
On the origin of lipid asymmetry: the flip side of ion transport
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Membrane lipid asymmetry influences a multitude of cellular

functions, including membrane vesiculation, cell division, and

lifespan. Most cells retain the bulk of aminophospholipids to the

cytosolic membrane leaflet by means of ATP-fuelled flippases

or translocases. Converging lines of evidence indicate that

members of the P4 subfamily of P-type ATPases catalyze

aminophospholipid transport and create lipid asymmetry in late

secretory and endocytic compartments. Yet P-type ATPases

usually pump small cations or metal ions. Atomic structures

revealed important aspects of the transport mechanism, and

sequence homology indicates that this mechanism is

conserved throughout the family. Consequently, understanding

how P4 ATPases acquired the ability to translocate

phospholipids instead of simple ions has become a major focus

of interest.
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Introduction
A fascinating feature of membranes in eukaryotic cells is

that the different lipid species are often nonrandomly

distributed across the bilayer. The paradigm for an asym-

metric lipid distribution is the plasma membrane where

the aminophospholipids phosphatidylserine (PS) and

phosphatidylethanolamine (PE) are mainly restricted to

the cytosolic leaflet and the sphingolipids (e.g. sphingo-

myelin, glycosphingolipids) are enriched in the exoplas-

mic leaflet [1]. This asymmetry is found in some

intracellular membrane systems as well and its biological

significance is multifold. An asymmetric lipid arrange-

ment provides the two sides of the bilayer with different

biophysical properties that are relevant for their respect-

ive physiological roles. For instance, the tight packing of

sphingolipids and sterols in the exoplasmic leaflet con-

tributes to the barrier function of the plasma membrane

and is important for membrane stability in circulating
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blood cells [2,3]. Conversely, the enrichment of amino-

phospholipids in the cytosolic leaflet of the plasma mem-

brane and on the surface of endocytic and exocytic

vesicles may help to keep these membranes in a

fusion-competent state [4]. The regulated dissipation

of lipid asymmetry and externalization of PS can

trigger a variety of physiological responses, ranging from

blood coagulation, myotube formation and sperm capa-

citation to phagocytic recognition, and clearance of apop-

totic cells [5,6]. Furthermore, the dynamic process of lipid

translocation has been implicated in membrane bending

and in the biogenesis of endocytic and exocytic vesicles

[7–9].

Understanding the mechanisms that create lipid asym-

metry and their functional implications is an exciting and

rapidly expanding field. At present, much attention is

focused on a group of protein catalysts, termed flippases,

which help to create lipid asymmetry by imposing selec-

tivity and directionality on transbilayer lipid movement

[10,11]. Recent work identified members of a subfamily

of P-type ATPases as prime candidate flippases. The

sequence organization of these so-called P4 ATPases is

similar to that of the Ca2+-transporting P-type ATPase.

High-resolution X-ray structures of the latter enzyme

have disclosed new insights into the mechanism of P-

type ATPase-catalyzed transport. This review first high-

lights the current evidence for a primary role of P4

ATPases in lipid transport and asymmetry. Next, recent

lessons from the Ca2+-ATPase are used to shed light on

the inner workings of the P4 ATPase class of lipid pumps.

Origin of lipid asymmetry
Although phospholipids can diffuse rapidly in the lateral

plane of a bilayer, they face a substantial thermodynamic

barrier to ‘flip’ their polar headgroups through the hydro-

phobic membrane interior [11]. This poses a problem for

biogenic membranes like the endoplasmic reticulum (ER)

where phospholipid biosynthesis is mainly confined to the

cytosolic leaflet. To ensure balanced growth of the mem-

brane, half of the newly synthesized phospholipids must

cross the bilayer. This led Mark Bretscher to postulate the

existence of a flippase, that is, an intrinsic proteinaceous

component that facilitates the energetically unfavorable

migration of phospholipids across the bilayer [12]. ER

flippases function independently of metabolic energy

and catalyze a fast transverse movement of most phospho-

lipid classes in both directions [13,14,15�]. However, their

identity is not known, and more than one protein may

contribute [16,17]. Because ER flippases are nonspecific

and nonvectorial, they produce a symmetrical lipid distri-

bution across the bilayer. Lipid asymmetry must therefore
www.sciencedirect.com
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be generated as membrane flows through the Golgi or upon

arrival at the plasma membrane.

