free produced 
proteins, indicating that the latter are not randomly 
distributed over the liposome population.  
 

Silver staining revealed that the ATP8B1 
and CDC50A-containing top fractions were 
largely devoid of wheat germ proteins (Fig. 3B, 
3C). No silver-stained bands were found to 
correspond to the epitope-tagged proteins, 
indicating that the amounts of cell-free produced 
ATP8B1 and CDC50A are below the detection 
limit of silver staining. Quantitative immunoblot 
analysis revealed that the amount of ATP8B1 
produced in wheat germ extract ranges between 

2 and 12 µg/ml. For CDC50A, this was slightly 
higher, namely ~25 µg/ml (data not shown). To 
estimate the number of protein molecules per 
liposome, the externally added liposomes were 
spiked with 0.01mol% Rhodamine-PE for 
calculating the percentage of fluorescence in the 
fractions containing the peak of floated ATP8B1 
(Fig. 4). This allowed us to estimate that there 
are at least five ATP8B1 molecules per liposome 
in the peak fractions (Suppl. Information 1). 
 
ATP8B1 and CDC50A co-populate a subset of 
liposomes – One prerequisite for a meaningful 
analysis of the role of the Cdc50 subunit in P4-
ATPase-catalyzed lipid transport is that cell-free 
produced subunit and ATPase end up in the same 
liposome. Moreover, it would be important to 
know whether the proteins are incorporated ad 
random over the entire population of liposomes 
or if they end up into a subset of liposomes. To 
address these questions, translation reactions 
containing ATP8B1 mRNA on its own or in 
combination with CDC50 mRNA were subjected 
to density gradient fractionation. As addressed in 
the previous section, externally added liposomes 
were spiked with 0.01mol% Rhodamine-PE to 
monitor their migration through the gradient. As 
shown in Fig. 4A, the fractionation profile of 
cell-free produced ATP8B1 only partially 
overlapped with that of the fluorescent 
liposomes, with the 1st fraction from the top 
containing the peak of liposomes and the 2nd and 
3rd fraction containing the bulk of ATP8B1. The 
fractionation profiles of co-translated ATP8B1 
and CDC50A, on the other hand, were nearly 
identical (Fig. 4B). Again, the migration pattern 
of these proteins in the gradient only partially 
overlapped with that of the fluorescent 
liposomes. These results suggest that cell-free 
produced ATP8B1 and CDC50A co-populate a 
subset of liposomes. Moreover, it appears that 
the incorporation of these proteins into 
liposomes does not occur by a stochastic process. 
 To confirm that cell-free produced 
ATP8B1 and CDC50A end up in the same subset 
of liposomes, we used αHA antibody-coupled 
agarose beads for immuno-isolation of ATP8B1-
containing proteoliposomes and then analyzed 
their CDC50A content by immunoblotting. As 
shown in Fig. 5, no CDC50A could be immuno-
isolated from translation reactions that contained 
only CDC50A mRNA. In contrast, when 
immuno-isolation was performed on translation 
reactions that contain both ATP8B1 and 
CDC50A mRNA, essentially all CDC50A came 
down with the αHA-beads. When αHA-beads  
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Figure 5. ATP8B1 and CDC50A co-populate the 
same subset of liposomes.  
CDC50A-V5 transcripts were translated alone (top) 
or co-translated with HA3-ATP8B1 transcripts 
(bottom) in the presence of liposomes. 
Proteoliposomes containing the cell-free translated 
proteins were subjected to immuno-isolation using 
anti-HA beads. Amylose beads served as control for 
non-specific binding of proteoliposomes to the resin. 
Immuno-isolates were analyzed for the presence of 
CDC50A-V5 by immunoblotting using anti-V5 
antibody. Note that anti-HA beads brought down 
CDC50A-V5 containing proteoliposomes only upon 
its co-expression with HA3-ATP8B1, indicating that 
the cell-free produced proteins are incorporated in the 
same subset of vesicles. Amylose beads never 
brought down any CDC50A-V5 containing 
proteoliposomes, irrespective of whether the protein 
was co-expressed with HA3-ATP8B1 or not. 
 
were substituted for amylose beads, CDC50A 
remained in the supernatant. Collectively, these 
results demonstrate that cell-free produced 
ATP8B1 and CDC50A get incorporated into the 
same subset of liposomes.    
 
Membrane topology of ATP8B1 and CDC50A – 
The immuno-isolation experiments shown in Fig. 
5 indicate that a substantial portion of cell-free 
produced ATP8B1 has its HA-tagged C-terminus 
exposed on the outer surface of the 
proteoliposomes. Considering the membrane 
topology of the native protein, this would render 
the active site of liposome-incorporated ATP8B1 
accessible to externally added ATP (Fig. 6A). 
Obviously, such arrangement would benefit the 
functional characterization of cell-free produced 
ATP8B1. As a first approach to determine the 
membrane topology of cell-free produced 
ATPase, we performed protease protection 
experiments. To this end, ATP8B1-containing 
proteoliposomes were isolated by density 
gradient centrifugation, treated with proteinase 
K, and then subjected to immunoblot analysis 
using αHA antibodies. As shown in Fig. 6B,  

 
Figure 6. Membrane topology of cell-free 
translated ATP8B1 and CDC50A. 
(A) Schematic outline of the transbilayer 
arrangements of ATP8B1-HA3 and CDC50A-V5. The 
location of all cysteine residues in each polypeptide is 
marked. In ATP8B1-HA3, the position of 3 putative 
Proteinase K cleavage sites and the corresponding C-
terminal cleavage fragments are indicated.   
(B) Protease protection assay on ATP8B1-HA3–
containing proteoliposomes. Proteoliposomes were 
collected by density gradient fractionation as in Fig. 4 
and then treated with the indicated amount of 
Proteinase K (Prot-K) in the absence or presence of 
1% Triton X-100. Reaction samples were subjected to 
immunoblot analysis using anti-HA antibody. 
Migration of a Prot-K-resistant fragment of 27 kDa is 
marked by an arrow.   
(C) ATP8B1-HA3–containing proteoliposomes were 
reacted with the indicated amounts of the membrane 
impermeable cysteine-modifying reagent, mPEG-
5000 (mPEG). Reaction samples were subjected to 
immunoblot analysis using an anti-HA antibody. Note 
that ATP8B1-HA3 treated with increasing amounts of 
mPEG displayed a progressive mobility shift 
involving the bulk of the protein.  
(D) Proteoliposomes containing wild-type CDC50A-
V5 or cysteine mutant CDC50ACys17Ala-V5 (C17A) 
were reacted with the indicated amounts of mPEG in 
the presence or absence of SDS/Urea sample buffer 
(SU) or β-mercaptoethanol (βM, 5%). Reaction 
samples were subjected to immunoblot analysis using 
anti-V5 antibody. Various mPEG adducts of 
CDC50A-V5 are marked. 
 
