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The oligosaccharide donor for protein N-glycosylation,
Glc3Man9GlcNAc2-PP-dolichol, is synthesized via a multistep path-
way that starts on the cytoplasmic face of the endoplasmic retic-
ulum (ER) and ends in the lumen where the glycosylation reaction
occurs. This necessitates transbilayer translocation or flipping of
the lipid intermediate Man5GlcNAc2-PP-dolichol (M5-DLO) across
the ER membrane. The mechanism by which M5-DLO—or any other
lipid—is flipped across the ER is unknown, except that specific
transport proteins or flippases are required. We recently demon-
strated M5-DLO flipping activity in proteoliposomes reconstituted
from detergent-solubilized ER membrane proteins and showed
that it was ATP-independent and required a trypsin-sensitive
protein that sedimented at approximately 4S. By using an activity-
enriched fraction devoid of glycerophospholipid flippase activity,
we now report that M5-DLO is rapidly flipped in the reconstituted
system with a time constant � <2 min, whereas its triantennary
structural isomer is flipped slowly with � >200 min. DLOs larger
than M5-DLO are also poorly translocated, with � ranging from
approximately 10 min to >200 min. We conclude that (i) the
number and arrangement of mannoses in the DLO glycan has a
profound effect on the ability of the DLO to be translocated by the
flippase, (ii) glycan size per se does not dictate whether a DLO will
be flipped, and (iii) the flippase is highly specific for M5-DLO. Our
results suggest a simple structural model for the interaction be-
tween the DLO head group and the flippase.

N-glycosylation � Rft1 � proteoliposome

The majority of proteins that enter the eukaryotic secretory
pathway are N-glycosylated by oligosaccharyltransferase

(OST) as they emerge from the protein translocon into the
lumen of the endoplasmic reticulum (ER). OST recognizes
glycosylation sequons (Asn-X-Ser/Thr motifs) in the nascent
polypeptide and transfers a triantennary tetradecasaccharide
from the glycolipid Glc3Man9GlcNAc2-PP-dolichol (Fig. 1A) to
the side-chain amide of the asparagine residue in the sequons.

For N-glycosylation to take place, Glc3Man9GlcNAc2-PP-
dolichol must be available in the ER lumen. Biosynthesis of this
lipid involves the stepwise addition of components to dolichol
phosphate and occurs in two distinct phases (1–4). The first
seven reactions take place on the cytoplasmic face of the ER and
use the soluble sugar donors UDP-GlcNAc and GDP-Man to
generate the key intermediate Man5GlcNAc2-PP-dolichol (M5-
DLO; structure within the dotted lines in Fig. 1B). M5-DLO is
then translocated or flipped across the bilayer into the ER lumen
where lumenally oriented glycosyltransferases add the next seven
sugars. These sugars are derived from the glycolipids Man-P-
dolichol and Glc-P-dolichol, both of which are synthesized on the
cytoplasmic face of the ER and must be flipped into the ER
lumen to participate in the glycosyltransfer reactions that con-
vert M5-DLO to Glc3Man9GlcNAc2-PP-dolichol. Thus three
different lipids must be flipped across the ER membrane to
synthesize the oligosaccharide donor for protein N-glycosylation.
Lipid flipping across the ER is also important in the biosynthesis
of glycosylphosphatidylinositols (GPIs) and glycosphingolipids
(5, 6), as well as in the biogenesis of the ER where transbilayer
movement of phosphatidylcholine (PC) and other ‘‘membrane-

building’’ phospholipids is key to the uniform expansion of the
ER membrane during growth (7–11).

Whereas the in-plane rotational and translational diffusion of
phospholipids is rapid, the transbilayer translocation of phos-
pholipids across synthetic membranes is extremely slow. The
energy barrier that must be overcome to move the polar head-
group of the lipid through the hydrophobic interior of the bilayer
ranges from approximately 20 kcal/mol for PC to �130 kcal/mol
for M5-DLO (2, 12, 13). The ER has lipid transport proteins or
flippases that increase the rate of lipid flipping to a physiolog-
ically relevant time-scale. These proteins are required to flip
M5-DLO, Man-P-dolichol, and Glc-P-dolichol, as well as glyc-
erophospholipids, GPIs, and glucosylceramide. Because differ-
ent flippases would be needed to transport these structurally
distinct lipids, the ER likely possesses a family of these proteins
comprising five to six members. No ER flippase has been
identified.

