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T he processes of membrane differentiation, turn-
over, and growth require the incorporation of
building blocks�proteins and lipids�into pre-

existing membranes (1). For the eukaryotic plasma
membrane this is largely accomplished through the fu-
sion of cargo-bearing secretory vesicles that originate in
biosynthetic compartments and by the nonvesicular de-
livery of lipids such as cholesterol. In the case of bio-
genic or “self-synthesizing” membranes, such as the en-
doplasmic reticulum (ER) or bacterial cytoplasmic
membrane (bCM), newly synthesized components are
directly integrated. The membrane insertion and integra-
tion of nascent polypeptide chains into the ER and
bCM is relatively well understood; much of the requi-
site machinery has been structurally defined, and plau-
sible insertion mechanisms have been outlined (2, 3).
The integration of membrane lipids on the other hand
presents a topologically distinct problem since lipids oc-
cupy both leaflets of the bilayer. This necessitates reori-
entation, or flipping, of lipids from one side of the bi-
layer to the other.

Whereas in-plane lateral and rotational movements
of membrane lipids are rapid, the intrinsic rate at which
lipids flip across membranes is very low because the po-
lar headgroup of the lipid must transit through the hy-
drophobic interior of the membrane. Thermal fluctua-
tions (�1 kcal mol�1 at ambient temperature) alone are
not sufficient to scale the �15�50 kcal mol�1 barrier
that would be encountered by the common phospho-
lipid phosphatidylcholine (PC) during reorientation from
one side of a membrane bilayer to the other (4−6). Con-
sistent with this, PC flips infrequently across artificial
membranes (typical time constants range from hours
to weeks). Yet PC and other phospholipids flip back and
forth rapidly across biogenic membranes, on a time-
scale of tens of seconds or less.

Polar lipids must flip rapidly across biogenic mem-
branes not only to sustain membrane growth but also
for a number of biosynthetic pathways, especially those
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ABSTRACT The biosynthesis of glycoconjugates such as N-glycoproteins and
GPI-anchored proteins in eukaryotes and cell wall peptidoglycan and lipopolysac-
charide in bacteria requires lipid intermediates to be flipped rapidly across the
endoplasmic reticulum or bacterial cytoplasmic membrane (so-called biogenic
membranes). Rapid flipping is also required to normalize the number of glycero-
phospholipids in the two leaflets of the bilayer as the membrane expands in a
growing cell. Although lipids diffuse rapidly in the plane of the membrane, the in-
trinsic rate at which they flip across membranes is very low. Biogenic membranes
possess dedicated lipid transporters or flippases to increase flipping to a physi-
ologically sufficient rate. The flippases are “ATP-independent” and facilitate
“downhill” transport. Most predicted biogenic membrane flippases have not been
identified at the molecular level, and the few flippases that have been identified
by genetic approaches have not been biochemically validated. Here we summa-
rize recent progress on this fundamental topic and speculate on the mechanism(s)
by which biogenic membrane flippases facilitate transbilayer lipid movement.
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involved in the synthesis of glycoconjugates. For ex-
ample, assembly of bacterial peptidoglycan by the well-
established penicillin- and lantibiotic-sensitive pathway
requires flipping of a complex peptidoglycolipid across
the bCM. Similarly, protein N-glycosylation and GPI-
anchoring in eukaryotic cells require that glycolipid pre-
cursors are translocated rapidly across the ER. Since flip-
ping is intrinsically slow, biogenic membranes must
have a mechanism to increase its rate. While a number
of different mechanisms have been discussed over the
years, including the possibilities that non-bilayer ar-
rangements of lipids, the mere presence of membrane
proteins, or transient defects in bilayer structure could
promote flipping, it is now clear that lipid flipping across
biogenic membranes requires specific lipid transport-
ers (flippases). These “biogenic membrane flippases”
facilitate ATP-independent, transbilayer diffusion of lip-
ids, i.e., they catalyze “downhill” transport of lipids.
They are functionally distinct from the more familiar lipid
transporters of the P-type ATPase or ABC (ATP-binding
cassette) transporter families, typically found in the
plasma membrane and late secretory organelles, that
couple ATP hydrolysis to concentrative “uphill” trans-
port (7−9).

In this Review we highlight the roles of lipid flipping
in membrane biogenesis and glycolipid assembly in eu-
karyotes and prokaryotes. Our focus is on biogenic
membranes, specifically the ER and bCM, where lipid
flipping is characteristically ATP-independent. Most pre-
dicted biogenic membrane flippases have not been
identified at the molecular level and the activities of flip-
pases identified by genetic approaches have not been
strictly biochemically validated by reconstitution of puri-
fied proteins. We describe these systems (thus answer-
ing the question posed in the title of this Review) and
conclude by speculating on the mechanism(s) by which
these novel transport proteins might facilitate transbi-
layer lipid movement.

A note on nomenclature. We are guilty of “abusing”
the term flippase (10), since it has come to describe an
ATP-driven transporter that unidirectionally transfers lip-
ids from the exoplasmic to the cytoplasmic leaflet. The
term floppase describes transporters that catalyze trans-
port in the opposite direction, i.e., in (cyto-) to out (exo-).
A biogenic membrane flippase is perhaps more prop-
erly referred to as a scramblase. To avoid confusion with
the plasma-membrane-localized Ca2�-dependent phos-
pholipid scramblase activity (11) and for historical rea-
sons, we continue to use the term flippase for transport-
ers that facilitate ATP-independent, bidirectional lipid
diffusion across biogenic membranes.

Glycerophospholipid Flip-Flop across Biogenic
Membranes. Glycerophospholipids (PLs; e.g., Figure 1,
panel A) are synthesized on the cytoplasmic face of the
ER and bCM (12−15). In order to grow the bilayer, newly
synthesized PLs or other PLs in the cytoplasmic leaflet
must flip across the membrane (Figure 1, panel B). Since
the two leaflets of a membrane bilayer are coupled, dra-
matic membrane deformations can be anticipated if flip-
ping does not occur and PLs accumulate in one leaflet at
the expense of the other (10, 16). Figure 1, panel C
shows an example of membrane bending induced by
transbilayer lipid number asymmetry: when the outer
leaflet of a prolate giant unilamellar vesicle (GUV) is en-
larged by introducing a fraction of a mole percent of lyso-
PC, the vesicle is deformed into a structure that ap-
pears to be on the verge of releasing a bud. Such
deformations may have a physiological role in mem-
brane budding and tubulation (17) but are clearly unde-
sirable for bilayer propagation.

