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ABSTRACT: Biogenic membranes contain the enzymes that synthesize the cell’s membrane lipids, of which
the phospholipids are the most widespread throughout nature. Being synthesized at and inserted into the
cytoplasmic leaflet of biogenic membranes, the phospholipids must migrate to the opposite leaflet to
ensure balanced growth of the membrane. In this review, the current knowledge of transbilayer movement
of phospholipids in biogenic membranes is summarized and the available data are compared to what is
known about lipid translocation in other membranes. On the basis of this, a mechanism is proposed, in
which phospholipid translocation in biogenic membranes is mediated via membrane-spanning segments
of a subset of proteins, characterized by a small number of transmembrane helices. We speculate that
proteins of this subset facilitate lipid translocation via the protein-lipid interface, because they display
more dynamic behavior and engage in less stable protein-lipid interactions than larger membrane proteins.

Structure, Function, and Assembly of Biomembranes

Biomembranes consist of a lipid double layer in which
membrane proteins are embedded. Synthesis of the mem-
brane building blocks occurs at distinct sites within the cell,
making the assembly and growth of a complex structure such
as a biomembrane a fascinating combination of cellular trans-
port and membrane insertion processes of proteins and lipids.
In the past two decades, much information about how the
membrane proteins are synthesized, targeted, and inserted
into the right membrane has been gathered (see, for example,
ref 1 for a recent review). However, much remains to be
learned about membrane assembly, in particular, about the
transport of membrane lipids, which are synthesized in
biogenicmembranes, i.e., membranes that are capable of
synthesizing a new membrane. The main lipid components
of biomembranes are phospholipids, which are found in all
species from bacteria to mammals. The active sites of the

enzymes involved in phospholipid biosynthesis are usually
confined to the cytoplasmic leaflet (2). Consequently, newly
synthesized phospholipids are incorporated into this mem-
brane leaflet only. To allow for balanced growth of the mem-
brane, approximately half of the phospholipids must cross
the bilayer to occupy the opposite leaflet, making this process
a fundamental transport step in membrane biogenesis. This
paper aims to review the available experimental data and
their interpretation. While the data reflect the consensus char-
acteristics of this process, their interpretation is still a matter
of debate.

Problems and Solutions in Lipid Transport

Because of their amphiphilicity, phospholipids are faced
with traveling problems. Moving through the aqueous phase
would expose their hydrophobic tails to the water, whereas
moving from one side of the membrane to the opposite side
would expose their hydrophilic headgroup to the hydrophobic
interior of the membrane. First, three possible solutions for
moving through the aqueous phase will be briefly mentioned.
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Vesicular traffic of lipids mediates lipid transport without
exposing the hydrophobic parts of the lipids during transport
through the aqueous phase. During this transport from the
main site of synthesis, the membrane of the endoplasmic
reticulum (ER),1 lipid (and protein) sorting occurs, maintain-
ing the specific lipid (and protein) compositions of the
membranes that are connected through vesicular traffic. The
sorting mechanism remains to be elucidated. Possibly, lipids
and proteins are cosorted (see, for example, ref3).

Alternatively, transport of lipids between membranes may
be mediated via membrane contact sites, the paradigm being
the sites of contact between the ER and the mitochondrial
membrane (4-7). This mechanism also possibly provides
an alternative route of transport from the ER to plasma mem-
brane (8). It is proposed that two closely apposed membranes
can exchange phospholipids, e.g., via collisional contact.
However, the structure of these putative contact sites is un-
known. Moreover, their constituting components, which may
regulate lipid transport via contact sites, remain to be
identified.

Finally, lipids could be transported by dedicated proteins
that shield the hydrophobic parts of the lipid, after it is
extracted from the membrane. The protein could then be
targeted to the destination membrane and deliver its cargo
there. Although some proteins have been shown to fulfill
such a phospholipid transport functionin Vitro, there is no
evidence of their involvement in membrane biogenesis.
Rather, they seem to be important in various other cellular
processes discussed elsewhere (9, 10).