We recently demonstrated M5-DLO flippase activity in pro-
teoliposomes reconstituted from detergent-solubilized ER mem-
brane proteins (14, 15). The activity could be resolved from the
genetically identified flippase candidate Rft1 (14, 16), as well as
from the previously described ER glycerophospholipid flippase
activity (10, 17–19) by velocity sedimentation and dye resin
chromatography of the detergent extract before reconstitution
(14, 15). Flipping of both M5-DLO and glycerophospholipids
was ATP-independent. We now report, that in contrast to the
glycerophospholipid flippase which is relatively unspecific and
capable of transporting a variety of glycerophospholipids (19,
20), the M5-DLO flippase is highly specific. By using a fraction
enriched in M5-DLO flippase activity and devoid of glycero-
phospholipid flippase activity, we show that DLOs with higher
order glycan head groups are transported more slowly than
M5-DLO by more than an order of magnitude, and that the
transport of nonnatural isomers, including a structural isomer of
the physiological M5-DLO substrate, is negligible. Our data are
consistent with a simple structural model for the interaction
between the DLO head group and the flippase (Fig. 1B).

Results
M5-DLO Flippase Activity in Proteoliposomes Reconstituted from a
Detergent Extract of Rat Liver ER Membrane Proteins. Mannosylated
DLOs dissolve readily in a mixture of chloroform, methanol, and
water, but are insoluble when bound to the lectin Concanavalin
A (Con A) (14, 15, 21). We used this property of DLOs as the
basis for a flippase assay (Fig. 2A). When M5-DLO-containing
large unilamellar liposomes are treated with Con A, approxi-
mately 50% of the M5-DLOs are extracted by solvent (Fig. 2 A
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Top). This fraction corresponds to molecules located in the inner
leaflet of the liposomes because M5-DLOs in the outer leaflet
bind Con A and resist extraction. In proteoliposomes with
M5-DLO flippase activity, M5-DLOs in the inner leaflet are
translocated to the outer leaflet where they can be captured by
Con A (Fig. 2 A Bottom). This will result in approximately 100%
of the M5-DLOs becoming resistant to solvent extraction. For a
mixed population of vesicles in which some vesicles contain a
flippase whereas others do not, the percentage of M5-DLO that
is captured by Con A and rendered resistant to solvent extraction
will range between 50 and 100%, reflecting the proportion of
flippase-containing vesicles in the ensemble.

We used Triton X-100-solubilized rat liver, ER-membrane
proteins (Triton extract; TE) as a source of M5-DLO flippase
activity. Proteoliposomes were reconstituted from egg phos-
phatidylcholine (ePC), trace quantities of [3H]M5-DLO and TE.
When these vesicles were incubated with Con A for 30 min (an
end-point measurement for M5-DLO flipping; see below), the
percentage of [3H]M5-DLO captured was greater than the
approximately 50% value obtained with protein-free liposomes.
Capture increased as a function of the protein/phospholipid ratio
(PPR) of the preparation, reaching a plateau of approximately
80% in vesicle populations with a PPR of approximately 60
mg/mmol (Fig. 2B, open circles). The abundance of the M5-DLO
flippase may be deduced from the initial slope of the plot to be
approximately 0.5% by weight of proteins in the TE (10, 15).
These results extend our recent report of the reconstitution of
M5-DLO flippase activity in proteoliposomes containing yeast
microsomal proteins (15).