The rate of PL synthesis and flipping must match the
demand for new membrane as the cell grows. In a bac-

Figure 1. Glycerophospholipid synthesis and flip-flop at the ER.
A) Phosphatidylcholine (PC), a major glycerophospholipid in eu-
karyotic cells. B) A glycerophospholipid (PL) biosynthetic enzyme
(left) converts diacylglycerol to PL on the cytoplasmic face of the
ER. The PL flippase (right) facilitates bidirectional transbilayer
translocation of PLs, allowing balanced growth of the bilayer. The
ER PL flippase does not itself generate or maintain transbilayer
lipid asymmetry. C) Shape change induced in a prolate giant unil-
amellar vesicle (left) by the introduction of 0.1 mol percent lyso
PC into the outer leaflet. Scale bar, 10 �m. Image courtesy of A.
Papadopulos.
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terial cell that doubles every �30 min, at least �5000
PLs must flip across the bCM every second. For Gram-
negative cells where PLs are also needed for outer mem-
brane biogenesis, the demand for lipid synthesis and
flipping is greater. Measurements of PL flipping across
the bCM (14, 18, 19) indicate that it is rapid (t1/2 on the
order of tens of seconds), occurring at a much greater
rate than required for cell doubling. PL flipping is simi-
larly rapid across the ER membrane (20−22). Biochemi-
cal reconstitution studies (23−25) indicate that both the
ER and bCM have specific transport proteins (PL flip-
pases) that facilitate flipping. Although their activity has
been studied for over 30 years, the PL flippases have
thus far eluded identification at the molecular level.

PL flip-flop across the ER membrane and bCM occurs
bidirectionally and does not require a source of meta-
bolic energy (26, 27). The PL flippase is nonselective
with respect to glycerophospholipid structure (19−22,
26, 28). Not only are PLs with different headgroups
flipped with similar rates, but PL stereoisomers contain-
ing sn-2,3-diacylglycerol (the isomer found in archae-
bacteria; PLs in eukaryotes and eubacteria contain sn-
1,2-diacylglycerol) are also rapidly translocated (22).

PL flippase activity has been demonstrated in proteo-
liposomes reconstituted from detergent-solubilized ER
or bCM proteins (22−25, 29−34). Fractionation of the
protein mixture prior to reconstitution indicates that the
activity can be enriched and also separated from other
flippase activities including those required to flip
isoprenoid-based lipids (see below). Two different pro-
teins (or variants of the same protein) independently
contribute to the PL flippase activity of the ER: one of
these proteins is inactivated by diethylpyrocarbonate
(DEPC), while the other is inactivated by the sulfhydryl
alkylating reagent N-ethylmaleimide (NEM) (30). The two
proteins appear broadly similar since they co-fractionate
on a number of chromatographic supports such as ion
exchange and hydroxyapatite; however, they may be
separable by lectin affinity chromatography (authors’
unpublished results). It is not known whether PL flip-
pase activity in the bCM is similarly due to two proteins.

The E. coli inner membrane protein LplT (formerly
ygeD), a non-essential polytopic membrane protein
with 12 predicted transmembrane spans, has been pro-
posed to flip 2-acyl-glycerophosphoethanolamine (2-
acyl GPE) from the periplasmic leaflet to the cytoplas-
mic leaflet of the inner membrane (35). 2-Acyl GPE is
formed on the periplasmic face as a result of a transac-

ylation reaction in which the 1-acyl chain of PE is trans-
ferred to the N-terminus of the major outer membrane li-
poprotein. On its return to the cytoplasmic leaflet, 2-acyl
GPE is acylated to regenerate PE. Reacylation is re-
duced by �70% in cells that lack LplT; spheroplasted
�lplT cells also have a reduced ability to take up a fluo-
rescent 2-acyl GPE analogue. These results suggest that
LplT plays a major, but not unique, role in transporting
2-acyl GPE across the bCM.

LplT is a member of the major facilitator superfamily
and likely acts by a uniport mechanism since its func-
tion does not require ATP or the proton motive force. Al-
though it transports 2-acyl GPE across the bCM, LplT is
unlikely to have a generalized PL flippase function. In
some bacteria LplT is fused to the acyltransferase, creat-
ing a single protein that functions as a transport/acyla-
tion system to regenerate PE; this suggests a dedicated
function. Also, since LplT is not found in Gram-positive
bacteria there is clearly another protein with possibly
wider species distribution that acts as a PL flippase.
Even if LplT is not a general PL flippase, it appears to
be the first example of a protein capable of facilitating
the rapid transbilayer translocation of a glycerophos-
pholipid. While this opens the door to analyses of the
lipid transport mechanism of
PL flippases, it will first be nec-
essary to confirm LplT’s trans-
port activity via biochemical re-
constitution experiments.

Glycolipid Flip-Flop across
the ER. Nascent polypeptide
chains are N-glycosylated by
oligosaccharyltransferase as
they emerge from the protein
translocon into the ER lumen
(Figure 2, panel A); in some
cases, they are subsequently
modified with a glycosylphos-
phatidylinositol (GPI) lipid an-
chor (Figure 2, panel B). The
N-glycan is derived from an
isoprenoid-based glycolipid,
oligosaccharide-diphosphate
dolichol (typically
Glc3Man9GlcNAc2-PP-dolichol;
Figure 2, panel C), whereas GPI
anchors (Figure 2, panel C)
are transferred “as is” to the

KEYWORDS
Biogenic membrane: A “self-synthesizing”

membrane, capable of synthesizing and
integrating its lipid and protein components.
Examples are the endoplasmic reticulum and
the bacterial cytoplasmic membrane.

Flippase: Used here to signify a membrane
protein that facilitates bidirectional, ATP-
independent flipping of polar lipids across a
biogenic membrane.

Flipping: Reorientation of a lipid from one leaflet
of a membrane bilayer to the other. Used
interchangeably with “flip-flop” and
“transbilayer translocation”. Flip refers to
transport of a lipid from the exoplasmic
membrane leaflet to the cytoplasmic leaflet,
i.e., out ¡ in, whereas flop designates in ¡
out transport.

Membrane protein: A protein that is integral to
the membrane. A polytopic membrane protein
spans the membrane many times.

Polar lipid: An amphipathic molecule, with a
hydrophobic unit derived from fatty acids,
sphingosine or isoprenoids (such as dolichol
and undecaprenol), and a zwitterionic or
charged hydrophilic headgroup. Typical
examples are phosphatidylcholine,
sphingomyelin and dolichyl phosphate
mannose.
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protein. Oligosaccharide-diphosphate dolichol and GPI
must be present in the lumenal leaflet of the ER to par-
ticipate in these protein modification reactions, but their
biosynthesis is initiated on the cytoplasmic face of the
ER. Thus a biosynthetic lipid intermediate in each case
must flip across the ER membrane in order for glycolipid
assembly to be completed (36−39).

Biosynthesis of the N-glycan precursor involves the
stepwise addition of components to dolichyl phos-
phate (Figure 3, panel A). The first seven steps convert
dolichyl phosphate to Man5GlcNAc2-PP-dolichol (M5-
DLO) on the cytoplasmic side of the ER. M5-DLO is then
flipped across the bilayer into the ER lumen where the
next seven sugars are added. These sugars are derived

from the glycolipids mannose-phosphate-
dolichol (MPD) and glucose-phosphate-
dolichol (GPD), both of which are synthe-
sized on the cytoplasmic face of the ER and
must be flipped into the lumen to partici-
pate in glycosyltransfer reactions that
convert M5-DLO to Glc3Man9GlcNAc2-PP-
dolichol. After transfer of the glycan to as-
paragine residues within specific sequons
in the nascent polypeptide, the dolichyl
pyrophosphate byproduct is dephosphory-
lated to dolichyl phosphate in the ER lumen
and recycled (40).