treatment with 10 µg/ml proteinase K led to 
complete elimination of the HA-tagged, full- 
length ATP8B1 protein. Under these conditions, 
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a HA-tagged protein fragment of ~27-kDa was 
released in amounts corresponding to less than 
10% of the uncleaved HA-tagged ATP8B1 at the 
start of the experiment. The 27-kDa fragment 
was partially resistant to treatment with a 5-fold 
higher concentration of proteinase K and 
completely abolished when protease treatment 
was performed in the presence of detergent (Fig. 
6B). The size of this fragment matches that of a 
polypeptide released when proteinase K would 
cleave HA-tagged ATP8B1 at a site in the loop 
between membrane spans 7 with 8 (Fig. 6A). 
These results suggest that the bulk of 
proteoliposome-associated ATP8B1 adopts a 
topology whereby its HA-tagged C-terminus is 
accessible for cleavage by externally added 
proteinase K and, hence, exposed on the outer 
surface of proteoliposomes.   
 As complementary approach, we probed 
the membrane topology of cell-free produced 
ATP8B1 using the membrane impermeable 
cysteine-modifying reagent methoxy-
polyethylene glycol-5000 maleimide (mPEG). 
All cysteine residues in the native protein reside 
in the cytosolic N-terminus and in two cytosolic 
loops connecting membrane span #2 with #3 and 
#4 with #5, which harbor the phosphorylation 
and ATP hydrolyzing domains of the ATPase 
(Fig. 6A). The only exception is a cysteine 
residue located in the cytosolic half of membrane 
span #10. Following incubation with increasing 
amounts of mPEG, proteoliposome-associated 
ATP8B1 displayed a progressive mobility shift 
in SDS-PAGE that affected the bulk of the 
protein (Fig. 6C). From this we conclude that the 
cysteine residues in ATP8B1 are primarily 
exposed on the outer surface of proteoliposomes. 
Thus, it appears that the active site of a 
considerable portion of proteoliposome-
associated ATP8B1 proteins would be accessible 
to externally added ATP.  
 We next used mPEG to probe the 
membrane topology of cell-free produced 
CDC50A. This protein contains seven cysteine 
residues in total. Six of these are located in the 
CDC50A ectodomain while the seventh cysteine 
residue (Cys17) resides in the N-terminal 
cytosolic tail. Upon incubation with increasing 
amounts of mPEG, proteoliposome-associated 
CDC50A was predominantly converted to a 
singly tagged mobility-shifted mPEG adduct. 
This conversion was strongly reduced upon 
substitution of Cys17 to Ala (Fig. 6D), 
suggesting that the N-terminus of cell-free 
produced CDC50A is exposed on the outer 
surface of proteoliposomes. Both singly and  

 
Figure 7. ATPase activity of proteoliposomes 
containing wild-type or enzyme-dead ATP8B1.  
(A) Proteoliposomes containing HA3-tagged wild-
type (ATP8B1) or enzyme-dead ATP8B1 
(ATP8B1D454N) expressed alone or in combination 
with V5-tagged CDC50A were isolated as in Figure 
4. After normalization for their content of cell-free 
produced P4-ATPase, proteoliposomes were analyzed 
for vanadate-sensitive ATPase activity as described in 
Experimental Procedures. Data shown are means ± 
range (error bars) of two independent experiments.  
(B) A dilution series of proteoliposomes used for the 
ATPase assay in (A) was subjected to immunoblot 
analysis using anti-HA and anti-V5 antibodies.  
 
doubly tagged mobility-shifted mPEG adducts of 
CDC50AC17A were formed when  
proteoliposomes were preincubated with SDS 
and urea prior to mPEG labeling. mPEG labeling 
was completely abolished in the presence of β-
mercaptoethanol (Fig. 6D). These results suggest 
that the ectodomain of cell-free produced 
CDC50A is mainly facing the internal surface of 
proteoliposomes.  
 
ATPase activity of ATP8B1/CDC50A-
containing proteoliposomes – The protease 
protection and mPEG labeling studies suggested 
that a significant portion of cell-free produced 
ATP8B1 and CDC50A proteins has a membrane 
topology that would suit a meaningful functional 
analysis. To investigate whether ATP8B1 
produced on its own or in combination with 
CDC50A yields a functional ATPase, we next 
analyzed the proteoliposomes for ATP-
hydrolyzing activity in the presence or absence 
of orthovanadate (VO4), a potent P-type ATPase 
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inhibitor. In addition, a catalytically dead 
ATP8B1 mutant, ATP8B1D454N, serves as control 
for any unrelated ATPase activity. As shown in 
Fig 7A, proteoliposomes containing ATP8B1 or 
ATP8B1 in combination with CDC50A were 
devoid of any significant VO4-sensitive ATPase 
activity. However, it should be noted that the 
yield of cell-free translated ATP8B1 used in 
these experiments was relatively low (Fig. 7B), 
presumably due to a change in the batch of 
plasmid used for in vitro transcription reaction. 
Curiously, proteoliposomes containing enzyme-
dead ATP8B1D454N displayed significant VO4-
sensitive ATPase activity irrespective of its co-
expression with CDC50A. As introduction of the 
D454N mutation renders ATP8B1 inactive (20), 
the observed ATPase activity cannot be due to 
expression of the mutant and rather originates 
from the wheat-germ extract. Indeed, the extract 
turns out to be a source of different ATPase 
activities, including those that are sensitive to 
azide and bafilomycin (data not shown). Further 
purification of proteoliposomes may therefore be 
necessary for a more reliable analysis of 
ATP8B1-associated ATPase activity. 
 
Flippase activity of ATP8B1/CDC50A-
containing proteoliposomes – To investigate 
whether cell-free translated ATP8B1 alone or in 
combination with CDC50A is capable of 
catalyzing phospholipid transport, we next 
analyzed proteoliposomes for the presence of 
flippase activity. To this end, liposomes used for 
cell-free translation reactions were supplemented 
with 1 mol% of short-chain fluorescent NBD-
labeled phosphatidylserine (NBD-PS), a putative 
substrate of the ATP8B1-dependent flippase 
machinery in mammalian cells (Paulusma et al., 
2008). The principle of measuring ATP8B1-
catalyzed transport of NBD-PS relies on 
chemical modification of the NBD-moiety in the 
outer leaflet of proteoliposomes with an excess 
of the membrane impermeable reagent dithionite 
(26). The fluorescent NBD-groups in the outer 
leaflet are reduced by dithionite to yield the non-
fluorescent ABD groups. This is possible 
because the NBD-moiety, being rather 
hydrophilic, bends back to the membrane water 
interface. Subsequently, excess of dithionite is 
removed by dialysis. This will yield 
asymmetrically labeled vesicles, which are 
subsequently incubated with ATP for a particular 
time to allow ATPase-catalyzed translocation of 
fluorescent lipid from the inner to the outer 
leaflet. The amount of NBD-lipid available for 
dithionite reduction corresponds to the amount of  

 
Figure 8. Schematic outline of the dithionite-based 
flippase assay. 
(A) Flow diagram indicating the various steps 
involved in the dithionite-based flippase assay. Empty 
liposomes or proteoliposomes containing cell-free 
translated wild-type or enzyme-dead flippases 
containing 1 mol% of 7-nitro-2,1,3-benzoxadiazole-
phosphatidylserine (NBD-PS) are incubated with 
dithionite (DT) to irreversibly quench the NBD-
moieties of the fluorescent NBD-PS molecules in the 
outer leaflet. After removal of excess DT by 
overnight dialysis at 4°C, the asymmetrically labeled 
(proteo)liposomes are incubated with ATP for 120 
min at room temperature to allow flippase-mediated 
translocation of NBD-PS to the outer leaflet. The 
latter process can be monitored by measuring the drop 
in fluorescence upon addition of DT. as schematically 
outlined in (B). 
(B) Schematic representation of anticipated on-line 
fluorescence measurements when asymmetrically 
(NBD-PS) labeled liposomes or proteoliposomes 
containing active or enzyme-dead flippases are 
quenched with dithionite. See text for further details. 
 
lipid that was flipped to the outer leaflet. A 
schematic outline of the assay is presented in 
Figure 8. 
  To be able to monitor ATP8B1-
catalyzed NBD-PS transport using the dithionite 
quenching assay, unilamellar liposomes are 
required which contain the NBD-lipid in the 
inner leaflet only and which are impermeable to 
this reagent. Figure 9A shows the reduction by 
dithionite of the fluorescence of NBD-PS, 
initially present in both leaflets of the liposomes, 
to levels of approximately 45% of the initial 
value after a 3-min incubation with the reagent. 
As the liposomes used have a diameter of ~100 
nm, this result indicates that they are unilamellar  
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Figure 9. Flippase activity of proteoliposomes 
containing wild-type or enzyme-dead ATP8B1. 
(A) On-line fluorescence measurements of the 
dithionite reduction of NBD-PS present in both 
leaflets of empty liposomes after incubation for 0 or 
120 min at room temperature in the presence of ATP. 
(B) On-line fluorescence measurement of the 
dithionite reduction of NBD-PS in asymmetrically 
labeled empty liposomes (fluorescent NBD-PS 
initially only in inner leaflet) after incubation for 120 
min at room temperature in the presence of ATP. 
(C) On-line fluorescence measurement of the 
dithionite reduction of NBD-PS in asymmetrically 
labeled proteoliposomes containing cell-free 
produced wild-type (ATP8B1) or enzyme-dead 
ATP8B1 (ATP8B1D454N) with or without the 
CDC50A subunit after incubation for 120 min at 
room temperature in the presence of ATP. On-line 
fluorescence measurement of the dithionite reduction 
of NBD-PS in asymmetrically labeled liposomes from 
wheat germ-based translation reactions with empty 
vector transcripts served as control (EV).  
 