Lipid asymmetry cannot be explained by sidedness of lipid

biosynthesis or breakdown alone and relies, at least in part,

on a combination of slow flip-flop and the presence of

selective lipid transporters. In contrast to the ER, non-

specific flip-flop in the plasma membrane is slow. This

implies that the process of catalyzing flip-flop in the ER

must be downregulated as membrane flows through the

Golgi to the plasma membrane. Slow flip-flop is a prere-

quisite for preserving asymmetric lipid arrangements that

are created by energy-dependent flippases or translocases.

These activities use ATP hydrolysis to move specific

lipid species against a concentration gradient. The best-

studied example is the aminophospholipid translocase

(APLT), which catalyzes a fast inward movement of PS

and PE across the plasma membrane. Although first dis-

covered in human erythrocytes [18], APLT activities have

now been detected in the plasma membrane of many

nucleated cells as well as in bovine chromaffin granules

and in the trans-Golgi network (TGN) of budding yeast

[8,19,20��].

The P4 ATPase family of putative
phospholipid translocases
The biochemical properties defined for the APLT activity

in human erythrocytes (e.g. vanadate sensitivity, high

selectivity for PS) established the criteria to search for

the responsible enzyme. The discovery of an APLT

activity in bovine chromaffin granules led to the purifi-

cation and cloning of the bovine ATPase II, now called

ATP8A1 [21]. This enzyme is homologous to Drs2p, a

TGN-resident protein in yeast with a role in clathrin-

coated vesicle formation [22,23]. ATP8A1 and Drs2p are

founding members of a conserved subfamily of P-type

ATPases (type IV or P4) that includes 5 yeast (Drs2p,

Dnf1p, Dnf2p, Dnf3p, and Neo1p; Table 1) and 14 human

members (ATP8A1–ATP11C) [9,24]. The relationship

between P4 ATPases, APLTs, and lipid asymmetry has

been the focus of considerable experimental attention.

For example, Dnf1p and Dnf2p localize to the yeast

plasma membrane and their removal essentially abolishes

inward translocation of NBD-labeled PS, PE, and PC

analogs across the plasma membrane and causes aberrant
Table 1

P4 ATPase/CDC50 complexes in budding yeast

P4 ATPase CDC50 subunit Location

Dnf1p Lem3p PM

Dnf2p Lem3p PM

Dnf3p Crf1p TGN

Drs2p Cdc50p TGN

Neo1p Cdc50p? Endosom
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exposure of endogenous aminophospholipids at the cell

surface [25]. However, since Ddnf1Ddnf2 mutations also

perturb the endocytic pathway [25,26], these data leave

open the possibility that Dnf1p and Dnf2p are required to

retain other proteins at the plasma membrane with a more

direct role in phospholipid transport. In fact, P4 ATPases

in yeast are implicated in virtually every trafficking

pathway that involves ADP-ribosylation factor (ARF)-

dependent formation of coated vesicles [9,22,26]. Impor-

tantly, TGN membranes purified from strains that lack

the Dnf proteins and contain a temperature-sensitive drs2
allele become defective in NBD-PS translocation when

shifted to the nonpermissive temperature [20��]. These

data indicate that Drs2p is directly coupled to an

APLT activity and subsequent studies showed that

Drs2p, together with Dnf3p, is required for maintaining

aminophospholipid asymmetry in post-Golgi secretory

vesicles [27�]. A primary role of P4 ATPases in phospho-

lipid translocation is further supported by the observation

that the ATPase activity of ATP8A1 is selectively acti-

vated by PS and displays the same stereochemical pre-

ference for the sn-1,2-glycerol isomer as the APLT activity

in human erythrocytes [28�]. Moreover, a deficiency of

ATP8B1, a P4 ATPase located in the canalicular mem-

brane of hepatocytes and implicated in progressive familial

intrahepatic cholestasis type 1 (FIC1) disease, is accom-

panied by an enhanced recovery of PS in bile [29�].