GPI assembly (Figure 3, panel B) begins
with the synthesis and de-N-acetylation of
GlcNAc-PI on the cytoplasmic face of the ER.
In mammalian cells GlcN-PI then flips
across the ER membrane to the lumenal
leaflet where it is inositol acylated, manno-
sylated, and modified with phosphoethano-
lamine residues to generate a GPI anchor
precursor that can be transferred to proteins
(39). Variations of this basic biosynthetic
scheme are found in almost all eukaryotes.
Flipping of GlcN-PI was recently demon-
strated in proteoliposomes reconstituted
from detergent-solubilized rat liver ER mem-
brane proteins (41). The results suggested
that rather than being transported by a dedi-
cated “GPI flippase”, GlcN-PI is likely trans-
located by the PL flippase in an ATP-
independent manner. This conclusion is
plausible given the unselective nature of
the PL flippase but remains to be verified.

The inositol-linked fatty acid, mannose residues, and
phosphoethanolamine moieties that are added to
GlcN-PI are derived from cytoplasmically synthesized
fatty acyl CoA, MPD, and PE, respectively, that must be
transported to the ER lumen. Translocation of MPD and
PE is facilitated by dedicated flippases. Nothing is
known about how fatty acyl CoAs enter the ER lumen.

In summary, five different lipids (M5-DLO, MPD, GPD,
GlcN-PI, and PE; Figure 3, panel C) must flip across the
ER membrane to support the biosynthesis of N-glyco-
sylated and GPI-anchored proteins. In each case flip-
ping is ATP-independent and bidirectional; however,
since the flipped lipid is consumed in subsequent bio-
synthetic steps, flipping is effectively vectorial. A sixth

Figure 2. Protein N-glycosylation and GPI anchoring in the ER. A) Oligosaccharyltransferase
(OST) transfers Glc3Man9GlcNAc2 from Glc3Man9GlcNAc2-PP-dolichol (left) to an asparagine resi-
due (yellow) within a glycosylation sequon (Asn-X-Ser/Thr) in the nascent polypeptide (right) as
it emerges into the ER lumen. B) An ER-translocated protein with a C-terminal GPI-directing
signal sequence (orange) is a substrate for GPI transamidase (GPIT). GPIT replaces the
C-terminal signal sequence with a GPI anchor. The anchor is attached via an amide bond be-
tween an ethanolamine residue in the GPI and the �-carboxyl group of the C-terminal amino
acid. Symbols are explained in Figure 3. C) Structure of Glc3Man9GlcNAc2-PP-dolichol (a 75-
carbon yeast dolichol is depicted) and the mammalian GPI H8.
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lipid, dolichyl phosphate, generated in lumenal manno-
syltransfer (including reactions leading to C- and
O-mannosylation of proteins), glucosyltransfer, and
OST reactions, must be returned to the cytoplasmic
face of the ER to reenter the “dolichol cycle”. Even less
is known about how this occurs except that it is likely to
involve an ATP-independent mechanism. None of the
flippases required for these translocation events has
been identified. However, there has been considerable
recent progress in characterizing the flippase activities
responsible for translocating M5-DLO and MPD. Both ac-
tivities have been biochemically reconstituted and sepa-
rated from each other as well as from PL flippase activ-
ity. The next two sections summarize these new results.

M5-DLO Flippase: Biochemical Reconstitution
Studies. M5-DLO flipping was assayed in a reconsti-
tuted system (Figure 4, panel A) by exploiting the abil-
ity of the lectin Concanavalin A (Con A) to bind mannose-
containing glycolipids and in so doing render the lipids
insoluble in organic solvents. To assay flipping, large
unilamellar liposomes were prepared with trace
amounts of [3H]M5-DLO distributed equally between
the inner and outer leaflets; proteoliposomes were pre-
pared similarly, except that Triton X-100-solubilized ER
membrane proteins (source of M5-DLO flippase) were
included during vesicle reconstitution. When protein-
free liposomes are treated with Con A (a large, tetrameric
protein that cannot cross the membrane), all the [3H]M5-
DLO molecules in the outer leaflet are expected to bind
the lectin, whereas those in the inner leaflet are not be-
cause they are protected by the membrane barrier. Thus,
50% of the [3H] radioactivity (corresponding to the outer
leaflet pool of [3H]M5-DLO) is expected to precipitate
with Con A, while the remaining 50% (corresponding to
the inner leaflet pool of [3H]M5-DLO) is expected to be
extractable by organic solvent. When proteoliposomes
containing M5-DLO flippase are assayed in the same
way, 100% of the [3H]M5-DLO is expected to interact
with Con A and precipitate. This is because in flippase-
containing vesicles, the inner leaflet pool of [3H]M5-DLO
can flip to the outer leaflet. The fraction of [3H]M5-DLO
that can be precipitated in a given sample of vesicles is
expected to range from 50�100%, depending on the
proportion of vesicles that contain a functional M5-DLO
flippase.

Using this assay, M5-DLO flipping was shown to be
rapid (� � 1 min; this estimate is limited by the rate at
which Con A binds M5-DLO) (Figure 4, panel B), protein-

dependent, and ATP-independent (31). M5-DLO flip-
pase activity sedimented operationally at �4S and
could be enriched on a variety of chromatography me-
dia, including blue dye resin where it was completely re-
solved from PL flippase activity (31). Furthermore, the
activity bound quantitatively to Con A-Sepharose, indi-
cating that M5-DLO flippase is either a glycoprotein or
tightly associated with one (authors’ unpublished work).
Specificity tests indicated that a non-natural, trianten-
nary isomer of M5-DLO was not flipped (� �� 200 min)
(Figure 4, panel B), while the rate at which biosynthetic
intermediates (such as M6-DLO) were flipped depended
on their structure (42). GlcNAc2-PP-citronellol, a water-
soluble analogue of GlcNAc2-PP-dolichol, was an effec-
tive competitor and could drastically reduce the rate of
M5-DLO flipping2. The fine specificity revealed through
these studies suggests that while M5-DLO is the optimal
transport substrate, the M5-DLO flippase has a binding
site that recognizes a core component, likely GlcNAc2-
PP-dolichol or GlcNAc-PP-dolichol, within the full-length
DLO structure (Figure 4, panel C). The specificity data
also validate the reconstitution approach: it is extremely
unlikely that residual detergent in the vesicle prepara-
tions or potential detergent-induced protein denatur-
ation (43) provides a mechanism that can account for
the substrate-specific flipping that is observed.