and essentially impermeable to dithionite. When 
the liposomes were dialysed to remove excess of 
dithionite and then pre-incubated for 120 min at  
room temperature, dithionite treatment caused 
only a minor (about 10%) reduction in 
fluorescence levels (Fig. 9B). This result 
indicates that the rate of spontaneous flip-flop in 

liposomes is very slow, in agreement with 
previous findings (27).  
 When NBD-PS supplemented, ATP8B1-
containing proteoliposomes were prequenched 
with dithionite, dialysed, and then incubated with 
Mg2+-ATP for 120 min, addition of dithionite 
caused a ~45% reduction in fluorescence levels 
(Fig. 9C). This indicates that nearly half of the 
luminal NBD-PS moved to the outer leaflet over 
the 120 min incubation period. A similar 
dithionite-induced reduction in fluorescence 
levels was found with proteoliposomes 
containing the enzyme-dead ATP8B1D454N 
mutant, indicating that the observed NBD-PS 
redistribution was independent of ATP8B1 
catalytic activity. Curiously, in liposomes 
derived from a translation reaction in which 
ATP8B1 mRNA was omitted, about 50% of the 
luminal NBD-PS redistributed to the outer leaflet 
during the 120 min incubation period (Fig. 9C, 
EV). These results suggest that proteins derived 
from wheat germ extract rather than cell-free 
translated ATPases influence the transbilayer 
movement of NBD-PS in proteoliposomes. The 
principle by which this occurs remains to be 
established. 
 
DISCUSSION 
 
P4-ATPases form heterodimeric complexes with 
Cdc50 subunits and catalyze phospholipid 
transport across cellular membranes. Addressing 
the role of the accessory Cdc50 polypeptide in 
this process is complicated by the fact that stable 
expression of P4-ATPases in cells relies on the 
presence of their Cdc50 binding partners. Here, 
we set out to circumvent this problem by using a 
liposome-assisted cell-free system for the 
production of P4-ATPases independently of the 
Cdc50 subunits. This allowed us to express 
diverse P4-ATPases on their own or in 
combination with their Cdc50 binding partners. 
A preliminary biochemical analysis revealed that 
the bulk of cell-free produced P4-ATPases is 
incorporated into pure lipid vesicles with their 
active site exposed on the external surface of the 
vesicles. We also found evidence that P4-
ATPases and Cdc50 proteins are embedded into 
the same subset of vesicles. These findings 
satisfy the first prerequisites for a meaningful 
molecular dissection of cell-free produced 
heterodimeric phospholipid pumps.   
 Our study demonstrates that the wheat 
germ extract-based expression system is 
amenable to cell-free production of full-length 
P4-ATPases and Cdc50 proteins from 
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evolutionary divergent species, i.e. human and 
yeast (Fig. 2). We did not find any indication 
that expression of the P4-ATPase in the wheat 
germ extract was in any way dependent on co-
expression of its Cdc50 subunit, hence contrary 
to the situation in vivo (18-21). However, the 
yield of P4-ATPase produced was drastically 
reduced in co-expression experiments where 
equal amounts of P4-ATPase and Cdc50 
transcripts were added to the wheat germ extract 
(data not shown). To compensate for the 
competitive effect of the relative short 
polypeptide-encoding Cdc50 transcripts during 
translation of the much longer P4-ATPase-
encoding transcript, co-expression experiments 
were performed with Cdc50 and P4-ATPase 
transcripts added at a molar ratio of ~1:10 
respectively. 
 Several lines of evidence indicate that 
cell-free produced P4-ATPases and Cdc50 
subunits are incorporated into the lipid bilayer of 
externally added liposomes. First, both 
transporter and subunit migrate to the top of a 
density gradient when produced in the presence 
of liposomes whereas proteins produced in their 
absence do not (Fig. 3). In contrast, cytosolic 
enzymes translated in the presence of liposomes 
do not show this flotation behavior (M. 
Nordmann and J. Holthuis, unpublished 
observations). Second, the co-migration of 
Cdc50 subunit and P4-ATPase with liposomes is 
not affected by the presence of 0.4 M KCl (Fig. 
S1; data not shown), ruling out that association 
of these proteins with liposomes is merely due to 
electrostatic interactions with surface-exposed 
phospholipids. Third, probing the membrane 
topologies of cell-free produced transporter and 
subunit with a membrane impermeable protease 
or cysteine-modifying reagent indicated that 
discrete subdomains of these proteins face the 
internal surface of the liposomes, indicating that 
the corresponding polypeptides crossed the lipid 
bilayer at least once. Thus, treatment of 
proteoliposome-associated CDC50A with mPEG 
revealed that the cysteine residue in the N-
terminal hydrophobic tail of the protein readily 
reacted with this cysteine-modifying reagent 
whereas cysteine residues in the large 
ectodomain were largely protected from 
modification, consistent with the subunit’s 
ectodomain being situated in the vesicle lumen 
(Fig. 6D). mPEG treatment and protease 
protection experiments on the proteoliposome-
associated transporter ATP8B1 suggested a 
membrane topology whereby the C-terminus and 
active site of the protein is predominantly 

exposed on the outer surface of the vesicles (Fig. 
6B,C).   
 How cell-free produced P4-ATPase 
transporters and Cdc50 subunits undergo 
incorporation into a lipid bilayer in the absence 
of any membrane-embedded translocation 
machinery is unclear. Our finding that only a 
minor fraction of the externally added liposomes 
contains the bulk of cell-free produced protein 
indicates that membrane insertion does not 
involve a stochastic process (Fig. 4). It is 
conceivable that liposomes containing freshly 
inserted protein serve as better recipients of 
newly synthesized membrane proteins than 
protein-free liposomes. This may explain why 
cell-free produced P4-ATPases and Cdc50 
subunits predominantly end up in the same 
subset of vesicles (Fig. 5). Our previous work 
suggests that insertion of wheat germ-produced 
sphingomyelin synthases into protein-free 
bilayers can occur via a post-translational 
mechanism (Chapter 3), analogous to what has 
been described for the polytopic membrane 
protein DesK (28). Whether P4-ATPases and 
Cdc50 subunits undergo co- or post-translational 
insertion into the lipid bilayer remains to be 
established. Another issue that needs to be 
addressed is whether the cell-free produced 
transporters and subunits are able to form a 
complex, and if so, whether complex formation 
occurs prior or after membrane insertion.   
 Functional characterization of ATP8B1 
and ATP8B1/CDC50A-containing 
proteoliposomes did not yield any clue for P4-
ATPase-mediated catalytic activity. While 
ATPase assays occasionally revealed the 
presence of an orthovanadate-sensitive ATP 
hydrolyzing activity, experiments performed 
with enzyme-dead ATP8B1 mutant ruled out that 
this activity was due to cell-free expressed P4-
ATPase (Fig. 7). A preliminary study did not 
provide any evidence for the ability of cell-free 
expressed ATP8B1 to undergo orthovanadate-
sensitive phosphorylation from ATP (Panatala, 
Holthuis and Lenoir, unpublished). However, it 
should be noted that the amount of ATP8B1 used 
in these assays might have been too low (Fig. 
7B). Consequently, whether wheat germ-
produced P4-ATPases are catalytically active 
remains to be established. This will require an 
improvement in the yield of cell-free expressed 
protein. One critical step in the wheat germ-
based expression system is the preparation of 
high quality template DNA. For instance, 
inadequate proteinase K treatment of template 
DNA to destroy externally added RNase will 
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have an immediate impact on the yield of cell-
free produced protein.  
 The analysis of ATP8B1 and 
ATP8B1/CDC50A-containing proteoliposomes 
for flippase activity led to the unexpected finding 
that wheat germ extract may contain one or more 
proteins capable of accelerating the transbilayer 
movement of phospholipids. Silver staining of 
density gradient fractions provided evidence that 
some wheat germ proteins bind to liposomes 
(e.g. Fig. 3B). It is feasible that some of these 
proteins facilitate flip-flop by perturbing the 
phospholipid packing in the outer leaflet of 
proteoliposomes. This process might mask any 
P4-ATPase-catalyzed phospholipid transport. A 
potential strategy to reduce flip-flop mediated by 
wheat germ proteins is to increase the lipid 
packing density in liposomes through the 
addition of sterols.  