Chromatography on Cibacron Blue Dye Resin Yields a Fraction En-
riched in M5-DLO Flippase Activity. To generate a flippase-enriched
fraction for further study, we chromatographed TE on Cibacron
blue dye resin. The extract was incubated with resin and bound
proteins were eluted in steps with progressively increasing salt
concentrations. Silver-stained SDS/PAGE gels revealed that

each of the fractions had a different protein composition,
indicating successful separation of TE proteins (data not shown).
Fractions were reconstituted into proteoliposomes and assayed
for M5-DLO flippase as well as glycerophospholipid flippase
activities; the latter was assayed by using a fluorescent analog of
phosphatidylcholine (PC) as previously described (17, 19). Both
activities bound quantitatively to the dye resin. The majority of
M5-DLO flippase activity was eluted with 500 and 750 mM NaCl
(Fig. 2C) whereas glycerophospholipid flippase activity eluted at
a lower salt concentration (300–400 mM; data not shown). These
data indicate that M5-DLO and glycerophospholipid flipping
are independent activities because of distinct proteins. To mea-
sure the fold enrichment of M5-DLO flippase activity precisely,
we generated a dose-response plot by reconstituting different
amounts of the 750 mM salt-eluted material (Fig. 2B, filled
circles). From the initial slope of the plot we determined that the
750 mM salt-eluted fraction was approximately 4-fold enriched
in M5-DLO flippase activity relative to TE. All further exper-
iments were performed with this enriched fraction.

Comparison of Biosynthetic DLOs and Their Structural Isomers Reveals
that the DLO Flippase Is Highly Specific for M5-DLO. To define the
specificity of the DLO flippase, we prepared a series of radio-
labeled DLOs (Fig. 3A) for testing in the reconstitution assay.
We chose intermediates in the DLO biosynthetic pathway, as
well as nonnatural structures such as iM5-DLO, a triantennary
structural isomer of M5-DLO. We obtained M3-, M5-, M6-, M7-,
iM7-, M9-, and G2M9-DLO from well-characterized yeast gly-
cosylation mutants that had been metabolically labeled with

Fig. 1. Dolichol-linked oligosaccharides. (A) Structure of the oligosaccharide
precursor of protein N-glycans. The oligosaccharide is synthesized in the ER by
stepwise addition of components to dolichol-phosphate. The order of com-
ponent addition is indicated (a–n). Mannose residues c–g are derived directly
from GDP-mannose on the cytoplasmic face of the ER, whereas residues h–k
are derived from Man-P-dolichol in the ER lumen. The three branches of the
triantennary structure are annotated A, B, and C. Symbols are indicated at the
top of B. (B) The structure of M5-DLO, the physiological substrate for the DLO
flippase, is enclosed within the dashed lines. Our results indicate that M3-DLO
(shaded box) is flipped almost as well as M5-DLO, and that the A-branch
mannose residues indicated by ‘‘�’’ enhance flipping whereas those indicated
by ‘‘-’’ reduce the rate of flipping.

Fig. 2. Flippase assay and isolation of a DLO-flippase-enriched fraction. (A)
Flippase assay based on capture of surface-exposed DLOs by Con A. See Results
for details. (B) M5-DLO flipping in proteoliposomes. Different amounts of TE
(E) or a TE-derived fraction enriched in DLO flippase activity (obtained as in C).
(● ) were reconstituted with egg PC and [3H]M5-DLO to generate vesicles with
protein/phospholipid ratios (PPR) ranging from 0–100 mg protein/mmol phos-
pholipid. The samples were incubated on ice with Con A for 30 min and
processed to determine the fraction of [3H]M5-DLO captured by Con A. (C)
Fractionation of TE on Cibacron Blue dye resin. TE was loaded onto Cibacron
blue dye resin, and the bound material was eluted in six sequential steps with
salt. The 0.05-M step corresponds to unbound (flow-through) material. Frac-
tions eluted from the resin were reconstituted and assayed for M5-DLO
flippase activity. The percentage of activity and protein recovered (relative to
the load) is indicated. The specific activity of M5-DLO flippase activity in the
fractions eluted with 0.5 and 0.75 M NaCl was 3.2 and 4.2 (relative to unfrac-
tionated TE), respectively. The data are representative of six independent
experiments.
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[2-3H]mannose; M3-, iM4-, and iM5-DLO were obtained by
treating [3H]mannose-labeled M5-, M7-, and M9-DLO, respec-
tively, with T. reesei 1,2-�-D-mannosidase (22), an exoglycosidase
specific for �1,2 mannose linkages. TLC analysis of the DLOs is
shown in Fig. 2 A, demonstrating the purity of the preparations
and a relative migration pattern consistent with their expected
structures. All of the DLOs bound Con A rapidly and efficiently,
and when bound to the lectin became similarly resistant to
organic solvent extraction. This observation confirms that the
entire spectrum of DLOs shown in Fig. 3A can be used in the Con
A-based flippase assay.