A few years ago it was proposed that Rft1 is the M5-
DLO flippase (44, 45). Rft1 is an essential, polytopic,
ER membrane protein of yeast that is also found in all
eukaryotes that synthesize mannosylated N-glycans.
The conclusion that it is the M5-DLO flippase was based
on genetic evidence. For example, yeast cells with re-
duced levels of Rft1 were shown to accumulate M5-DLO
and hypoglycosylate proteins, consistent with the inabil-
ity to transport M5-DLO to the lumenal leaflet. To deter-
mine whether Rft1 is indeed the M5-DLO flippase,
flippase activity was assayed in proteoliposomes recon-
stituted with Triton X-100-solubilized yeast microsomal
proteins. Activity was unaffected when the protein mix-
ture used for reconstitution was derived from cells with
reduced levels of Rft1 or if the mixture was treated with
antibodies to quantitatively remove its content of Rft1
(46). Furthermore, M5-DLO flippase activity could be re-
solved from Rft1 by velocity sedimentation, ion ex-
change, and blue dye resin chromatography of the Tri-
ton X-100-solubilized proteins (31, 46). These results
indicate that Rft1 is not the M5-DLO flippase. In a more
recent study, sealed microsomes from Rft1-depleted
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yeast were shown to be able to (i) elaborate in situ syn-
thesized [3H]GlcNAc2-PP-dolichol to Man9GlcNAc2-PP-
dolichol, a process that requires flipping of M5-DLO, and
(ii) transport [3H]GlcNAc2-PP-dolichol15, a water-soluble
analogue of [3H]GlcNAc2-PP-dolichol, across the mem-
brane into the vesicle interior. These data indicate that
M5-DLO flippase activity is unaffected in Rft1-depleted

microsomes (47), supporting the results of the bio-
chemical reconstitution studies. The function of Rft1 in
N-glycosylation remains to be established.

MPD Flippase. MPD is synthesized on the cytoplas-
mic face of the ER (Figure 3, panel A) by Dpm1, an en-
zyme that acts alone in yeast or as part of a ternary com-
plex (Dpm1�3) in mammals (48). Yeast Dpm1 is a

Figure 3. Lipid flipping in protein N-glycosylation and GPI anchoring in the ER. A) Assembly of Glc3Man9GlcNAc2-PP-dolichol.
The first seven steps, leading to the synthesis of M5-DLO from dolichyl phosphate, occur on the cytoplasmic face of the ER.
GDP-mannose and UDP-GlcNAc directly contribute the sugar moieties for these reactions. M5-DLO is then flipped into the ER
lumen by M5-DLO flippase and extended in a further 7 reactions to yield Glc3Man9GlcNAc2-PP-dolichol. The sugar donors for
these lumenal reactions are MPD and GPD. MPD is synthesized from dolichyl phosphate and GDP-mannose on the cyto-
plasmic face of the ER and then flipped to the ER lumen by MPD flippase. In the lumen it is the mannosyl donor for the four
reactions that convert M5-DLO to Man9GlcNAc2-PP-dolichol. GPD is synthesized from dolichyl phosphate and UDP-glucose
(not shown) on the cytoplasmic face of the ER and then flipped to the ER lumen by GPD flippase. B) GPI biosynthesis.
GlcN-PI is synthesized in two steps from PI on the cytoplasmic face of the ER and then flipped into the ER lumen to be elabo-
rated into a mature GPI anchor. Lumenal reactions include inositol acylation and mannose and phosphoethanolamine addi-
tion. The inositol acyl group is derived from fatty acyl CoA (FA-CoA), which is transported into the ER by an unknown mecha-
nism. Mannose and phosphoethanolamine residues are derived from MPD and PE, respectively; both these lipids have to be
flipped into the ER lumen. C) Structures of the lipids that are flipped across the ER membrane in the dolichol cycle and GPI
biosynthesis pathways. Yeast dolichol (15 isoprene units) is depicted in the M5-DLO, MPD, and GPD structures; mammalian
dolichol is longer, typically 19 isoprene units.
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single-pass membrane protein, whereas in mammals it
owes its membrane association to the other subunits of
the ternary complex, Dpm2 and Dpm3. It was pro-
posed that Dpm1 itself functions as the MPD flippase.
Initial findings with partially purified yeast Dpm1 and an
elegant reconstitution-based approach supported this
idea (49). However, it was subsequently shown that the

essential function of Dpm1 was retained even in the ab-
sence of its transmembrane domain (50). This sug-
gests that Dpm1 is not the MPD flippase.

MPD flipping across the ER has been studied with
mannose-P-citronellol (Man-P-Cit), an analogue of MPD
(51). The analogue contains the 10-carbon isoprenoid
citronellol (instead of the �75-carbon dolichol moiety of
yeast MPD), making it water-soluble to �50 mM. Since
Man-P-Cit is a substrate for MPD-dependent mannosyl-
transferases that elongate M5-DLO to Man9GlcNAc2-PP-
dolichol (Figure 3, panel A) (52), it was reasoned that it
would be a suitable reporter of MPD flipping. Incubation
of Man-P-Cit with sealed rat liver ER vesicles resulted in
its transport into the intravesicular space. Transport oc-
curred via a saturable, equilibrative, ATP-independent,
trypsin- and DEPC-sensitive process. Man�-P-Cit (the
non-natural isomer) was poorly transported, indicating
that the MPD transport system is stereoselective (51). In-
terestingly, glucose-P-citronellol, a GPD analogue that
is itself transported into ER vesicles (53), did not com-
pete with Man-P-Cit for uptake (51). The lack of compe-
tition between the two analogues suggests that MPD
and GPD are translocated by different flippases.

Man-P-Cit uptake was also demonstrated in sealed
proteoliposomes formed from an octylglucoside-
solubilized mixture of egg phospholipids and rat liver
ER proteins (54). Uptake in the reconstituted system re-
capitulated characteristics of Man-P-Cit uptake by ER
vesicles: it was ATP-independent, stereoselective, and
sensitive to DEPC. Fractionation of the octylglucoside-
solubilized ER protein mixture prior to reconstitution re-
vealed that Man-P-Cit transport activity could be en-
riched by anion exchange chromatography. Using a
membrane-impermeant oxidant as a topological probe,
we recently developed an assay for MPD flipping in a re-
constituted system using the radiolabeled natural lipid
([3H]MPD) rather than Man-P-Cit (author’s unpublished
work). With this assay we showed that MPD flippase is
not a glycoprotein and can be resolved from M5-DLO
flippase by lectin affinity and ion exchange chromatog-
raphy. Competition experiments with water-soluble iso-
prenoid phosphates revealed a surprising specificity:
[3H]MPD flipping was inhibited by citronellyl phosphate
but not with neryl phosphate. Since nerol differs from
citronellol solely by a cis-unsaturated �-isoprene, this re-
sult suggests that MPD flippase recognizes the
�-isoprene unit of the carrier lipid, in addition to the
mannose residue as described above. The observation