Intramembrane or transbilayer transport presents another
traveling problem for phospholipids, about which much
insight has been derived from model membrane studies. The
barrier for translocation consists of the polar phospholipid
headgroup (11), having to cross the hydrophobic membrane
interior. In the 1970s, Kornberg and McConnell (12)
measured the translocation rate of phosphatidylcholine (PC)
in small unilamellar vesicles composed of egg PC. The
reporter PC, modified with a headgroup spin-label, was found
to translocate with a half-time of 6.5 h, and an activation
energy of 81 kJ/mol was reported for this process. Wimley
and Thompson (13) reported similar activation energies for
translocation of radiolabeled DMPC in pure DMPC or
DMPC/DMPE vesicles. De Kruijffet al. (14) used 13C-
labeled PC to measure its translocation rate in vesicles
composed of DOPC, and reported no changes in distribution
of the label during incubation for several hours. Bai and
Pagano (15) measured translocation of fluorescently labeled
PC in vesicles composed of POPC and found a half-time of
translocation of∼7.5 h. Thus, the barrier for translocation
seems to be rather high.

However, various studies have shown increased rates of
phospholipid translocation in lipid model membranes under
special circumstances. At the lipid main phase transition
temperature, an increased rate of transbilayer movement can
be observed (16, 17). Furthermore, a high degree of unsatu-
ration of the acyl chains correlates with an increased level

of transbilayer movement (18). These results suggest that
the acyl chain interactions are important in modulating trans-
location rates. Additionally, inducing asymmetric pertur-
bances by enzymatically changing the phospholipid com-
position of only the outer membrane leaflet (19, 20) of the
bilayer, or applying a large pH gradient across the bilayer
(21), can elevate the rate of phospholipid translocation in
model membranes. The examples given above notwithstand-
ing, the conclusion from model membane studies is that
phospholipid transbilayer movement occurs with half-times
of several hours or even longer in unperturbed model mem-
branes composed of only phospholipids that are resuspended
in a regular buffer or salt solution. Generally, this is too slow
to keep up with membrane growthin ViVo. Thus, mechanisms
for translocating phospholipids at an appreciable rate must
exist in biological membranes.

Solutions to facilitating transbilayer transport of phospho-
lipids have been characterized best in plasma membranes of
eukaryotic cells, where inward and outward transbilayer
movement occurs in a coordinated fashion. Plasma mem-
branes from several sources have been shown to be endowed
with an aminophospholipid translocation activity. This activ-
ity specifically mediates unidirectional transport of phos-
phatidylserine (PS) and phosphatidylethanolamine (PE).
Transbilayer transport from the exoleaflet to the endoleaflet
of the membrane is termed flip, whereas flop is transport in
the opposite direction. The protein associated with transbi-
layer inward movement of PS and PE is therefore called the
aminophospholipid flippase. It is ATP-dependent (22) and
has a well-established substrate specificity. The membranes
containing this enzyme have an asymmetric phospholipid
distribution over the two membrane leaflets, with the amino-
phospholipids occupying the cytoplasmic leaflet, and the
choline-containing phospholipids, which can be translocated
by a floppase activity (23 and references therein), predomi-
nantly residing at the exoplasmic side. The asymmetric
distribution of phospholipids can be dissipated by the action
of phospholipid scramblase activity, which is silent under
normal circumstances but can be activated by a Ca2+ signal.
This is important for cellular function, since exposure of
aminophospholipids on the exoleaflet has been shown to
trigger processes such as blood coagulation and phagocytosis.
The reader is referred to refs24-26 for reviews.

Members of the ATP binding cassette (ABC) transporter
superfamily have been implicated in the outward movement
of phospholipids. As the name implies, this directional
transport depends on ATP just like inward transport by the
aminophospholipid flippase. Typically, ABC transporters
have been shown to extrude a variety of lipophilic com-
pounds from the plasma membrane with a low level of or
no structural similarity. As a consequence, upregulation of
their activity results in multiple drug resistant phenotypes
in cancer cells and bacteria. Because of their broad substrate
specificity, and the frequent use of nonendogenous phos-
pholipid analogues in translocation studies, their function as
bona fide lipid translocators is still a matter of debate. Cell
lines transfected with Mdr1 pgp, an extensively studied
member, display enhanced secretion of the lipid metabolite
platelet activating factor (27) and an increased level of
exposure of fluorescently labeled PE and PC (28), suggesting
a possible involvement in phospholipid translocation. Knock-
outs in the Mdr2 gene in mice fail to excrete phosphatidyl-