The simplest interpretation of the available evidence is

that at least some P4 ATPases actively transport phos-

pholipids using the free energy from ATP hydrolysis. But

several complications have been suggested to cloud this

simple interpretation. For example, the proton ionophore

CCCP has been shown to block PC transport in yeast.

Although a direct effect on the transporter was not ruled

out, this finding suggested that the proton electrochemi-

cal gradient across the plasma membrane in yeast might

be necessary for inward phospholipid transport [30�].
However, the proton gradient is formed by the plasma

membrane H+-ATPase Pma1p rather than Dnf1p and

Dnf2p, and so how the proton gradient contributes to

phospholipid transport is entirely unclear. In view of their

general structural similarity to cation-transporting P-type

ATPases, it has been postulated that P4 ATPases pump

cations to generate a concentration gradient that sub-

sequently drives phospholipid translocation through an
Substrates Reference

PS, PE, PC [25,26,32,33,34��]

PS, PE, PC [25,26,32,33,34��]

PC, PE [26,27�,35]

PS, PE [20��,26,27�,34��]

e ? [34��,47]
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undefined symporter [31]. By itself, this proposal does not

address the most important aspects of the model, such as

which cations are transported, and how the model might

give rise to lipid specificity. Nevertheless, one aspect of

this model deserves mention: genetic disruption of the

putative symporter should also block phospholipid trans-

port and phenocopy dnf and drs2 mutations. Interestingly,

mutations in members of the CDC50 protein family pro-

duce just such phenotypes [32,33,34��]. This family

includes three yeast (Cdc50p, Lem3p/Ros3p, and Crf1p)

and three human proteins (CDC50A, CDC50B, and

CDC50C) that consist of two transmembrane segments

and an exoplasmic, potentially glycosylated loop. These

proteins are not independent entities in the membrane, but

rather form heteromeric complexes with P4 ATPases

(Table 1). The correct assembly of these complexes is

required for export from the ER [34��,35], which led to the

suggestion that CDC50 proteins function as chaperones

involved in the proper localization of P4 ATPases. An

alternative possibility is that CDC50 proteins are intrinsic

components of the P4 ATPase transport machinery.

Mechanism of P4 ATPase-catalyzed
phospholipid transport
Based on sequence homology, the P-type ATPase super-

family can be divided into five major branches, named

P1–P5 [36]. In addition to P4 ATPases, these include soft-

transitional-metal-translocating ATPases (P1B), Ca2+-

ATPases (P2A/B), Na+/K+-ATPases and H+/K+-ATPases
Figure 1

Membrane topology and transport cycle of P2 and P4 ATPases. (a) Substra

ATPases. Transmembrane helices (TM) are shown as white cylinders. The p

connecting TM4 and TM5. Regulatory phosphorylation sites are displayed a

scheme of the transport cycle of P2A and P4 ATPases, according to the E1/

hydrolyzed ATP molecule, and pump two to three H+ ions, which bind to th

ATPase-catalyzed PL transport is coupled to counter-transport of another li
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(P2C), H+-ATPases (P3B), and a class of ATPases whose

substrate specificity is not known (P5). P-type ATPases

are 70–150 kDa polytopic membrane proteins that usually

contain 10 membrane-spanning helices (M1–M10;

Figure 1a). They share a common enzymatic mechanism

in which ATP hydrolysis is used to transport ligands,

usually cations, across a membrane. The name ‘P-type’

comes from the acid-stable, phosphorylated Asp residue

that forms during the enzyme’s transport cycle. At least

two conformations exist, E1 and E2, with conformational

changes being accompanied by translocation of the

ligand.

P-type ATPase transport cycle

The transport cycle of Ca2+-ATPases and Na+/K+-

ATPases has been worked out in detail [31,37,38]. It

starts with binding of a ligand (two Ca2+ ions in the

case of P2A ATPases) to a conformation called E1, which

has a high-affinity site in the membrane domain directly

accessible from the inside (cytosolic side; Figure 1b).

Binding of the ligand allows the crucial Asp residue to

become phosphorylated by Mg2+-ATP. The resulting

intermediate, called E1P, is of high energy, because it

can react readily with ADP to reform an ATP molecule.