Figure 4. M5-DLO flipping in a reconstituted system.
A) Principle of the M5-DLO flippase assay in reconstituted
vesicles. Vesicles are reconstituted with trace amounts of
[3H]M5-DLO. Protein-free liposomes or vesicles containing
irrelevant membrane proteins are indicated as Flippase
(�); proteoliposomes containing the M5-DLO flippase are
indicated Flippase (�). On adding the lectin Con A to the
vesicles, M5-DLO molecules in the outer leaflet bind Con A
and are rendered insoluble in an organic solvent (a mix-
ture of chloroform, methanol and water); M5-DLO mol-
ecules in the inner leaflet are protected. Thus, for Flippase
(�) vesicles, 50% of the M5-DLO molecules are captured
by Con A; for Flippase (�) vesicles, 100% are captured
since those in the inner leaflet are translocated to the
outer leaflet. B) Kinetics of flipping (obtained from the rate
of capture of DLOs by Con A in intact vesicles (42)) of
M5-DLO and its structural isomer, iM5-DLO. Symbols are
explained in panel C. C) The structure of Man9GlcNAc2-PP-
dolichol is depicted. The M5-DLO substructure is con-
tained within the light blue shaded region. M3-DLO (struc-
ture enclosed within the dashed lines) is flipped almost
as well as M5-DLO. DLO structures containing mannoses
indicated “�” are flipped more rapidly, whereas the pres-
ence of mannose residues indicated by “�” reduces the
rate of flipping (42). These rules indicate that M5-DLO is
the optimal substrate for the DLO flippase.
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that Cit-P, a dolichyl phosphate analogue, is recog-
nized by MPD flippase raises the possibility that MPD
flippase and perhaps also GPD flippase may play a role
in recycling dolichyl phosphate.

Lec35/MPDU1 mutants of Chinese hamster ovary
cells synthesize MPD normally but are unable to manno-
sylate M5-DLO (55, 56). The mutant cells are also un-
able to C-mannosylate proteins and cannot add man-
nose to GlcN-acylPI in GPI biosynthesis. These results
suggest that Lec35, a polytopic ER membrane protein,
is somehow involved in making MPD available for lume-
nal mannosyltransfer reactions. But is Lec35 the MPD
flippase? The ER lumenal mannosylation defects dis-

played by the Lec35 mutant are not recapitulated
in sealed microsomes prepared from the mutant
cells but can be reproduced if gentler methods are
used to prepare an “in vitro” sample. Thus, Lec35
cells permeabilized with the pore-forming toxin
Streptolysin O cannot elaborate M5-DLO to
Man9GlcNAc2-PP-dolichol when supplemented
with GDP-mannose. However, when the permeabi-
lized cells are supplemented with Man-P-Cit,
Man9GlcNAc2-PP-dolichol synthesis is restored.
These data suggest that Lec35 is not the MPD flip-
pase but may play a role in regulating access of
MPD to the flippase or to the various lumenal man-
nosyltransferases (56), a requirement that can be
bypassed by Man-P-Cit. The observation that
Lec35 cells also display a GPD utilization defect
suggests that Lec35 has a more general role in uti-
lization of dolichyl-P-monosaccharides (56).

Bacterial Cell Wall Assembly: Flipping of Lipid
II across the bCM. The bacterial cell wall enve-
lopes the cell and protects it against osmotic
stress. It lies outside the bCM in the periplasmic/
exoplasmic space and consists primarily of pepti-
doglycan, a polymer of alternating, 	1,4 glycosid-
ically linked N-acetylmuramic acid (MurNAc, a
derivative of GlcNAc) and GlcNAc residues. The
polymer chains are cross-linked to each other via
short peptides that are attached to MurNAc. Bio-
synthesis of peptidoglycan (Figure 5, panel A) is a
multistep process that starts on the cytoplasmic
face of the bCM and results in delivery of
MurNAc(pentapeptide)-	1,4GlcNAc building
blocks to the periplasmic/exoplasmic space
(Figure 5, panel A) (57−60). The building blocks
are assembled on a carrier lipid (undecaprenol)

and transferred across the membrane as a result of
lipid flipping.

In the first step of biosynthesis, catalyzed by the poly-
topic membrane protein MraY, MurNAc(pentapeptide)-
phosphate is transferred from UDP-MurNAc-penta-
peptide to undecaprenyl phosphate to form Lipid I.
Addition of GlcNAc from UDP-GlcNAc to Lipid I, cata-
lyzed by the peripheral membrane protein MurG, forms
Lipid II on the cytoplasmic face of the bCM. Lipid II is
flipped across the bCM to serve as a substrate for the
polymerization reactions that lead to peptidoglycan pro-
duction in the exoplasmic space. Each polymerization
step generates undecaprenyl pyrophosphate as a by-

Figure 5. Flipping of glycolipids across the bCM. A) Peptidoglycan assembly. MurNAc-
pentapeptide is transferred from UDP-MurNAc-pentapeptide to undecaprenyl phosphate
to form Lipid I. Addition of GlcNAc from UDP-GlcNAc to Lipid I generates Lipid II on the
cytoplasmic face of the bCM. Lipid II is translocated by a flippase to the exoplasmic/
periplasmic surface. Here, its GlcNAc-MurNAc-peptide headgroup is transferred to a grow-
ing peptidoglycan polymer by transglycosylation, following which undecaprenyl diphos-
phate is recycled. Transpeptidation reactions link polymer chains to form the cell wall
(orange bricks). Penicillin binding proteins (PBPs), many of which are bifunctional and
contain both transglycosylase and transpeptidase activities, catalyze these later steps.
B) O-Antigen and lipopolysaccharide assembly in Gram-negative bacteria. Hexa-acylated
Lipid A, synthesized on the cytoplasmic surface of the bCM, is modified with 3-deoxy-D-
manno-octulosonic acid (Kdo) residues and a core oligosaccharide before being translo-
cated to the periplasmic face by the ABC transporter MsbA. In parallel, the undecaprenyl
diphosphate-linked repeat unit of the O-antigen is flipped across the bCM; the flippase is
presumed to be a member of the Wzx family of proteins. The O-antigen units are polym-
erized as shown and then ligated to Lipid A-Kdo2-core. C) Structures of Lipid II (shown
with lysine in its pentapeptide side-chain; diaminopimelic acid is also commonly found
instead of lysine), GlcNAc-PP-undecaprenol, aminoarabinose-P-undecaprenol, and Lipid
A-Kdo2-core oligosaccharide (decorated with O-antigen and aminoarabinose (in blue);
these modifications to Lipid A-Kdo2-core oligosaccharide occur on the periplasmic face of
the bCM). GlcNAc-PP-undecaprenol is recognized by the O-antigen assembly system,
resulting in transfer of GlcNAc to lipid A-core (72). An analogue of GlcNAc-PP-undecap-
renol was used to test the role of WzxE as a flippase (71).
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product. Like dolichyl pyrophosphate released during
protein N-glycosylation in the ER, undecaprenyl pyro-
phosphate is dephosphorylated to the monophosphate
form and recycled.