1 Abbreviations: ABC, ATP binding cassette; BSA, bovine serum
albumin; di-C4, dibutyryl; DM, dimyristoyl; DO, dioleoyl; DP, di-
palmitoyl; ER, endoplasmic reticulum; Lep, leader peptidase; NBD,
nitrobenzoxadiazole; NEM,N-ethylmaleimide; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PO, 1-palmi-
toyl-2-oleoyl; PS, phosphatidylserine.
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choline into the bile (29), indicating that this protein could
function as a phospholipid floppase. Further evaluation of
the evidence is beyond the scope of the review; see, however,
refs 30-33 for recent reviews. Also, putative lipid translo-
cators such as Rft1 (34) and WzxE (35) that lack an ATP-
binding domain have been identified. These are polytopic
membrane proteins, like ABC transporters, and are thought
to translocate lipid-linked sugar moieties across membranes
without an apparent need for energy input. To our knowl-
edge, their involvement in glycerophospholipid translocation
has not been tested or hypothesized.

Against the background of protein-mediated transmem-
brane transport of lipids across plasma membranes, the
knowledge of phospholipid transbilayer movement in bio-
genic membranes will be reviewed and discussed.

Characterization of Phospholipid Transbilayer MoVement
in Biogenic Membranes

The paradigms for prokaryotic and eukaryotic biogenic
membranes are the bacterial cytoplasmic membrane and the
ER membrane, respectively. The ER membrane can be
regarded as a highly dynamic membrane, a factory where
lipid and membrane protein synthesis and insertion take
place. Because of the asymmetric lipid synthesis, and because
in protein-free lipid bilayers phospholipid transbilayer move-
ment is typically slow, the existence of a phospholipid
translocase, i.e., an intrinsic proteinaceous component of
biogenic membranes, was postulated (36). To eventually
identify this elusive translocase, several groups set out to
biochemically characterize phospholipid translocation in
biogenic membranes. A number of these studies are sum-
marized below, first for the ER membrane and then for the
bacterial cytoplasmic membrane.

Phospholipid Transbilayer MoVement in the ER.The
occurrence of fast translocation of phospholipids in the ER
membrane was first inferred from studies on intermembrane
transport of phospholipids in in vitro systems (37-39). In
these studies, transport of a radiolabeled phospholipid
analogue from a donor membrane to an acceptor membrane
is mediated by phospholipid transfer proteins. After separa-
tion of the donor and acceptor membranes, the extent of
transfer of the radioactive label is used as a measure for
intermembrane transport. It was found that PC as well as
other important phospholipid classes in the ER membrane
vesicles acts as a single pool available for intermembrane
transport. This means that the lipids on either side of the
microsomal membrane are not discernible within the time
frame of the assay, and thus that transbilayer movement is
not the rate-limiting step in the transport process. Under these
circumstances, only an upper limit of the translocation half-
time can be obtained. Thus, the half-times of equilibration
of phospholipids over the two membrane leaflets were
estimated to be 1 h or(much) less.

Bishop and Bell (40) reported another approach to the
study of phospholipid translocation in microsomes. Using
the water-soluble, radiolabeled phospholipid analogue dibu-
tyrylphosphatidylcholine (di-C4-PC), translocation was as-
sessed as the redistribution of radioactivity over the intra-
vesicular and extravesicular space. It was demonstrated that
the probe entered the microsomal compartment, a process
which was completed within 10 min. Translocation activity

was reported to be sensitive to protease treatment, and to
alkylating agents, and it was shown that transport of di-C4-
PC was inhibited by addition of other short-chain PCs. Taken
together, this led the authors to conclude that a dedicated
protein mediates this process. Unfortunately, in this assay
only the end point of the translocation process was measured,
making the interpretation of the partial sensitivity toward
protease (∼30% inhibition) and NEM (∼60% inhibition)
difficult.