 In sum, we established a liposome-
coupled cell-free expression system for the 
production of P4-ATPases and Cdc50 subunits as 

novel approach to address the inner workings of 
heterodimeric phospholipid pumps. Our data 
demonstrate the feasibility of this system for 
creating proteoliposomes that contain P4-
ATPases with or without their Cdc50 binding 
partner, bypassing the time-consuming and 
technically demanding steps in commonly used 
membrane protein production and reconstitution 
strategies. Further experiments are needed to 
determine the catalytic properties of cell-free 
produced P4-ATPases and P4-ATPase/Cdc50 
subunit complexes. 
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Supplementary Figure 1 
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Supplementary Figure 1. A high salt-wash does not dissociate cell-free produced CDC50A 
from the liposomal membrane. 
CDC50A-V5 transcripts were translated in the presence of liposomes and then subjected to 
density gradient centrifugation in the absence of presence of 0.4 M KCl, as indicated. Gradient 
fractions were analyzed by immunoblotting using anti-V5 antibody. 
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Supplementary Figure 2 
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Supplementary Figure 2. Density gradient fractionation profiles of wild-type or enzyme-dead 
ATP8B1 produced in wheat germ extract in combination with CDC50A. 
Proteoliposome floatation profiles of the proteins used in the flippase assay. Proteoliposomes of 
fraction three were normalized for their ATP8B1 content before use in the flippase assay. 
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Supplementary Information 1 
 

 
 

Supplementary Information 
Calculation of molar ratios of liposomes to P4-ATPases and the molar ratios of liposomes to Cdc50 
proteins. The indicated values are typical yields of protein obtained by cell-free translation of P4-
ATPases and Cdc50 transcripts in wheat germ extract by dialysis mode. 

Panatala et al., 
Supplementary Information 1 

Determination of molar ratios of protein to lipid and liposome particles 
 
 
Given: 
Diameter of unilamellar liposomes prepared in this study    =  100 nm 
Total surface area of the liposome       =  4π[r+(r-h)]2

          =  56834 nm2 
Area occupied per phospholipid       =  0.71 nm2 

Number of lipids per liposome        =  80000 
 
 
Concentrations used in a cell-free translation reaction: 
Concentration of lipids         =  2 mM 
Vesicle particle concentration        =  25 nM 
 
 
 
ATP8B1  Concentration of ~2 ng/µl, predicted molecular weight of 150 kDa 

  Molar concentration of ~13nM 
  Molar ratio, protein to lipid = 13.00E10-06  =  6.50E10-06:1 

          2 
  Molar ratio, protein to liposome = 13  =  0.52:1 
         25 
  Note: Calculating the same ratio for fraction 3 in Figure 4A, which has 10% of the total liposome-
  fluorescence, yields around five ATP8B1 protein molecules per liposome. 

 
 
 
CDC50A  Concentration of ~25 ng/µl, predicted molecular weight of 40 kDa 

  Molar concentration of ~600nM 
  Molar ratio, protein to lipid = 600.00E10-06  =  30.00E10-05:1 

          2 
  Molar ratio, protein to liposome = 600  =  24:1 
          25 

_________________________________________________________________________________________ 
 
Reference:  Burke L.I., et al. Journal of Lipid Research, Volume 14, 1973. 
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Cdc50 proteins: vital components of the P4-
ATPase flippase machinery? 
 
Type 4 P-type ATPases (P4-ATPases) catalyze 
phospholipid transport to create lipid asymmetry 
across membranes of late secretory and 
endocytic compartments (Chapter 1). P4-
ATPases evolved from an ancient family of 
cation pumps, the P-type ATPase superfamily, 
which includes Ca2+-ATPases, Na+/K+-ATPases, 
H+-ATPases and various heavy-metal 
transporters (1, 2). Crystal structures and detailed 
functional analyses of different cation-
transporting P-type ATPases revealed a transport 
mechanism that appears to be conserved 
throughout the family (2, 3). A key challenge is 
to understand how this mechanism is adapted by 
P4-ATPases to flip bulky phospholipids. 
Notably, phospholipids are ~10-fold larger than 
the ligands of cation-transporting P-type 
ATPases and have to reorient during their 
translocation. This enigma has been referred to 
as the “giant substrate problem” (4). Site-
directed mutagenesis identified several residues 
involved in phospholipid recognition that lie 
outside of the canonical ligand-binding pocket, 
suggesting that P4-ATPases utilize a 
translocation pathway that is unique among P-
type ATPases (5, 6). However, recent work 
indicated that conserved hydrophobic residues, 
which replace the negatively charged residues in 
the ligand-binding pocket of Ca2+-ATPases and 
Na+/K+-ATPases, play a direct and essential role 
in P4-ATPase-catalyzed phospholipid transport 
(7). Whether P4-ATPases are able to meet all 
structural demands imposed by phospholipid 
translocation remains to be established (Chapter 
1).  

P4-ATPases form heterodimeric 
complexes with Cdc50 proteins. The primary 
role of these accessory polypeptides is not 
known. Formation of P4-ATPase!Cdc50 
complexes is required for stable expression and 
ER export of either partner (8, 9). Studies 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 (10-12). 
Moreover, in vivo interaction assays indicated 
that the binding affinity between subunit and 
transporter fluctuates during the transport 
reaction cycle, with the strongest interaction 
occurring at a point where the transporter is 
loaded with phospholipid ligand (10). 
Collectively, these results suggested that Cdc50 
subunits are vital components of the P4-ATPase 
transport machinery, and that acquisition of these 
accessory proteins may have been a crucial step 
in the evolution of flippases from an ancient 
family of cation pumps.  

In this thesis, we used two 
complementary approaches to elucidate the role 
of Cdc50 subunits in P4-ATPase-catalyzed 
phospholipid transport and gain further insight 
into the inner workings of heterodimeric 
flippases. As first approach, we set out to 
identify structural determinants that govern 
functional interactions between subunit and 
transporter in yeast. To this end, we took 
advantage of separate assays for binding and 
activity, allowing a molecular dissection of the 
relationship between Cdc50 binding and P4-
ATPase-catalyzed phospholipid transport. As a 
complementary approach, we established a 
liposome-coupled, cell-free expression system to 
allow the production and functional analysis of 
P4-ATPases independently of their Cdc50 
binding partner. Below follows a general 
discussion of our major findings and the 
presentation of a new model on the inner 
workings of ATP-fuelled flippases.   
 