Lipid II must be flipped across the bCM at a rate of
�5000 molecules s�1 to match the rate at which the
peptidoglycan polymer is assembled in rapidly growing
E. coli cells (61). Flip-flop of Lipid II was recently studied
(62) using NBD-Lipid II, a fluorescently tagged version
in which the lysine residue in the pentapeptide side-
chain (Figure 5, panel C) was modified with a fluores-
cent NBD group. To assay transport of NBD-Lipid II
across E. coli inner membrane vesicles, the lipid was
synthesized in situ by introducing the precursors UDP-
MurNAc-(NBD)pentapeptide and UDP-GlcNAc into the
vesicle interior by a freeze�thaw�resealing process.
Antibodies were used to detect and trap NBD-Lipid II
molecules that flipped from the inner leaflet of the
sealed vesicles to the vesicle exterior. Using this ap-
proach it was shown that NBD-Lipid II flipped relatively
rapidly across E. coli inner membrane vesicles with t1/2


 5 min at 14 °C (62). Transport did not require ATP or
the proton motive force but clearly required the partici-
pation of one or more bCM proteins since spontaneous
flipping of NBD-Lipid II across liposomal membranes
could not be detected over a 3 h period.

Two groups proposed that the polytopic membrane
protein MviN is the putative Lipid II flippase (63, 64).
MviN is essential in E. coli. When MviN function is re-
duced by regulating the level of expression of the pro-
tein or by replacing the endogenous protein with a
temperature-sensitive variant and growing the cells at
the non-permissive temperature, a specific growth de-
fect is observed. The cells lyse in normal media and form
spheroplasts in the presence of an osmotic stabilizer
such as sucrose. They also accumulate nucleotide and
lipid precursors of peptidoglycan, including Lipid II.
Since Lipid II accumulates and peptidoglycan synthesis
appears to be compromised, these data suggest that
MviN is the Lipid II flippase. However, recent results ar-
gue against this conclusion (65).

Peptidoglycan synthesis is essential in Bacillus subti-
lis as it is in E. coli, and so it is reasonable to expect that
the protein responsible for flipping Lipid II should be es-
sential and conserved in this organism. B. subtilis has
four homologues of MviN; strains harboring mutations
in each of these homologues or all four of them simulta-
neously display normal growth and morphology (65) in-

dicating that the MviN homologues are not essential in
B. subtilis. This suggests that MviN and its homologues
are not directly responsible for flipping Lipid II. It may be
that there are additional (redundant) proteins that flip
Lipid II in B. subtilis or that MviN has an accessory role
in Lipid II flipping that is essential in E. coli but not es-
sential in B. subtilis. Resolution of this point and defini-
tive identification of the lipid II flippase await biochemi-
cal tests.

The Cell Envelope of Gram-Negative Bacteria:
Flipping of Undecaprenol-Based Glycolipids. Lipopo-
lysaccharide (LPS), a major component of the cell sur-
face of Gram-negative bacteria, is composed of lipid A,
a core oligosaccharide (including inner Kdo residues)
and in some cases, O-antigen (Figure 5, panel C). Lipid
A (endotoxin) is a multiply acylated glucosamine-based
phospholipid that serves as the hydrophobic anchor of
LPS. O-Antigen is a repeat unit polysaccharide that ac-
counts for O-serotype specificity. There are two mecha-
nisms for the biosynthesis of O-antigens, only one of
which (the wzy polymerase-dependent pathway) con-
cerns us here. In this pathway (Figure 5, panel B),
O-antigen oligosaccharide units (comprising 2�6 sugar
residues) are assembled on a carrier lipid. Biosynthesis
of the core-lipid A structure and undecaprenyl-PP-linked
O-antigen units occurs on the cytoplasmic face of the in-
ner membrane. These lipids are flipped to the periplas-
mic face where the O-antigen units are polymerized by
Wzy and then attached to core-lipid A by the ligase
WaaL. The resulting glycoconjugate is a giant hexa-
acylated lipid that must be transported to the outer
face of the outer membrane.

Here we discuss the transbilayer translocation of
undecaprenyl-PP-linked O-antigen units and also that
of undecaprenyl-P-aminoarabinose, a lipid required for
the modification of the 4=-phosphate of Lipid A on the
periplasmic face of the inner membrane. Lipid A itself is
translocated across the bCM via an ATP-dependent
mechanism, catalyzed by the ABC transporter MsbA
(66, 67). After being modified at the periplasmic face
of the bCM, it is transported to the outer face of the outer
membrane by a route that requires the Lpt proteins.
The subject of Lipid A transport across the bCM and to
the outer membrane is beyond the scope of this Review;
more information may be found in ref 68.

Flipping of Lipid-Linked O-Antigen Units. Unde-
caprenyl-PP-linked O-antigen units are synthesized
from undecaprenyl phosphate and nucleotide sugars.
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The first reaction transfers a monosaccharide phos-
phate (frequently hexose-P or hexosamine-P), account-
ing for the diphosphate bridge in the lipid. The Wzx fam-
ily of proteins has been proposed to flip undecaprenyl-
PP-linked O-units across the inner membrane (69).
These proteins are polytopic membrane proteins, typi-
cally with 12 predicted transmembrane spans (70).
Sequence analysis provides no clues as to their mecha-
nism of action. In a wzx mutant strain, undecaprenyl-
PP-O units are synthesized and accumulate in the bCM,
but O units are not ligated to core-lipid A (69). This is
consistent with a defect in undecaprenyl-PP-O unit
translocation due to lack of Wzx. However, there is no
definitive evidence that the undecaprenyl-PP-O units ac-
cumulate on the cytoplasmic face of the bCM as would
be expected in the absence of flippase activity.

The flippase function of a Wzx family member was re-
cently analyzed in a study of WzxE. WzxE is involved in
the synthesis of enterobacterial common antigen (ECA),
a cell surface polysaccharide found in all enteric bacte-
ria. Like O-antigen, it is made up of oligosaccharide re-
peat units. The ECA unit, a trisaccharide of amino sug-
ars with GlcNAc at the reducing end, is synthesized as
the undecaprenyl diphosphate-linked intermediate. This
lipid is flipped across the bCM where the ECA units are
polymerized and transferred primarily to phosphoglycer-
ides. It has been proposed that WzxE is responsible for
flipping undecaprenyl-PP-linked ECA units. A radiola-
beled, water-soluble analogue of GlcNAc-PP-undecap-
renol was used as a reporter to test flippase activity of
sealed, everted cytoplasmic membrane vesicles from
WzxE-competent and wzxE null E. coli strains. The ana-
logue, GlcNAc-PP-nerol, was transported into the
vesicles by a WzxE-dependent, ATP-independent and bi-
directional process (71). Although this result would ap-
pear to provide clear support for the proposal that WzxE
can flip GlcNAc-PP-undecaprenol and is likely the flip-
pase for undecaprenyl diphosphate-linked ECA units,
there are complications. The vesicles used for these as-
says have the O-antigen Wzx protein, WzxO16, which is
expected to recognize GlcNAc-PP-undecaprenol on the
basis of in vivo studies (72−74). Despite this apparent
functional redundancy, deletion of wzxO16 had no effect
on GlcNAc-PP-nerol transport, indicating that uptake of
the analogue is solely linked to WzxE. It is possible that
WzxO16 is expressed at much lower levels than WzxE
in the E. coli strain from which the vesicles were pre-
pared or that it cannot transport the short chain ana-

logue efficiently. Although the discrepancy between the
in vivo and in vitro results remains to be clarified, the
analogue experiments provide the first evidence sug-
gesting that a Wzx family member can function as a lipid
transporter.