Subsequently, Herrmannet al. (41) reported on the
outward-inward transbilayer movement of short-chain, spin-
labeled phospholipids in microsomes. The partial water
solubility of this probe allows it to be extracted from the
outer leaflet of the membrane using bovine serum albumin
(BSA). The amount of spin-labeled phospholipid associated
with the microsomes after incubation with BSA is taken to
be the amount of probe occupying the inner membrane
leaflet. Several phospholipid analogues displayed a half-time
of translocation of∼20 min, showing low phospholipid
headgroup specificity. The final distribution of the probe was
approximately equal over the two membrane leaflets, indicat-
ing no preferential phospholipid distribution in this mem-
brane. The spin-labeled analogues of lyso-PS and PC com-
peted with each other in the translocation assay. Interestingly,
translocation of spin-labeled analogues was not inhibited by
addition of the dibutyryl derivative employed by Bishop and
Bell, indicating different routes of translocation for these
species. Preincubation of the microsomes with the sulfhydryl
reagentN-ethylmaleimide (NEM) resulted in a reduction of
the initial translocation rate.

In some recent studies, more insight into the transbilayer
movement of phospholipids in the ER membrane was
obtained by using assays with an improved time resolution.
Buton et al. (42) assayed transport of short-chain, radiola-
beled and spin-labeled analogues of major phospholipid
classes by using a BSA back-exchange assay with a rapid
membrane filtering step to reduce the dead time of the
method. It was shown that phospholipid translocation in the
rat liver ER proceeds bidirectionally, with a half-time of<25
s for all glycerophospholipids that have been tested. The
equilibrium distribution of the phospholipids was found to
be symmetrical, and competition between spin-labeled and
radiolabeled analogues was demonstrated.

Marx et al. (43) circumvented the separation step and used
a stopped-flow BSA extraction assay to study translocation
of spin-labeled and NBD-labeled phospholipid analogues of
PE and PC, using the differential spectral properties of the
probes when residing in a membrane or when bound to BSA
to discriminate between these populations. Both spin-labeled
phospholipid classes were shown to translocate with a half-
time of 8-16 s, whereas NBD-labeled phospholipids trans-
located at an 8-fold lower rate.

Phospholipid Flip-Flop in the Bacterial Cytoplasmic
Membrane.The first insight into flip-flop in bacterial mem-
branes was obtained from studies on the Gram-positive
Bacillus megaterium. Its simple, single-membrane structure
was shown to exhibit translocation of newly synthesized
phospholipidsin ViVo with a half-time of ∼3 min (44),
independent of metabolic energy, protein, and lipid synthesis
(45).

An in Vitro assay, using isolated membrane vesicles ofB.
megaterium, also demonstrated rapid translocation of phos-
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pholipids. Short-chain, NBD-labeled analogues of phosphati-
dylglycerol (PG), PE, and PC were added from donor
vesicles, in which the NBD fluorescence was quenched with
rhodamine-PE. Upon addition ofB. megateriumacceptor
vesicles, a biphasic increase in fluorescence was observed,
the fast phase representing incorporation in the outer leaflet
of the acceptor membrane and the slow phase transbilayer
movement. All three probes translocated with a half-time of
∼30 s at 37°C, via a mechanism that was shown to be
partially sensitive to protease treatment, but not to treatment
with NEM (46).

Huijbregtset al. (47) studied transbilayer movement in
Escherichia coliinner membrane vesicles (IMV) of endog-
enously synthesized PE, using the reaction of its amine
function with fluorescamine as a method for detection. These
experiments were performed using membranes from a PE-
deficient strain [AD93 (48)], in which synthesis of (labeled)
PE can be restored by adding labeled serine, CTP, and wild-
type cell lysate containing the enzyme phosphatidylserine
synthase. It was found that newly synthesized radiolabeled
PE translocates with a half-time of<1 min in E. coli IMV.
The translocation half-times remained at<1 min after
treatment of right-side-out vesicles with protease, and
treatment with NEM had no observable effect on rates of
translocation measured in inside-out or right-side-out vesicles.

In inside-out inner membrane vesicles (IIMV) of wild-
type E. coli W3899, transbilayer movement of several C6-
NBD phospholipids was assessed by determining the acces-
sibility of the probe to dithionite, essentially as described
by McIntyre and Sleight (49). Bidirectional transbilayer
movement occurred with a half-time of∼7 min, irrespective
of the phospholipid headgroup, or pretreatment of the vesicles
with NEM and proteinase K. Moreover, the process was
found to be independent of ATP or the presence of a proton
motive force across the membrane (50). However, some care
should be taken with the interpretation of these results since
the lack of kinetic readout of the assay may have masked
subtle differences after the indicated treatments.