The Cdc50 ectodomain is a critical 
determinant of P4-ATPase function 
 
Previous work suggested that Cdc50 subunits are 
critical components of the P4-ATPase flippase 
machinery (10-12). To define the structural 
determinants that govern the dynamic 
association between subunit and transporter, we 
took advantage of the split ubiquitin assay as in 
vivo protein-protein interaction system (13). To 
map the parts of the subunit that interact with the 
transporter, we initially subjected the subunit to 
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random mutagenesis. Mutations disrupting 
Cdc50!P4-ATPase interactions were often found 
in highly conserved residues. Moreover, they 
were scattered throughout the subunit, occurring 
in all topologically distinct domains (i.e. 
cytoplasmic tails, transmembrane helices and 
ectodomain). The latter finding indicated that the 
subunit interacts with the transporter over a large 
surface rather than at a discrete binding domain 
(Chapter 2). We next performed Cdc50 domain 
swapping experiments to investigate whether any 
one domain of the subunit controls specificity to 
P4-ATPase binding. Swapping the large 
ectodomain among subunits caused a complete 
switch in P4-ATPase binding partner. This 
provided compelling evidence that the Cdc50 
ectodomain harbors key determinant(s) of P4-
ATPase binding specificity. Remarkably, 
exchanging parts of the ectodomain yielded 
chimeras that either lost the ability to bind any 
P4-ATPase or failed to discriminate between 
different P4-ATPases (Chapter 2). Within the 
latter category were chimeras that retained the 
ability to bind P4-ATPases in a transport reaction 
cycle dependent manner but nevertheless were 
unable to render P4-ATPases transport 
competent. Strikingly, swapping back either the 
N- or C-terminal membrane span and cytosolic 
tail proved sufficient to restore functionality. 
Together, these findings indicated that 
functionality in Cdc50!P4-ATPase interactions 
relies on cooperativity among topologically 
distinct domains in the Cdc50 subunit. 
 
Cdc50 disulfide bridge formation directly 
affects P4-ATPase-catalyzed lipid transport 
 
Site-directed mutagenesis revealed that the 
Cdc50 ectodomain contains two highly 
conserved disulfide bridges (Chapter 2). As 
disulfide bridges generally serve to stabilize a 
structural fold (14), we investigated whether 
their formation in the Cdc50 ectodomain is 
relevant for P4-ATPase binding and function. 
Our analysis of subunits in which the two highly 
conserved disulfide bridges were disrupted by 
site-directed mutagenesis had two surprising 
outcomes. First, it uncovered an inverse 
relationship between subunit binding and P4-
ATPase-catalyzed phospholipid transport. Thus, 
breaking the N-terminal disulfide bridge led to a 
dramatic reduction in the affinity of the subunit 
for its cognitive P4-ATPase binding partner 
while having only a mild effect on P4-ATPase 
flippase activity. In contrast, breaking the C-
terminal disulfide bridge had a much smaller 
effect on P4-ATPase affinity but caused a 

substantial reduction in P4-ATPase flippase 
activity. These observations indicate that binding 
per se is not the key contribution that Cdc50 
subunits make to P4-ATPase function. Rather, it 
appears that P4-ATPase-catalyzed lipid transport 
critically relies on a dynamic association 
between subunit and transporter. These results 
complement previous work indicating that the 
affinity of Cdc50 subunits for P4-ATPases is not 
static but it fluctuates during the ATPase 
transport reaction cycle, with the strongest 
interaction occurring at a point where the 
transporter is loaded with phospholipid ligand 
(10).  

The other curious outcome was our 
finding that elimination of the first cysteine 
residue (Cys1) in the C-terminal disulfide pair of 
the Cdc50 ectodomain caused a greater reduction 
in P4-ATPase function than elimination of either 
the second (Cys2) or both residues (Cys1 and 
Cys2). Importantly, the latter control 
demonstrates that the impaired P4-ATPase 
function is not the result of an altered structural 
fold caused by disruption of the C-terminal 
disulfide bridge. Instead, it appears that the 
additional inhibition is a consequence of the 
generation of a free sulfhydryl group at the 
second position. Intriguingly, the second 
cysteine in the C-terminal disulfide bond (Cys2) 
forms part of a 13-residue-long sequence motif 
(PCGLIANSMFNDT) that is nearly perfectly 
conserved among Cdc50 subunits from 
mammals to yeast (Figure 1A). Even though 
Cdc50 subunits do not seem to directly 
contribute to the substrate specificity of P4-
ATPases (15), their preferential interaction with 
the E2P state of the ATPase suggests that they 
may serve a role in loading the complex with 
phospholipid ligand. Thus, one possible 
explanation for the inhibitory effect of a free 
sulfhydryl at the second position in the 
conserved 13-residue sequence motif is that 
generation of a hydrogen bond donor at this 
location might prevent the phospholipid 
substrate in the exoplasmic leaflet from 
becoming properly loaded in the transporter, 
interfering with its efficient translocation to the 
cytoplasmic leaflet (Figure 1B). 

Our findings provide further support for 
a direct and critical role of Cdc50 subunits in P4-
ATPase-catalyzed phospholipid transport. They 
also extend a remarkable analogy between 
Cdc50 subunits and the β-subunit in oligomeric 
P2C-type or Na+/K+-ATPases. Besides its 
chaperone function, it has been well established 
that the β-subunit also contributes to the intrinsic 
transport properties of the Na+/K+-ATPases (16). 
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Transport of K+ ions by the Na+/K+-ATPases 
corresponds to P4-ATPase-catalyzed 
phospholipid transport, as the direction of K+ 
translocation is from the exoplasmic to the 
cytosolic leaflet. Notably, reduction of the 
disulfide bridges in the ectodomain of the β-
subunit by DTT caused a drop in K+-affinity and 
impaired the enzymatic activity of the pump (17, 
18). This phenomenon was prevented in the 
presence of K+ ions, suggesting that the β-
subunit helps stabilize the K+ occluded state of 
the pump. A crystal structure of the 
heterodimeric Na+/K+-ATPase complex in the 

K+-occluded E2P state revealed that the β-
subunit is not directly involved in binding or 
occlusion of extracellular K+ ions (19). Instead, it 
appears that the β-subunit helps promote the 
formation of a K+-binding cavity that is absent in 
other cation-transporting P-type ATPases that 
translocate no exoplasmic substrate or 
extracellular protons. It is tempting to speculate 
that, in analogy to the β-subunit, Cdc50 subunits 
induce a rearrangement of the membrane spans 
of P4-ATPases to promote formation of a 
sizeable phospholipid-binding site. 
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Figure 1. Model highlighting why an intact disulfide-bridge in the Cdc50 ectodomain is critical for P4-
ATPase-catalyzed lipid transport.  
(A) Schematic outline of a Cdc50 protein, which comprises two membrane spans connected by a bulky 
ectodomain. The positions of a conserved, disulfide bridge-forming cysteine pair and 13-residue long 
sequence motif are shown.  
(B) Sequence alignment of Cdc50 protein family members. Only the region around the conserved, disulfide 
bridge-forming cysteine pair in the ectodomain of yeast Lem3, Cdc50, and Crf1 and human CDC50A, 
CDC50B and CDC50C is shown. Highly conserved residues are shaded in black. 
(C) Breaking the disulfide bridge between two conserved cysteine residues in the Cdc50 ectodomain perturbs 
P4-ATPase-catalyzed lipid transport. This deleterious effect is suppressed by substituting the 2nd cysteine 
(Cys2) for an alanine while substituting the 1st cysteine (Cys1) has no impact (Chapter 2). This implies that a 
change in the chemical composition of the conserved 13-residue sequence motif, i.e. the appearance of a free 
sulfhydryl and hydrogen bond donor at the 2nd position, rather than an altered conformation of the Cdc50 
ectodomain is primarily responsible for the deleterious effect. The model also explains why depletion of 
extracellular protein disulfide isomerase (PDI) reduces the rate of PS internalization in endothelial cells (20). 
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Furthermore, our results offer a 
molecular basis for the observation that an 
antibody to extracellular protein-disulfide 
isomerase (PDI) interferes with an efficient non-
endocytic uptake of phosphatidylserine in 
endothelial cells whereas external addition of 
PDI stimulates uptake (20). This implies that 
PDI is required for maintaining an active 
aminophospholipid translocase at the cell 
surface. The membrane topology of P4-ATPases 
and their Cdc50 binding partners indicates that 
the Cdc50 ectodomain is the sole cysteine-
containing region in the complex accessible to 
extracellular PDI. Demonstration that a PDI-
mediated preservation of the highly conserved C-
terminal disulfide bridge in the Cdc50 
ectodomain is critical for sustaining P4-ATPase-
catalyzed phospholipid transport would provide 
direct evidence for the concept that Cdc50 
subunits are vital parts of the P4-ATPase flippase 
machinery. 
 