Modification of Lipid A. Lipid A has phosphate groups
at the 1 and 4= positions, one on each of the glu-
cosamine residues that make up its structural back-
bone. These phosphates can be modified under cer-
tain growth conditions or in some mutants. For example,
In Salmonella, the modification of lipid A phosphates
occurs upon activation of the PmrA-PmrB regulon (75)
that governs resistance to the antimicrobial peptide
polymyxin. Here, 4-amino-4-deoxy-L-arabinose (L-Ara4N)
is added to the 4= phosphate of lipid A, reducing its
net negative charge and lowering electrostatic interac-
tions between the cell surface and cationic antimicro-
bial peptides. L-Ara4N is transferred to undecaprenyl
phosphate by ArnC at the cytoplasmic surface of the in-
ner membrane; the resulting undecaprenyl-P-amino-
arabinose lipid is flipped to the periplasmic face where
it supplies L-Ara4N for modification of lipid A. A het-
erodimeric complex of PmrL and PmrM (renamed ArnE
and ArnF) is implicated in undecaprenyl-P-amino-
arabinose flipping (76). Mutants of arnE-arnF gener-
ated in a polymyxin resistant parental strain regain
polymyxin sensitivity, and despite high levels of undeca-
prenyl phosphate-L-Ara4N, lipid A modification is
abolished. Chemical modification of undecaprenyl
phosphate-L-Ara4N with an inner-membrane-
impermeable reagent showed that the lipid was less ac-
cessible in the mutant strain, relative to the parent, indi-
cating that it could not be translocated across the inner
membrane. ArnE and ArnF are predicted to have four
transmembrane spans each; the ArnE-ArnF het-
erodimeric complex resembles those of small multi-
drug resistance transporters that use the energy of elec-
trochemical gradients to transport substrates. While it
appears likely that the ArnE-ArnF complex is the
undecaprenyl-P-aminoarabinose flippase, its mecha-
nism of action, specifically, its metabolic energy require-
ment, remains to be addressed through biochemical re-
constitution of its activity.

How Does a Biogenic Membrane Flippase Work?
There is no simple answer to this question because
many of the transporters have yet to be identified and,
for proteins such as LplT and Wzx, flipping activity re-
mains to be verified by biochemical reconstitution. How-
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ever, it is clear that there are at least two types of ATP-
independent flipping mechanism that must be
considered, one used by the relatively unspecific PL
flippases and another used by the more specific
isoprenoid-lipid flippases. Here we ignore the spirit of
the Racker aphorism “do not waste clean thoughts
on dirty enzymes” (77) by speculating on possible
mechanisms.

General Considerations. The lipid headgroup may be
regarded as a one, albeit an unusual solute because of
its membrane-anchoring hydrocarbon chain(s). There
are a number of paradigms for the facilitated transport
of solutes by dedicated transport proteins, and it is in-
teresting to consider whether these can be adapted to
understand lipid translocation. In the “alternating ac-
cess” model (78), the transport protein switches be-
tween two conformations in which a central cavity is
open to one or the other side of the membrane. The con-
formational cycle may be linked to solute binding and
dissociation. A solute entering the cavity from one side
can exit on the other side of the bilayer when the corre-
sponding open conformation is available. In the case of
ion channels, ions move through a water-filled pore
within the channel as they diffuse from one side of the
membrane to the other (79). Selectivity and gating en-
sure that the pore transmits only particular ions in a
regulated fashion. A flippase could operate by alternat-
ing access or via a pore mechanism, provided that it has
an amphipathic architecture that allows the hydrocar-
bon portion of the lipid to remain in the hydrophobic in-
terior of the bilayer even as the transiting lipid head-
group is accommodated within an aqueous cavity or
pore. Another possibility would be for the transport ma-
chinery to encapsulate the entire lipid during its trans-
membrane passage; structures capable of binding an
entire lipid have been described for numerous cytoplas-
mic lipid transport proteins, e.g., Sec14 (80).

Pore Models. Atomic scale molecular dynamics simu-
lations suggest that transbilayer movement of PLs in
protein-free bilayers occurs rapidly in the presence of
membrane-spanning water pores (81, 82). The simula-
tions show that once the lipid encounters the pore, dif-
fusive translocation begins: the headgroup moves
through the bilayer along the pore, while the acyl chains
desorb from the membrane leaflet and enter the oppos-
ing leaflet. Midway, the lipid becomes oriented parallel
to the plane of the bilayer. Spontaneous pore formation
is infrequent and hence rate-limiting, accounting for

the low rate at which lipids flip across artificial
membranes.

The simulation data suggest that a stable, proteina-
ceous pore of suitable geometry could act as flippase
in the manner described above for a naked water pore.
This is seen in the case of certain pore-forming peptides
such as the antibiotic magainin, an amphipathic
�-helical peptide from frog skin that forms toroidal pores
in membranes and causes fluorescent PL analogues to
flip in a few minutes (83) (see ref 84 for a discussion of
phospholipid flip-flop induced by other pore-forming
peptides). The topology of the pore, which is sustained
by a cluster of at least four magainin peptides, is such
that the two leaflets of the bilayer form a continuum.
Since the pore lumen is lined by both peptides and PL
headgroups, PLs can diffuse laterally from one leaflet of
the bilayer to the other. Presumably the headgroup of
the lipid moves through the aqueous pore while its hy-
drocarbon chains, intercalating between the magainin
peptides, remain in the hydrophobic interior of the
membrane. The ability of a lipid to exchange between
leaflets through such a pore may depend on the size of
its headgroup and the flexibility of its hydrocarbon
chain(s). It would be interesting to test whether
isoprenoid-based lipids could exchange between mem-
brane leaflets by such a mechanism. As suggested be-
low, the unusual conformation of the isoprenoid chain
may preclude transport of these lipids through a pore.

It has been hypothesized that the protein translo-
con, a conserved component of biogenic membranes,
could act as a PL flippase by virtue of its pore geometry
(25): it has not only an aqueous channel for translocat-
ing proteins but also a hydrophobic lateral avenue for in-
tegration of transmembrane helices into the lipid bi-
layer. However, reconstitution experiments showed that
the protein translocon does not contribute to PL flip-
pase activity in the ER and bCM (32, 34). While there is
no evidence one way or another to support the idea that
biogenic membrane flippases have a toroidal pore ge-
ometry, a pore model nevertheless provides a useful
way to think about the mechanism of flipping. Gating
the pore or twisting its peptide scaffold to narrow the
pore diameter would restrict solute permeation while re-
taining lipid exchange capability. A variation of the
overt pore model is shown in Figure 6, panel A. Here,
the flippase is a polytopic membrane protein that has
a number of water molecules in the interior of its trans-
membrane region as reported for Class A G-protein
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coupled receptors (85). These molecules would com-
prise the “pore” with which the PL headgroup could in-
teract while translocating across the bilayer.