In agreement with the previous study, Kubeltet al. found
bidirectional transport of C6NBD phospholipids in IIMV of
E. coli with translocation half-times of 0.5-3 min (51) in a
different, wild-type MG1655 strain. Translocation was as-
sessed using an on-line fluorescence BSA back-exchange
assay as described previously (43), and the analogues of PE
and PC behaved similarly in this assay.

It has been hypothesized that translocation of the polar
phospholipid headgroup would require its accommodation
in a proteinaceous pore in the bacterial membrane. Watkins
et al. (52) tested an interesting putative candidate, the protein
translocase fromE. coli, for its ability to translocate exo-
genously added NBD-PS. It was shown that depletion of the
protein translocase in a bacterial inner membrane system had
no effect onin Vitro PL translocation rates. This rules out
the possibility that the protein translocase is the only
phospholipid translocator in theE. coli IM.

Summary of Phospholipid Translocation in Biogenic
Membranes.Several undisputed general characteristics of
transbilayer movement in biogenic membranes are emerging,
despite the limited number of studies, the variety of mem-
brane systems that have been investigated, and the different
methods that have been employed.

First, in contrast to translocation in phospholipid model
membranes and in the plasma membrane of eukaryotes,
transbilayer movement of phospholipids in biogenic mem-
branes is fast, with translocation half-times on the order of
minutes or less. Especially for the cytoplasmic membrane
of rapidly growing bacteria should this be expected, since
redistribution of newly synthesized phospholipids is a
necessity in keeping up with growth.

Second, the ability to translocate phospholipids is an
intrinsic property of the biogenic membrane since it occurs
in isolated membranes, i.e., in the absence of other cellular
components. Translocation does not occur in any lipid extract
derived from a biogenic membrane, which taken together
implies that transbilayer movement of phospholipids is a
process mediated by a membrane protein(s).

Third, in diametric contrast, e.g., the aminophospholipid
translocation activity in the plasma membrane of eukaryotes,
translocation in biogenic membranes is bidirectional, energy-
independent, and not specific for the phospholipid headgroup.

Though there is consensus on transbilayer movement being
mediated by a membrane protein(s), there is controversy
about the question of whether biogenic membranes contain
one specific flippase or a group of flippases and/or have a
membrane protein-borne intrinsic capacity to translocate
phospholipids. To address this question, translocation assays
have been performed onin Vitro-reconstituted proteolipo-
somes, composed of lipids and detergent extracts (i.e.,
membrane proteins and membrane lipids) of ER membranes
and bacterial membranes. A number of these studies are
summarized in the next section.

In Vitro Reconstitution of Flip-Flop

Reconstitution of Flip-Flop ActiVity from Biogenic Mem-
branes.Backer and Dawidowicz (53) reconstituted a protein
extract of rat liver microsomes in vesicles, and obtained
flippase activity in part of the vesicle population. The activity
was measured as a shift in vesicle density in vesicles prepared
with brominated PC. In donor vesicles with flippase activity,
brominated PC was completely available for exchange with
PCTP, resulting in a low-density vesicle fraction. This
activity was reported to be insensitive to treatment with
trypsin or NEM.

Hrafnsdottir and Menon (54) used the di-C4-phosphati-
dylcholine-based assay as described above to show that
membrane proteins fromBacillus subtiliscould be recon-
stituted to yield transport-active proteoliposomes. The re-
constituted activity was partially protease-sensitive, and the
specific flip-flop activity could be enriched by fractionation,
indicating the existence of a group of flippases in theB.
subtilismembrane. With the same assay, Menonet al. (55)
studied translocation in proteoliposomes, prepared of a
detergent extract of rat liver ER membrane proteins. The
probe was redistributed with a half-time of∼2 min, and also
here protein pools with higher specific activities of translo-
cation were obtained by fractionation. The partial sensitivity
to protease treatment is explained by postulating the existence
of different pools of flippases. When present at a high
concentration, all vesicles might contain a protease-resistant
type of flippase. This line of reasoning reconciles the
apparent discrepancies between the lack of protease sensitiv-
ity reported by Backer and Dawidowicz and the studies just
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mentioned. Recently, a follow-up on this study was published
(56), in which radiolabeled DPPC was used as a marker
molecule instead of its water-soluble counterpart. The
susceptibility of the probe to PLA2 treatment was taken as a
measure of the amount of probe in the outer leaflet. This
study confirmed the characteristics of ER-derived proteoli-
posomes just described.