Molecular dissection of P4-ATPase-dependent 
flippases using a cell-free expression system 
 
Assembly of P4-ATPases and Cdc50 subunits 
into a heterodimeric complex in the endoplasmic 
reticulum is a prerequisite for the functional 
maturation of the P4-ATPase flippase machinery 
(8, 10, 11, 21-23). Consequently, determining 
the precise role of Cdc50 subunits in P4-ATPase-
catalyzed phospholipid transport is hampered by 
the fact that removal of one subunit from cells 
will mark its cognitive P4-ATPase binding 
partner for degradation. To circumvent this 
problem, we employed a liposome-assisted cell-
free expression system (24, 25). In this system, 
mRNA of the protein of interest is synthesized 
by in vitro transcription and then used for cell-
free translation in a wheat germ extract. To 
explore the suitability of this system for 
production of functional polytopic membrane 
proteins, we first analyzed the enzymatic 
properties of cell-free produced human 
sphingomyelin synthase SMS2. For SMS2 to 
become catalytically active, the protein must fold 
into a conformation whereby active site residues 
located in two distinct exoplasmic loops can 
form a functional catalytic triad (26). In line with 
previously established characteristics of the 
native enzyme (27), we found that SMS2 
expressed in wheat germ extract retains dual 
activity as sphingomyelin (SM) and ceramide 
phosphoethanolamine (CPE) synthase (Chapter 
3). While it remains to be established what 
percentage of the enzyme is catalytically active, 
we determined that the overall specific activity 

of cell-free produced SMS2 was approximately 
10-fold lower than that of SMS2 expressed in 
yeast (Kol and Holthuis, unpublished data). 
Moreover, we found that SMS2 preferentially 
synthesizes SM over CPE regardless of whether 
the enzyme was expressed in human cells (27, 
28), yeast (26, 27) or wheat germ extract. This 
imbalance in SM and CPE production is likely 
due to an intrinsic property of the enzyme rather 
than a limited supply of lipid substrate as the 
synthetic liposomes added to the cell-free 
translation reaction contained equal amounts of 
the head group donors phosphatidylcholine and 
phosphatidylethanolamine. Our studies with 
SMS2 as model polytopic membrane protein 
indicated that application of the wheat germ-
based cell-free expression system might provide 
a suitable approach to dissect the inner workings 
of P4-ATPase-dependent flippases. 
 
Characterization of cell-free expressed P4-
ATPases and Cdc50 proteins 
 
Cell-free translation of P4-ATPase or Cdc50 
mRNA in wheat germ extract in the presence of 
liposomes in each case yielded a protein of the 
expected size (Chapter 4). Stable expression of 
P4-ATPases did not require co-expression of 
their cognitive Cdc50 subunits or vice versa, 
regardless of whether translation was carried out 
with transcripts encoding human (ATP8A1, 
ATP8B1, CDC50A) or yeast proteins (Drs2p, 
Cdc50p). Levels of cell-free produced protein 
ranged from 2 to 12 µg/ml translation reaction 
for P4-ATPases and up to 25 µg/ml for Cdc50 
subunits. These amounts are 10- to 20-fold 
below those reported for some other cell-free 
produced polytopic membrane proteins (24, 25), 
indicating that there is room for optimizing in 
vitro transcription and/or translation reaction 
conditions (e.g. quality of template DNA, 
reaction times, temperatures) to boost yields. 
Nonetheless, our findings indicate that the wheat 
germ-based expression system in principle 
provides an adequate way to circumvent the 
problem that stable expression of individual P4-
ATPases in living cells relies on co-expression 
of their Cdc50 interaction partner, which 
complicates a direct assessment of the role of 
Cdc50 subunits in P4-ATPase-catalyzed 
phospholipid transport.  

Density flotation and membrane 
topology assays indicated that both cell-free 
produced P4-ATPases and Cdc50 subunits are 
incorporated into the lipid bilayer of externally 
added liposomes (Chapter 4). High salt washes 
had no impact on the ability of these proteins to 
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float to the top of a density gradient, indicating 
that their association with liposomes was not 
determined by electrostatic interactions with 
surface-exposed phospholipid head groups. 
Moreover, protease protection assays in 
combination with the application of membrane 
impermeable cysteine-modifying reagents 
provided evidence that most of the liposome-
associated proteins crossed the lipid bilayer at 
least once. The ability of cell-free produced P4-
ATPases and Cdc50 subunits to float in a density 
gradient provided a convenient way to separate 
them from the bulk of wheat germ extract 
proteins. Thus, the approach bypasses the time-
consuming and technically demanding steps that 
are common in conventional membrane protein 
production and reconstitution strategies.  

P4-ATPase-containing proteoliposomes 
that were generated using the liposome-coupled 
cell-free expression system fulfilled two 
important criteria for a meaningful molecular 
dissection of P4-ATPase-catalysed phospholipid 
transport. First, immuno-isolation of 
proteoliposomes formed upon co-translation of 
transcripts for human P4-ATPase ATP8B1 and 
its binding partner CDC50A indicated that the 
cell-free produced transporters and subunits 
predominantly co-populate the same subset of 
vesicles. Second, membrane topology assays 
revealed that the bulk of cell-free produced 
ATP8B1 has its active center exposed on the 
outer surface of the vesicles, hence readily 
accessible to externally added ATP. The 
CDC50A subunit, on the other hand, seemed to 
have its ectodomain mainly situated into the 
vesicular lumen. These arrangements mimic 
those found for P4-ATPases and Cdc50 subunits 
in native biological membranes. Moreover, co-
immunoprecipitation analysis in the presence of 
detergent suggested that cell-free produced 
ATP8B1 and CDC50A are able to form a 
complex (Panatala and Holthuis, unpublished 
data). However, whether complex formation 
occurs prior to or after incorporation of the cell-
free produced proteins in the liposomal bilayer 
remains to be established (see also below).   

Unfortunately, a preliminary functional 
analysis of liposome-associated ATP8B1 did not 
provide any indication that this enzyme was able 
to mediate ATP hydrolysis (Chapter 4) or 
undergo orthovanadate-sensitive phosphorylation 
from ATP (Panatala, Holthuis and Lenoir, 
unpublished). This was independent of whether 
or not ATP8B1 was co-expressed with its 
subunit, CDC50A. However, since these studies 
were performed with a relative low concentration 
of enzyme (10 times lower than Drs2p/Cdc50p 

that was expressed in yeast), we cannot draw any 
definitive conclusion on whether or not cell-free 
produced ATP8B1 is catalytically active. We 
also cannot rule out the possibility that the 
ectodomain of cell-free produced CDC50A fails 
to adopt the conformation required to support 
ATP8B1-catalysed phospholipid transport. 
While formation of disulfide bridges in the 
ectodomain of Cdc50 subunits does not seem to 
be essential for P4-ATPase-catalysed 
phospholipid transport per se, we found that the 
presence of a free sulfhydryl group in the highly 
conserved 13-residue-long sequence motif 
(PCGLIANSMFNDT) is detrimental for this 
process (Chapter 2; Figure 1). Therefore, an 
important consideration for any future functional 
analysis of cell-free produced P4-ATPase!Cdc50 
complexes would be to include Cdc50 mutants in 
which the cysteine residue of this sequence motif 
is substituted for an alanine.  

Our analysis of ATP8B1-containing 
proteoliposomes for flippase activity suggests 
that wheat germ extract contains one or more 
proteins capable of accelerating the transbilayer 
movement of phospholipids. While additional 
experiments are needed to verify this concept, it 
is conceivable that these proteins facilitate flip-
flop by perturbing the phospholipid packing in 
the outer leaflet of proteoliposomes following 
their adsorption to the vesicle surface. A 
potential approach to render phospholipid 
transport in proteoliposomes strictly dependent 
on the presence of P4-ATPases would be to 
increase the phospholipid packing density by 
including sterols (29). Alternatively, wheat germ 
proteins bound to the vesicles may be removed 
by subjecting proteoliposomes to a high-salt 
wash. Finally, performing flippase activity 
assays on immuno-isolated P4-ATPase-
containing proteoliposomes may also help to 
reduce any undesired background noise.  
 