Formation of the E1P intermediate results in ‘occlusion’

of the ligand (i.e. blocking ligand access to the cytosol).

With the release of ADP follows the downhill transition of

the E1P intermediate to form the low-energy phosphory-

lated E2P intermediate and discharge of the ligand to the
te specificity, topology, and accessory subunits of P2 and P4

hosphorylation site is indicated in the large, central cytoplasmic loop,

s black dots. Plb: phospholamban; PL: phospholipids. (b) Simplified

E2 model. Note that P2A ATPases translocate two Ca2+ ions per

e E2P intermediate, in the opposite direction (not shown). Whether P4

gand is not known.
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outside (exoplasmic/luminal side). The ligand-binding

site now has high affinity for a counter-transported ligand

(two to three H+ ions for P2A ATPases), which binds from

the outside. Hydrolysis of the phosphorylated Asp results

in the E2 state. Mg2+ and inorganic phosphate (Pi)

dissociate and the enzyme reverts to the E1 state, in

which the counter-transported ligand is released into

the cytosol. As discussed below, Ca2+-ATPases and P4

ATPases display a remarkable degree of structural sim-

ilarity. This implies that they share the same basic mech-

anism of ATP-fuelled ligand transport. P4 ATPases

catalyze the translocation of phospholipids from the exo-

plasmic to the cytosolic leaflet. This would predict

that the phospholipid ligand in P4 ATPases binds to

the phosphoenzyme intermediate E2P as opposed

to the Ca2+ ion in P2A ATPases, which binds to E1

(Figure 1b). This concept is consistent with the finding

that, while Ca2+ triggers a rapid phosphorylation of P2A

ATPases, PS induces a fast dephosphorylation of the

phosphoenzyme intermediate of the P4 ATPase, ATP8A1

[39].
Figure 2

3D reconstruction of the reaction cycle of the P2A Ca2+-ATPase, SERCA1. K

Blue, N domain; red, P domain; yellow, A domain; gray, M domain. Conserv

of P2 and P4 ATPases are marked in the topological model and correspond

codes: 1SU4 (E1); 1T5T (E1�P:ADP); 1XP5 (E2-P:H2O). Note that the struct

E2-P:H2O. This figure has been modified from [42].

www.sciencedirect.com
Lessons from a calcium pump

A recent series of high-resolution X-ray structures

allowed a 3D reconstruction of the transport cycle of

the rabbit muscle P2A Ca2+-ATPase, SERCA1 [31,40,

41�] (Figure 2). Ca2+ binding and dissociation are accom-

panied by piston-like movements and rotations of trans-

membrane helices M4–M6, which, together with M8,

contain the Ca2+-coordinating side chains. These re-

arrangements are mechanically linked with reciprocating

movements of the cytosolic P (phosphorylation), N

(nucleotide binding), and A (actuator) domains, which,

in turn, affect the chemical reactions in the catalytic

center. The A domain is directly connected to M1–M3

and the P domain to the M4 and M5 helices. The N

domain, a long insertion between two parts forming the P

domain, contains the adenosine-binding site, whereas the

g-phosphate reacts with the Asp residue in the P domain.

The A domain functions as the ‘actuator’ of the gating

mechanism that regulates Ca2+ binding and release.

Although mostly segregated from the other cytosolic

domains in E1, the A domain rotates in the rate-limiting
ey functional intermediates and their structural correlates are shown.

ed sequence motifs (a–d) present in cytosolic A, P, and N domains

to those displayed in Table 2. Protein Data Bank (PDB) accession

ure of E2-P is unknown, but believed to closely resemble that of

Current Opinion in Chemical Biology 2007, 11:654–661
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Table 2

Conserved sequence motifs in P2 and P4 ATPases

Motifs (a–d) correspond to those displayed in topological model of Figure 2. Motif b contains the invariant phosphorylated aspartic acid (gray

background). Residues critical for ATP binding (motif d) are marked by an asterisk. Abbreviations: hs, Homo sapiens; sc, Saccharomyces cerevisiae.
E1P to E2P transition to bring a highly conserved TGES

loop into the vacated ATP-binding site. This allows the

glutamate in TGES to execute its crucial role in E2P

dephosphorylation, which presumably consists of coordi-

nating the attacking water molecule [42,43�].