Using a lipid modification reaction and subsequent lipid
analysis on thin-layer chromatography, Nicolson and May-
inger (57) demonstrated translocation of radiolabeled phos-
phatidylethanolamine in proteoliposomes prepared from a
detergent extract fromSaccharomyces cereVisiae mi-
crosomes, an activity that was also shown to be partially
sensitive to protease treatment.

Exploiting the benefits of the on-line BSA back-extraction
assay (43), Kubelt et al. (51) have also shown recently that
a protein extract from theE. coli inner membrane is endowed
with phospholipid translocating activity when reconstituted
in proteoliposomes. A partial sensitivity to protease treatment
was reported, which is in apparent contrast with the lack of
protease sensitivity shown by Huijbregtset al. (50) in inner
membrane vesicles from this organism. The studies cited
above have revealed that the phospholipid translocating
activity from biogenic membranes can be reconstitutedin
Vitro. Combined with protein fractionation, this paves the
way for isolation of the flippase(s).

Despite many efforts, as yet no protein responsible for
phospholipid translocation in the ER or bacterial cytoplasmic
membrane has been identified. Taking a different point of
view, one can alternatively postulate thatthe mere presence
of membrane proteins in generalconfers the ability to
translocate phospholipids on biogenic membranes. Both
hypotheses area priori compatible with the general char-
acteristics of transbilayer movement in biogenic membranes.

Membrane proteins interact with the lipid bilayer princi-
pally in two ways. They can either span the hydrophobic
interior completely or be inserted into one leaflet of the
bilayer. The latter type of interaction can be mediated by
parts of the protein which interact with membrane-water
interface, e.g., via amphipathic helices. To our knowledge,
phospholipid translocation induced by membrane-associated
proteins has not been described. There is a large body of
evidence that amphipathic peptides can induce phospholipid
translocation, but this is thought to occur only after these
peptides have adopted a transmembrane orientation (see refs
58 and59 for recent reviews), resulting in pore formation.
Such a mechanism is unlikely to be involved in phospholipid
translocation in membrane biogenesis.

Integral membrane proteins commonly span the membrane
with one or more hydrophobicR-helical stretches. The
hypothesis that the presence of membrane-spanning proteins
is sufficient to induce phospholipid flip-flop was formulated
and has been testedin Vitro using a model membrane assay
(60) using syntheticR-helical peptides.

In Vitro Flip-Flop ActiVity Mediated by Hydrophobic
Membrane-Spanning Peptides.A series of well-characterized
(61-64) membrane-spanning hydrophobic peptides have
been employed as models for the membrane-spanning helices
of proteins. These peptides, termed XALPN, consist of a
hydrophobic core composed of alternating Ala and Leu (AL)
residues, flanked at the N- and C-termini by two anchoring
residues (X). The numberN denotes the total number of

residues. Charged or aromatic amino acids are typical
anchoring residues of naturally occurring membrane-span-
ning segments (65) which have a characteristic length of
around 20-25 residues depending on the type of membrane
in which the protein resides (66). Therefore, the lysine-
flanked peptide KALP23 [GKKL(AL)8KKA] and the tryp-
tophan-flanked peptide WALP23 [GWWL(AL)8WWA] were
used as mimics of naturally occurringR-helices of membrane
proteins to study helix-induced translocation. Transbilayer
movement was assessed by determining the accessibility of
C6NBD-labeled phospholipids to reduction with dithionite.
It was found that transmembrane peptides, incorporated in
model membranes composed ofE. coli phospholipids, induce
phospholipid translocation. This process could be readily
assessed at a peptide:lipid ratio as low as 1:2000. The rate
of translocation increased linearly with the peptide:lipid
molar ratio, up to rates corresponding to translocation half-
times on the order of minutes at a peptide:lipid ratio of 1:250.
Subtle differences in the rate of translocation between
peptides with different anchoring residues were reported.
From this study, it was concluded that the presence of
transmembrane helices in theE. coli inner membrane might
be sufficient to allow phospholipid translocation (60). This
effect was not restricted to the XALP peptides, as it was
shown that a naturally occurring transmembrane helix [H1,
N-terminal transmembrane helix of theE. coli inner mem-
brane protein leader peptidase (Lep)] induced phospholipid
translocation with a similar efficiency (67).