Although the structure of the DLOs we prepared may be
reliably inferred from the mutant strain and specific mannosi-
dase used for their preparation, we carried out additional
analyses to confirm their identity. The oligosaccharide head
group of the DLOs was released by mild acid hydrolysis and
analyzed by HPLC using an amino-bonded column (23); all of
the head groups tested (M3, M5, M6, M7, iM4, iM5, and iM7)
chromatographed as single peaks (data not shown) with reten-
tion times consistent with the structural assignments shown in
Fig. 3A. Because the TLC and HPLC methods used do not
distinguish isomers from the corresponding biosynthetic struc-
tures we also analyzed certain head groups by methylation
linkage analysis. Figure 3B shows such an analysis for the key M5
head group, as well as for the head groups of iM5-DLO and
iM4-DLO. Permethylation and glycosidic bond hydrolysis of the
M5 head group yielded 2,3,4,6-tetra-, 3,4,6-tri-, and 2,4-dimethyl
mannose species as predicted (Fig. 3B, lane 1). The iM5 structure
contains terminal and doubly branched mannose residues; meth-
ylation linkage analysis is predicted to yield tetra- and dimethyl-
species, and no trimethylmannose residues. This is indeed what
we observed (Fig. 3B, lane 2). The iM4 head group is predicted
to yield three partially methylated mannose species on methyl-
ation linkage analysis. One of these is a 2,4,6-trimethylmannose
species not found in the analysis of M5 and iM5. Analysis of the
iM4 headgroup confirmed the expected structure (Fig. 3B, lane
3). Methylation linkage analyses of the head groups released
from M3-DLO and iM7-DLO also yielded the expected pattern
of partially methylated mannose species (data not shown). These
data confirm the DLO structures shown in Fig. 3A.

In an initial survey of flippase specificity, the nine DLO
species that we prepared (Fig. 3A) were separately reconstituted
into proteoliposomes generated from the flippase-enriched frac-

tion described in Fig. 2B. The vesicles were incubated with Con
A for 20 min on ice and processed to determine the amount of
the DLO that was captured by the lectin. The 20-min time point
was chosen to discriminate between DLOs that are flipped up to
an order of magnitude more slowly than M5-DLO (flipping of
M5-DLO is �90% complete within 5 min on ice), and those that
may be considered not to be substrates for the flippase. The data
(Fig. 4A) show that whereas M3-DLO is flipped almost as well
as M5-DLO, with transport reaching approximately 80% com-
pletion in 20 min, DLOs with higher order glycans (M7-, M9-,
and G2M9-DLO), as well as the isomeric structures (iM4-, iM5-,
and iM7-DLO) are poor substrates for the flippase. M6-DLO
displayed intermediate behavior; f lipping was approximately
40% complete after 20 min. Similar data were obtained by using
proteoliposomes reconstituted with yeast ER membrane pro-
teins (data not shown) (15). These results indicate that the
reconstituted flippase activity is highly selective. The key obser-
vation that iM5-DLO, a structural isomer of M5-DLO, is not

Fig. 3. Dolichol-linked oligosaccharides used to assay flippase specificity. (A)
Schematic structures of DLOs isolated from yeast glycosylation mutants, or
generated from M7- or M9-DLO by treatment with T. reesei 1,2-�-D-
mannosidase (iM4-, iM5-DLO). Analysis of [3H]DLOs (�3,000 cpm/lane) by TLC;
the chromatogram was exposed to a tritium screen and visualized by phos-
phorimager. Relative migration (Rf) of the DLOs is indicated on the left. (B)
Methylation linkage analysis of the headgroups of [3H]mannose-labeled M5-,
iM5-, and iM4-DLO. Partially methylated [3H]mannose (PMM) residues recov-
ered from the analysis were resolved by TLC and visualized by phosphorim-
ager. The identity of individual PMM residues (2,3,4,6-tetramethyl mannose,
3,4,6- and 2,4,6-trimethyl mannose, and 2,4-dimethyl mannose) is indicated
on the right. Relative migration (Rf) is indicated on the left.