Although no structural information is available for P4

ATPases, some insight into their working mechanism

can be gained indirectly by taking advantage of the

similarities between P2A and P4 ATPases. In addition

to a common transmembrane domain organization, P2A

and P4 ATPases display a clear overall sequence

homology. About 230 of the roughly 1000 residues are

invariant, with identical side chains or conservative sub-

stitutions in equivalent positions. Most invariant residues

are found in the cytosolic domains. Shared sequence

motifs include the canonical phosphorylation site in the

P domain, the nucleotide-binding site in the N domain,

and a TGES-related sequence in the A domain (Table 2).
Figure 3

Cation and phospholipid-binding residues in the chicken muscle Ca2+-ATPa

the E2 conformation (I97, A100, N101, V104, G310, A313, and T316) are sh

bound Ca2+ ions (E309, N768, E771, N796, T799, and D800) are shown in s

(2AGV), with the bound phospholipid shown in surface representation. Righ

Images created with Protein Explorer (www.proteinexplorer.org).
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Consequently, the reactions of ATP binding, phosphoryl

transfer and hydrolysis, and the mechanical transduction

of the energy released in this process to the ligand-

binding site are probably very similar between P2A and

P4 ATPases. The membrane (M) domain of P2A ATPases

contains two Ca2+-binding sites that consist of a congre-

gation of glutamates and aspartates whose anionic

carboxyl groups serve to neutralize the charge of the

Ca2+ ion (Figure 3, right panel). In P4 ATPases, these

anionic residues have been replaced by a mixture of

hydrophobic and polar uncharged residues [21,44].

Although this change in composition may hint at the

transport of amphipathic molecules, it is difficult to

envision how the binding site at the center of a 10-helix

bundle can adapt to translocate both metal ions and

phospholipids. Flippases must provide a sizeable hydro-

philic pathway for the bulky lipid headgroup to pass

through the membrane as well as accommodate the

hydrophobic nature of the lipid backbone.
se, SERCA1. Amino acids contacting the bound phospholipid in

own in ball and stick representation; amino acids contacting the two

tick representation. Cytosolic side is at the top. Left: E2 conformation

t: E1 conformation (1SU4), with bound Ca2+ shown as spheres.

www.sciencedirect.com
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A primordial lipid-binding site

The high-resolution structure for a BHQ-stabilized E2

conformer of the Ca2+-ATPase SERCA [45�] revealed the

presence of a relatively tightly bound, nonexchangeable

phospholipid between the M2 and M4 helices (Figure 3,

left panel). There are several thought-provoking aspects

to this bound phospholipid. One is that the headgroup of

the phospholipid, modeled as the aminophospholipid PE,

is oriented toward the cytosolic surface, with the head-

group in a cavity. There are no interactions between the

headgroup and the protein; rather, the sidechain inter-

actions are primarily at the level of the glycerol backbone

of the phospholipid, reminiscent of the stereospecificity

of P4 ATPases for the same region [28]. Moreover, the

phospholipid is not present in the E1 structure: the cavity

that housed the headgroup is gone, and the residues that

interacted with the backbone are dispersed by the same

movements of the transmembrane helices that create the

binding sites for Ca2+ (Figure 3, right panel). Obara et al.
note that the PE probably moves into this position in the

E2P/E2 transition, and then is ejected (on the cytosolic

side) in the E2/E1 transition [45�]. These events are

strikingly reminiscent of those predicted for the phos-

pholipid transport cycle of P4 ATPases. To produce

vectorial transport would require only that refilling the

binding site at the E2P/E2 transition be accomplished

using a phospholipid from the luminal surface. Of course,

this step is the one that requires movement of the head-

group through the membrane interior, and there is no

obvious pathway in the Ca2+-ATPase structure for such

movement (nor would one be expected — the Ca2+-

ATPase does not transport phospholipids). To bring

the PE to this position from a bound state at the luminal

surface in the E2P conformation of the P4 ATPases would

probably require additional molecular machinery.