Flipping Facilitated by Transmembrane Peptides. In
an interesting series of experiments, Kol et al. (86, 87)
showed that certain fluorescent PL analogues flip rap-
idly in vesicles reconstituted with �-helical peptides that
do not form pores. The peptides used in these studies
were designed to mimic the transmembrane segments
of membrane proteins. NBD-PG (a fluorescent analogue
of phosphatidylglycerol) was flipped with a t1/2 


10 min when the lysine-flanked peptide KALP23 (acetyl-
GKKL(AL)8KKA-amide) was incorporated into vesicles at
a concentration of �1000 peptides per vesicle. Flipping
was lipid specific since NBD-PE was flipped much more
slowly. Neither lipid was flipped in the absence of pep-
tide, as expected, and fluorescent analogues of PC and
PS were not flipped (a recent independent study con-
firmed that KALP23 does not flip natural PC (6)). Further
studies revealed that the rate of NBD-PG flipping was
(i) sensitive to the flanking residue in the peptide and
the lipid composition of the vesicle and (ii) a linear func-
tion of peptide concentration. The latter result suggests
that flipping is mediated by peptide monomers. Kol
et al. extended their studies to membrane proteins (88)
and showed that the rate of NBD-PG flipping in vesicles
containing bacterial leader peptidase or the tetrameric
potassium channel (�200 copies of protein per vesicle)
was increased relative to protein-free vesicles or vesicles
containing other membrane proteins such as MsbA.
However, the rate of NBD-PG flipping under these condi-
tions was slower than in vesicles containing the same
mole percent of KALP23 peptide.

On the basis of these results, it was hypothesized
that the mere presence of membrane proteins may en-
dow biogenic membranes with the ability to flip PLs and

that high cholesterol levels would
prevent this from occurring at the eu-
karyotic plasma membrane, where
it is important to preserve transbi-
layer lipid asymmetry. Indeed, the
presence of cholesterol was found
to depress the rate of peptide-
induced NBD-PG flipping (87). Since
it is possible to reconstitute particu-
lar mixtures of ER or bCM membrane
proteins into proteoliposomes with-
out conferring PL flippase activity to

the vesicles (24, 25, 31, 32), this proposal cannot be
correct as stated. Nevertheless, the idea that flipping oc-
curs via peptide-induced local defects is an interesting
one that could be adapted to understand how a specific
flippase might work. Thus, in the “slip-pop” model of
Kol et al. (89), local perturbations induced by dynamic
movements of a transmembrane helix would cause a
phospholipid to “slip” into the membrane interior into
a transition state and “pop” out either on the same or on
the opposite surface of the membrane (Figure 6, panel
B). Related to this proposal is the idea that PLs in the vi-
cinity of a membrane protein can become organized in
a “hairpin bend” with their headgroups aligned against
the protein surface (27). This would effectively connect
the two leaflets of the membrane, allowing lipid ex-
change via rapid lateral diffusion.

Flipping of Isoprenoid-Based Lipids. We have dis-
cussed how the relatively unspecific flipping of PLs
might occur. What about isoprenoid-based lipids such
as M5-DLO, MPD, and Lipid II? There are two points to
consider. First, polyisoprenoids such as yeast and mam-
malian dolichols (C75 and C95, respectively) and bacte-
rial undecaprenol (C55) are considerable hydrocarbon
chains that are predicted to adopt a compact, tripartite
L-shaped structure (60, 90), quite different from that of
the diacylglycerol moiety of common PLs. It is easy to ap-
preciate their unusual structure by noting that when
fully extended they are longer than the thickness of a
membrane bilayer. The potential conformational con-
straints imposed by the compacted structure of these
long chain hydrocarbons within the membrane may pre-
vent isoprenoid-based lipids from accessing the “un-
specific” modes of flipping discussed above. The sec-
ond point is that the flipping of isoprenoid-based lipids
has been experimentally determined to be quite spe-
cific. For example, M5-DLO flippase does not flip the iso-

Figure 6. Flippase mechanisms. A) A pore model for the PL flippase provides a central hydrophilic path
for the transiting headgroup while leaving the hydrophobic chains of the lipid in the bilayer. The lipid is
shown (in a number of snapshots) intercalating between transmembrane spans of the flippase. In this
model the lipid is not specifically recognized, but conformationally constrained hydrophobic entities
such as dolichol would prevent MPD or M5-DLO from intercalating into and being transported by the PL-
flippase. B) Slip-pop model for phospholipid transport. The dynamic behavior of hydrophobic single-
membrane-spanning proteins causes transient defects in the lipid-helix interface that allow phospholip-
ids to flip-flop across the bilayer. C) Possible mechanism for the M5-DLO flippase (flippases for MPD,
Figure 3, panel C), and other isoprenoid-based lipids such as Lipid II (Figure 5, panel C) may use a simi-
lar mechanism. Snapshots of a transiting M5-DLO molecule are shown. M5-DLO specifically binds to the
flippase at one or other membrane interface and then exchanges with a symmetrically located binding
site from which it is released into the bilayer. A single, centrally located binding site can also be envis-
aged, possibly located in a “thin” portion of the membrane.
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meric structure iM5-DLO (Figure 4, panel B), and MPD
flippase distinguishes between MPD and GPD and also
recognizes the isoprene unit proximate to the phos-
phate group. These and other data indicate that the iso-
prenoid lipid flippases have a binding site that recog-
nizes elements of the lipid headgroup in conjunction
with a portion of the isoprenoid support. The binding
site would likely be positioned at the membrane�water
interface. Because the flippases are bidirectional, they
must have two binding sites, one at each side of the
membrane; alternatively, the binding site could be cen-
trally located in a thinner region of the protein. Flipping
would proceed by specific binding of a lipid headgroup
to one side of the flippase, followed by translocation to
the other side with the hydrophobic portion of the lipid
remaining in the interior of the membrane (Figure 6,
panel C).

Concluding Remarks. Flipping of polar lipids, an in-
trinsically unfavorable process, has to occur rapidly for
membrane growth, as well as for the topologically split
pathways through which essential extracellular glyco-
conjugates are synthesized in eukaryotes and pro-
karyotes. Whereas the biosynthetic reactions of glyco-
conjugate biosynthesis have been largely defined, with
genes/proteins assigned to each step, the crucial lipid

flipping events remain a mystery. With the possible ex-
ception of the Wzx protein family�and even here the
evidence is far from complete�the molecular identity
of the ATP-independent flippases is unknown. Tradi-
tional impediments to the biochemical analysis of mem-
brane transport processes appear to have been over-
come, at least in some instances, with recently
developed reconstitution-based assays through which
flipping of PLs, M5-DLO, and MPD has been character-
ized and the corresponding activities separated. The
highly specific flipping of isoprenoid-based lipids sug-
gests that it may be possible to label or inhibit the flip-
pases with specific reagents, providing a clear opportu-
nity to bring chemical approaches to bear on this
problem. Conflation of these methods with genetic and
genomic approaches should allow the flippases to be
identified and the study of their novel transport mecha-
nism(s) to begin.
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