Incorporation of cell-free produced 
membrane proteins into synthetic lipid 
bilayers 
 
An intriguing open question is how cell-free 
produced polytopic membrane proteins such as 
sphingomyelin synthases, P4-ATPases and 
Cdc50 subunits get incorporated into synthetic 
lipid bilayers without support of the membrane-
embedded protein translocation machinery used 
by cells. The problem of spontaneous insertion 
of membrane proteins into synthetic lipid 
bilayers is two-fold. First, the polar head groups 
of the lipids form a thermodynamic barrier to 
insertion of the non-polar residues in the 
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protein’s membrane spans. Second, due to their 
energetically unfavorable interaction with water, 
membrane spans tend to drive the formation of 
water insoluble protein aggregates. In biogenic 
membranes such as the ER, the first problem is 
overcome by a proteinous translocation channel 
through which a nascent polypeptide enters from 
the ribosome. The polarity of the amino acid 
sequence in the nascent chain inside the channel 
determines whether the sequence is translocated 
across the channel or ejected through a lateral 
gate into the lipid bilayer. Whereas a large 
variety of antibiotic peptides are known to 
spontaneously insert into protein-free lipid 
bilayers (30), polytopic membrane proteins are 
generally thought to require a translocon for 
membrane insertion. Nevertheless, besides the 
cases described in this thesis, there are several 
reports of spontaneous insertion of polytopic 

membrane proteins into synthetic bilayers. For 
example, the archaeal proton pump 
bacteriorhodopsin has been shown to undergo 
unidirectional insertion into liposomes prepared 
from pure DOPC when produced in a coupled in 
vitro transcription/translation system based on E. 
coli cell lysates (31). The membrane embedded 
pump was active with properties identical to 
those established for the native protein. Using a 
similar approach, Martin et al. reported the 
functional in vitro assembly of the integral 
membrane bacterial thermosensor DesK (32). In 
both cases, insertion of the cell-free produced 
protein seemed to occur via a co-translational 
mechanism (Figure 2A). Thus, stabilization and 
activity of bacteriorhodopsin was observed only 
when liposomes were present during the 
translation reaction and not when they were 
added afterwards (31). A co-translational 
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Figure 2. Models depicting translocon-independent translocation of polytopic membrane proteins into a 
lipid bilayer. 
(A) Co-translational incorporation of a polytopic membrane protein into liposomes. According to this model, 
the hydrophobic transmembrane domains of nascent polypeptides are inserted into the lipid bilayer soon after 
they emerge from the ribosome, thereby minimizing the risk of formation of water insoluble protein 
aggregates. Note that this model helps explain the uniform membrane topology observed for cell-free 
expressed polytopic membrane proteins such as the P4-ATPase ATP8B1 and its subunit CDC50A (Chapter 
4).  
(B) Post-translational incorporation of a polytopic membrane protein into liposomes.  
According to this model, cell-free production of the polytopic membrane protein is completed before its 
incorporation into the lipid bilayer. This model is compatible by the observation that addition of liposomes 
before or after cell-free production of sphingomyelin synthase SMS2 in each case yields a similar amount of 
active enzyme (Chapter 3). Chaperones in the wheat germ extract interact with hydrophobic membrane helices 
to avoid their exposure to water, hence keeping the newly synthesized membrane protein soluble and 
translocation competent. Some chaperones (e.g. Get3) serve a dual role by also facilitating the insertion of 
membrane helices into the bilayer. Note that large ectodomains in the polytopic membrane protein may 
influence the directionality of membrane insertion. For further details, see main text. 
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mechanism for membrane insertion would also 
help prevent the hydrophobic membrane spans of 
nascent polypeptides to trigger formation of 
insoluble protein aggregates. However, our 
finding that addition of liposomes before or after 
in vitro translation of SMS2 transcripts in each 
case yields a similar amount of catalytically 
active enzyme (Chapter 3) implies that 
membrane insertion may also occur via a post-
translational mechanism (Figure 2B). In cells, 
many membrane proteins are integrated into 
bilayers post-translationally, rather than co-
translationally. Examples include the nuclear-
encoded membrane proteins of mitochondria and 
chloroplasts as well as C-terminal tail-anchored 
(TA) proteins that are obliged to use a post-
translational mechanism for insertion into the ER 
membrane. These proteins generally rely on 
chaperones to escort them to membranes so that 
they will not aggregate (33, 34).  

Interestingly, most TA proteins utilize 
chaperone-systems rather than translocon 
channels or receptors for membrane integration 
(35, 36). The crystal structure of a TA protein-
specific chaperone, Get3, suggests that it 
partitions into the outer leaflet of the bilayer to 
release the C-terminal tail of its clients into the 
membrane (37). Whether the insertion of 
polytopic membrane proteins such as SMS2, 
ATP8B1 and CDC50A into lipid bilayers is 
facilitated by chaperones present in the wheat 
germ extract remains to be established. Of note 
is that the insertion process appears sensitive to 
membrane curvature (Chapter 3) and occurs in a 
non-stochastic manner (Chapter 4). Thus, we 
found that only a minor fraction of the externally 
added liposomes contains the bulk of in vitro 
translated membrane protein, with an average of 
thirty or more proteins per liposome. A plausible 
explanation for this phenomenon is that 
liposomes containing freshly inserted protein are 
better recipients of newly-synthesized membrane 
proteins than protein-free liposomes. It is 
conceivable that local packing defects in the 
lipid bilayer induced by transmembrane helices 
lower the activation energy required for 
spontaneous insertion of membrane proteins. 
This concept could in principle be tested using 
liposomes that contain synthetic transmembrane 
peptides. Finally, we found evidence that 
ATP8B1 and CDC50A are unidirectionally 
inserted into liposomes (Chapter 4). This has 
been observed for several other cell-free 
produced polytopic membrane proteins as well 
(31, 32, 38) and likely is a consequence of the 
fact that in the liposome-coupled cell-free 
production method the protein biosynthetic 

machinery is added to only one side of the 
synthetic bilayer. This provides another 
important advantage over conventional 
membrane protein production and reconstitution 
methods, where the orientation of the 
reconstituted protein is unpredictable and often 
randomized (39).  
 
Future perspectives 
 
Our main goal of the thesis was to address 
whether P4-ATPases alone are able to meet all 
structural demands imposed by phospholipid 
translocation or, whether they rely on accessory 
Cdc50 polypeptides to mediate this process. One 
approach to tackle this problem was to establish 
a system where stable expression of P4-ATPases 
is independent of Cdc50 proteins unlike the 
situation in vivo. In this thesis, we present a 
successful cell-free expression of one yeast and 
two human P4-ATPases along with their cognate 
Cdc50 binding partners. Using this liposome-
coupled expression system, we succeeded in 
uncoupling the P4-ATPase!Cdc50 complex 
without affecting each of their expression and 
structural folds. Both the proteins were 
incorporated in the liposomal membrane in an 
orientation that mimics their arrangement in 
native biological membranes that allowed us to 
perform relevant functional assays (Chapter 4). 
In Chapter 3, we employed this expression 
system to express and functionally characterize 
human SMS2. 