Role of P4 ATPase subunits

P4 ATPases are capable of discriminating phospholipids

based on atoms in both the headgroup and lipid backbone

[25,28�]. Moreover, P4 ATPases in yeast display striking

differences in transport specificity. Although Drs2p prim-

arily serves as a PS transporter [20��], Dnf3p preferen-

tially recognizes PC [27�] (Table 1). Dnf1p and Dnf2p, on

the other hand, display no such preferences and seem to

transport PS, PE, and PC with similar efficiencies [25].

Interestingly, Dnf1p and Dnf2p form heteromeric com-

plexes with a common CDC50-binding partner, that is,

Lem3p [34��]. By contrast, Drs2p and Dnf3p interact with

different CDC50 proteins, namely Cdc50p and Crf1p,

respectively [34��,35] (Table 1). This arrangement unli-

kely reflects a primary role of CDC50 proteins in P4

ATPase trafficking since both Drs2p and Dnf3p are

TGN-associated proteins and cycle through the plasma

membrane by entering a common class of secretory

vesicles [25,26,27�]. A more attractive option is that

CDC50 proteins help to specify P4 ATPase-catalyzed

lipid transport.
www.sciencedirect.com
CDC50 proteins contribute two additional helices to the

10-helix bundle, which forms the M domain of the trans-

porters. This augmentation of the structure might actively

contribute to the transport specificity of P4 ATPases in

several ways. For instance, creation of a high-affinity

phospholipid-binding site may require CDC50-induced

conformational changes in the 10-helix bundle of the P4

ATPase, analogous to the role of the accessory subunits in

Na+/K+-ATPases and H+/K+-ATPases, which modulate

the affinity of these transporters for Na+ and K+ [38,46].

Alternatively, CDC50 proteins may contribute more

directly to the formation of a specific phospholipid-binding

site by completing the binding site for this large substrate.

Indeed, an active role of CDC50 proteins in P4 ATPase-

catalyzed phospholipid transport may explain our recent

observation that P4 ATPase/CDC50 interactions are sen-

sitive to mutation of the catalytically important Asp residue

[our unpublished results]. This finding suggests that the

transporter/subunit affinity fluctuates during the transport

cycle and that CDC50 proteins interact most strongly with

a phosphorylated intermediate of the ATPase, which is the

conformation that becomes loaded with the phospholipid

ligand.

Conclusions
Genetic and biochemical evidence indicates that P4

ATPases are the best candidate flippases identified till

date and serve a primary role in the generation of ami-

nophospholipid asymmetry. Yet P4 ATPases belong to

the superfamily of P-type pumps whose members usually

translocate small cations or metal ions. Atomic structures

and homology models revealed that fundamental aspects

of the transport mechanism are conserved throughout the

family. Therefore, a challenging problem is to understand

how an ion pump evolved into a flippase. Here we

postulated two basic concepts that may serve as a useful

guide. One is the idea that Ca2+-ATPases may contain a

primordial phospholipid-binding site in the periphery of

the 10-helix bundle in addition to the more centrally

located cation-binding sites. The putative phospholipid-

binding site is transient, with the phospholipid moving in

during the E2P/E2 transition and moving out in the E2/

E1�2Ca2+ step of the reaction cycle. Intriguingly, this

sequence of events matches those predicted for P4

ATPases, which should become loaded with phospholi-

pid ligand in E2P. The other concept is that, due to

evolutionary constraints, the 10-helix bundle of a P4

ATPase may not be sufficient to provide for the entire

pathway by which phospholipids translocate through the

membrane interior. To drive vectorial lipid transport, P4

ATPases might need additional molecular machinery.

The CDC50 proteins are obvious candidates for such

additional machinery. It appears that CDC50–P4

ATPases interactions are dependent on the conformation

of the transporter and coincide with loading of the phos-

pholipid substrate. By contributing two additional helices

to the 10-helix bundle, CDC50 proteins may help to
Current Opinion in Chemical Biology 2007, 11:654–661
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complete a pathway for lipid translocation as well as

contribute directly to the transport specificity of P4

ATPases. Obviously, this arrangement would provide

an attractive target for regulation.
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