Another study revealed that phospholipid translocation
occurred not only in vesicles composed ofE. coli phospho-
lipids but also in XALP-containing vesicles composed of
synthetic phospholipids such as dioleoylphosphatidylcholine
(DOPC), DOPC/DOPE, DOPC/DOPG, and DOPC/choles-
terol vesicles. The lipid composition of the vesicle was shown
to modulate translocation rates. In DOPC/DOPE mixtures,
a higher PE content of the membrane was found to
moderately reduce the rate of translocation. The presence
of 40% cholesterol was shown to be strongly inhibitory,
reducing translocation rates 6-fold. It was suggested that a
higher content of PE or cholesterol reduces the rate of
phospholipid translocation by increasing the acyl chain order
of the phospholipids. Various lipid probes were tested,
revealing a strong dependence of the rate of transbilayer
movement on the type of lipid headgroup. Apparently, a
higher number of charges on the phospholipid headgroup
correlated with a lower translocation rate, in accordance with
the fact that the barrier for translocation is the polar lipid
headgroup. It should be noted that a strong headgroup
dependence is generally not observed in biogenic membranes.
Possibly, the great variety of membrane-spanning segments
found in biomembranes that may contain more polar or
charged side chains in their hydrophobic core allows for a
variety of phospholipid classes to be translocated.

In conclusion, these data indicate that transmembrane
helix-induced translocation of phospholipids occurs in vari-
ous lipid mixtures, and that the composition of the lipid
mixture can modulate translocation efficiency. Thus, helix-
induced translocation could in principle apply to biomem-
branes other than theE. coli inner membrane, and the lipid
composition of some biomembranes may provide a means
of regulating the rate of helix-induced translocation.
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In Vitro Flip-Flop ActiVity Mediated by a Subset of
Bacterial Membrane Proteins.To validate the conclusions
from the studies using synthetic peptides, a number of well-
characterized membrane proteins from bacterial biogenic
membranes have been tested for their ability to induce
translocation (67). Purified membrane proteins were recon-
stituted into proteoliposomes with the typical phospho-
lipid composition ofE. coli, and the translocation of short-
chain labeled NBD-PG was assayed essentially as described
above.

The protein leader peptidase (Lep) fromE. coli is an inner
membrane protein with two membrane-spanning segments,
and a catalytic periplasmic domain (P2). Lep was shown to
induce translocation of NBD-PG, in agreement with the
observation that the first TM segment of this protein also
induces translocation. In contrast, the membrane surface-
associated P2 domain did not induce appreciable phospho-
lipid redistribution, indicating that the membrane-spanning
segments of Lep are responsible for inducing the transbilayer
movement. The potassium channel KcsA is a stable tet-
rameric protein (68), consisting of monomers that like Lep
have two membrane-spanning segments. Tetrameric KcsA,
although larger than Lep, was shown to mediate phospholipid
transbilayer movement, with an efficiency similar to that of
(monomeric) Lep. This might indicate that membrane-
spanning helices are less effective in inducing translocation
when they are components of a larger proteinaceous structure.
MsbA fromE. coli, a member of the ABC superfamily which
forms a dimer with 12 transmembrane helices in total, has
been shown to be involved in outer membrane biogenesis
and has been postulated to be involved in (phospho)lipid
translocation (69, 70). Reconstitution of this large protein
in model membranes did not result in detectable phospholipid
translocation activity in the proteoliposomes that were
obtained.