Apart from the data presented in 
Chapters 3 and 4, this versatile expression 
system could be used to corroborate our work 
described in Chapter 2. For example, utilization 
of Cdc50 cysteine mutants from Chapter 2 in 
cell-free expression system might support our 
hypothesis of the regulation of flippase complex 
by the cysteine residue that is part of a nearly 
perfectly conserved motif in the Cdc50 
ectodomain (Figure 1B). In this regard, in 
Chapter 2 we postulated that the liberated 
sulfhydryl (-SH) group of Cys2 under Cys1Ala 
conditions might stall the phospholipid. Blocking 
this free sulfhydryl group using membrane-
permeable sulfhydryl blocking agents (like 
iodoacetamide) (40) would serve the flippase 
complex to be functional. Secondly, formation of 
the conserved disulfide bonds in Cdc50 
ectodomain using DMSO helps the protein to 
imitate its native state (41). These respective 
reduced and oxidative states of Cdc50 proteins 
could help regulate the P4-ATPase!Cdc50 
complex in vitro. An alternative and attractive 
technique to test the significance of Cdc50 
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cysteine mutants is by creating Cdc50 knockout 
cell line by CRISPR/Cas9 system (42). In Cdc50 
knockout cells, expressing epitope-tagged 
versions of Cdc50 WT or Cys1Ala mutant would 
help understand the molecular mechanism of 
extracellular PDI regulating phosphatidylserine 
flip (20). In a situation, where Cdc50 WT is 
expressed, breaking the disulfide bridges to 
expose Cys2 renders the flippase complex 
inactive. In this scenario, exogenous supply of 
PDI would restore the functionality of the 
flippase complex. In a second situation, where 
Cdc50 Cys1Ala is expressed, the P4-ATPases 
and Cdc50 proteins interact and exit the ER. In 
this case, the flippase complex is already 
nonfunctional because of the exposed Cys2. 
Hence, any effect of exogenous PDI is lost 
retaining the flippase complex nonfunctional. 

Together with our data presented in 
Chapter 4, these promising experiments would 
help underpin the role of Cdc50 proteins in P4-
ATPase catalyzed lipid transport and also 
decipher the mechanistic aspects on the 
functioning of these venerable phospholipid 
pumps. Using a cell-free expression system, we 
laid the groundwork for understanding the inner 
workings and the molecular determinants of 
these complex heterodimeric phospholipid 
pumps. 
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Dutch Summary 

Type 4 P-type ATPasen (P4-ATPasen) katalyseren het 
transport van specifieke fosfolipiden, zoals 
fosfatidylserine, tussen de dubbele fosfolipidenlaag van 
membranen om de lipiden assymmetrie in stand te 
houden. Deze lipiden assymmetrie is een vitale functie 
van celmembranen waardoor een groot aantal 
biologische processen wordt beinvloed. P4-ATPasen 
behoren tot de P-type ATPase superfamilie van Kation-
pompen, die ook de Ca2+-ATPasen, Na+/K+-ATPasen en 
verschillende transporteurs van zware metalen omvatten. 
De atoom structuren, in combinatie met functionele 
analyse en homologie modellen, onthullen dat, binnen 
deze familie, de fundamentele aspecten van het transport 
mechanisme geconserveerd zijn. Een belangrijke 
uitdaging is om te begrijpen hoe dit mechanisme is 
aangepast voor P4-ATPasen om tegemoet te komen aan 
de ongebruikelijke structurele eisen van de translocatie 
van fosfolipiden. Naast het grote volume van het 
substraat is een belangrijke eigenschap die P4-ATPasen 
onderscheidt van de meeste andere P-type pompen de 
interactie met een sub eenheid, een Cdc50 eiwit. Recente 
studies tonen aan  dat de samenwerking tussen P4-
ATPasen en dit Cdc50 eiwit essentieel is voor de 
katalytische activiteit van de transporteur. Bovendien 
blijkt de bindings affiniteit gedurende de transport 
cyclus te fluctueren, waarbij de sterkste interactie 
optreedt op het moment dat het enzym complex geladen 
is met het fosfolipid substraat. Deze resultaten 
suggereren dat de Cdc50 subeenheden een integraal 
onderdeel vormen van de P4-ATPase transport machine, 
en dat de opname van deze eenheid een cruciale stap is 
geweest in de evolutie van de flippase. Het belangrijkste 
doel van dit proefschrift was het testen van dit concept 
en de verdere verduidelijking van de innerlijke werking 
van heterodimerische flippases.""
"
We begonnen met de bepaling van structurele elementen 
die de dynamische binding tussen de sub eenheid en de 
transporteur reguleren. Met behulp van positie-
specifieke mutagenese en door het verwisselen van eiwit 
domeinen in gist, hebben we kunnen vaststellen dat een 
precieze vouwing van het grote extra cellulaire domein 
van Cdc50 eiwitten cruciaal is voor de specificiteit en de 
functionaliteit van transporteur/sub eenheid interacties.  
Bovendien identificeerden we in het Cdc50 
extracellulaire domein twee sterk geconserveerde 
disulfidebruggen. Functionele analyse van cysteine 
mutanten, waarbij deze sulfidebruggen verbroken zijn, 
toonde een inverse relatie aan tussen binding van de sub 
eenheid en flippase activiteit, waarmee de belangrijke 
rol voor het extracellulaire domein van het Cdc50 eiwit 
in P4-ATPase gekatalyseerd fosfolipide transport 
bevestigd wordt.  

Deze resultaten ondersteunen het idee dat Cdc50 
eiwitten dynamische en essentiële componenten zijn van 
het P4-ATPase flippase mechanisme.  
 
Voor de stabiele expressie en functionele ontwikkeling 
van P4-ATPasen in cellen is de samenkomst met een 
Cdc50 eiwit in het ER essentieel. Doordat de P4-
ATPase-bindings partner wordt afgebroken zodra men 
de Cdc50 sub eenheid verwijdert,  wordt de identificatie 
van de rol van P4-ATPasen bemoeilijkt. Om dit knelpunt 
te omzeilen hebben we een liposoom-gekoppeld- cel-vrij 
expressie systeem gebruikt voor de productie van 
functionele polytopische membraan eiwitten. Voor de 
bepaling van de bruikbaarheid van dit systeem hebben 
we de enzymatische activiteit getest van een cel-vrij 
geproduceerde sphingomyelin synthase, SMS2. In lijn 
met eerder vastgestelde eigenschappen stelden we vast 
dat de cel-vrij geproduceerde SMS2 zijn dubbele 
activiteit als sfingomyeline en ceramide 
phosphoethanolamine synthase behoudt. Daarnaast 
hebben we een intrinsieke eigenschap van het enzym 
vastgesteld die nog niet bekend was.  
 
We hebben gebruik gemaakt van een cel-vrij 
expressiesysteem gebaseerd op tarwekiemen, om de 
expressie van menselijke- en gist-P4-ATPasen van hun 
Cdc50 sub eenheden los te koppelen. Hiermee konden 
we liposomen genereren die enkel P4-ATPasen bevatten 
of P4-ATPasen in combinatie met hun Cdc50 
bindingspartner. Om de oriëntatie van de eiwitten te 
bepalen werd gebruik gemaakt van proteasen, die niet 
membraan-doorlaatbaar zijn, en cysteine modificerende 
reagentia. Dit liet zien dat het grootste percentage van de 
cel-vrij geproduceerde P4-ATPasen zo is ingebed in de 
zuivere liposomen dat hun actieve centrum naar buiten is 
gericht. Daarnaast worden de P4-ATPasen en hun Cdc50 
sub eenheden in dezelfde set van liposomen opgenomen. 
Deze bevindingen zijn het eerste bewijs dat een cel-vrij 
expressie systeem geschikt is om de innerlijke werking 
van flippasen te bestuderen. 
 
In het laatste gedeelte van dit proefschrift bespreken we 
de algemene implicaties van de resultaten die worden 
gepresenteerd in dit werk en beschrijven we een meer 
verfijnd model voor de innerlijke werking van flippasen. 
Daarnaast beredeneren we hoe de cel-vrij geproduceerde 
membraan eiwitten in de liposomen ingebed kunnen 
worden zonder de hulp van translocon kanalen en 
receptoren. Tot slot bieden we een aantal perspectieven 
voor toekomstige experimenten, gericht op de 
identificatie van de mechanismen en de regulatie van P4-
ATPase-gekatalyseerd fosfolipide transport. 
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