On the basis of the model peptides and membrane proteins
that have been tested, it could be concluded that the single-
membrane-spanning proteins are more effective in inducing
flop than polytopic membrane proteins. It seems that the
cross-sectional size of the membrane-spanning part (i.e., of
the helix or helix bundle) correlates with its efficiency in
inducing translocation, which will be discussed shortly. The
main conclusion from this study is that a subset of bacterial
inner membrane proteins induces phospholipid redistribution
via their R-helical membrane-spanning segments, in agree-
ment with the results obtained with the model peptides
described above.

How do transmembrane helices cause lipid redistribution?
We propose that their presence causes transient disturbances
in the bilayer, localized at the interface between the
membrane-spanning parts and the lipids. As a result of this,
a phospholipid adjacent to the peptide may “slip” into the
bilayer’s interior with its headgroup. This could be regarded
as the transition state of the translocation process. From there,
it may surface, or “pop up”, with its headgroup on the other
side (or the same side) of the membrane, after which
translocation is accomplished. Thus, we propose the name
“slip-pop” for the putative mechanism of transmembrane
helix-induced flip-flop.

What is the nature of the disturbances that allow phos-
pholipids to translocate? We speculate that they are created
by dynamic processes, caused by, for example, the rotational
motion, wobbling, tilting, or bending of the helix (see Figure
1, top panel). Increased helix dynamics may result in a less
stable interaction between the helix and the adjacent phos-
pholipid(s). Therefore, the phospholipid may have a greater
probability of slipping into the transition state orientation,
resulting in increased translocation rates for phospholipids
in the presence of transmembrane helices in membranes. As
was noted previously, single helices displayed more slip-

FIGURE 1: Slip-pop mechanism for phospholipid translocation in biogenic membranes. Schematic representation of a membrane, viewed
from the side (top panel) and from the top (bottom panel), with either a single-membrane-spanning protein (in black, left-hand side) or a
multi-membrane-spanning protein (in black, right-hand side) incorporated. The dynamic behavior (top panel, gray silhouettes suggesting
motion) of single-membrane-spanning proteins is postulated to cause transient defects in the lipid-helix interface with more efficiency
than a less dynamic multi-membrane-spanning protein. The bottom panel shows that incorporation of proteins with a large cross-sectional
area may offer more “interaction surface” for phospholipids (dark thickened line in the empty circles) than a single helix, resulting in more
stable lipid-protein interactions. As a result of these two phenomena, small, membrane-spanning proteins may be much more efficient in
inducing phospholipid translocation than large membrane proteins.
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pop than multi-membrane-spanning proteins. This fits the
model, since the former can be expected to have more
motional freedom than the latter (see the top panel of Figure
1). We speculate that the tendency of the lipid itself to slip
into the transition state correlates strongly and negatively
with the number of charges on its headgroup.

In addition to the dynamic properties of the membrane-
spanning protein, we speculate that its sizeper semay also
influence the effect on the surrounding lipids. This is because
proteins with a high cross-sectional area expose more surface
to the lipids at which stable lipid-protein interactions can
occur, as schematically shown in the bottom panel of Figure
1. The part of the lipid in contact with the protein is indicated
for a single (left)- or multi-membrane (right)-spanning
protein. More interaction surface would result in more stable
lipid-protein interactions and consequently in a decreased
probability of the lipid changing its orientation.

Concluding Remarks

The presence of membrane-spanning helices induces
translocation of some phospholipid classes under conditions
where bilayer integrity is preserved. This argues in favor of
a general mechanism of constitutive flip-flop, or slip-pop in
biogenic membranes. Although not a prerequisite, the asym-
metric synthesis of phospholipids in these membranes may
constitute a driving force for this process, giving rise to net
phospholipid translocation in biogenic membranes, without
the need for additional energy input.

We note that there must be restrictions to helix-induced
translocation, asR-helical membrane-spanning segments are
ubiquitous, also in membranes that typically display slow
phospholipid translocation such as the erythrocyte membrane
(71). Our model studies indicate that increasing the choles-
terol content of a membrane inhibits slip-pop. It is tempting
to speculate that the enrichment in cholesterol along the
vesicular traffic pathway (i.e., from the ER to the plasma
membrane) results in a gradual reduction of helix-induced
translocation (72), which would make the maintenance of
phospholipid asymmetry less costly. Cholesterol is known
to influence the properties of biomembranes profoundly (see
ref 73); thus, an additional function as a modulator of
phospholipid translocation is conceivable.
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