Fig. 4. Specificity of the M5-DLO flippase. (A) [3H]DLOs were reconstituted
with egg PC and a flippase activity-enriched fraction (see Fig. 2) at a PPR of
approximately 10 mg/mmol. Protein-free liposomes were prepared in parallel.
Vesicles were incubated with Con A on ice for 20 min and the percentage of
[3H]DLO that was captured by Con A was determined. Data were corrected for
the percentage of [3H]DLO that was captured in liposomes (50 � 2% for all
DLOs) and normalized to the maximum extent of capture obtained with
[3H]M5-DLO �70%, as expected for vesicles with PPR �10 mg/mmol (Fig. 2B)].
(B) Kinetics of [3H]M3-, M5-, M6-, and M7-DLO flipping at 25 °C were deter-
mined for samples prepared as described in panel A. The earliest time point
analyzed was 5 min to allow complete binding of Con A to DLOs. Data were
normalized as described in panel A to generate dimensionless plots as shown.
The lines represent mono-exponential fits (see SI Text). (C) Kinetics of [3H]iM4-,
iM5-, and iM7-DLO flipping at 25 °C. Data were obtained as in B. (D) Time
constants (�flip) (plotted on a logarithmic scale) corresponding to the data
shown in B; �capture represents the kinetics of capture of detergent-solubilized
DLOs by Con A. The �flip values for M5-DLO and M3-DLO are overestimates
because they cannot be adequately resolved from �capture. Data in A–D are
reported as the mean � standard deviation of at least two independent
experiments.
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f lipped (�10% after 20 min compared with 100% for biosyn-
thetic M5-DLO) reinforces this point.

We next assayed transport kinetics at 25 °C anticipating that
the rate of flipping of some of the poorer substrates would
increase, allowing for better quantitation of their transport.
Measurements were done with preparations where each vesicle
in the ensemble would be expected to have no more than one
flippase. Data were base-line corrected by subtracting the per-
centage of DLO captured by Con A in liposomes, and normal-
izing to the maximum extent of flipping to generate a dimen-
sionless readout. Time courses are shown in Fig. 4 B and C, and
time constants (�) derived from mono-exponential fits of the
data in Fig. 4B are shown on a logarithmic scale in Fig. 4D.

M5-DLO flipping was rapid, with a � value of �2 min. Because
Con A binds to detergent-solubilized M5-DLO with a �capture of
approximately 1.3 � 0.1 min (dotted line in Fig. 4D), we
conclude that M5-DLO flipping occurs at a rate similar to or
greater than the rate at which it is captured by Con A. The rate
of M3-DLO flipping (� � 4.1 � 0.6 min) was slightly less than
that observed for M5-DLO. Although �f lip for M3-DLO is too
close to �capture to provide a reliable estimate of flipping rate by
using a simple kinetic model, the point that M3-DLO is flipped
somewhat more slowly than M5-DLO can be easily seen at the
5-min time point (Fig. 4B) where flipping of M3-DLO is
approximately 75% complete, compared with approximately
90% for M5-DLO. M6- and M7-DLO were flipped considerably
more slowly than M5-DLO, with �f lip values one and two orders
of magnitude greater (�11.8 � 0.8 and �89.5 � 2.3 min) for
M6-DLO and M7-DLO, respectively. The rate of flipping of all
of the isomeric structures tested (iM4-, iM5, and iM7-DLO) was
extremely low, making quantitation of �f lip unreliable (rough
estimates for �f lip are approximately 130 min for iM4-DLO, and
�200 min for iM5- and iM7-DLO). We conclude that the DLO
flippase is highly specific and is able to discriminate sharply
between M5-DLO and other structurally related glycolipids that
differ from M5-DLO by as little as a single mannose residue.

Discussion
Our data suggest a simple correlation between glycan structure and
the rate at which a particular mannosylated DLO is translocated by
the flippase: mannose residues in the A-branch [indicated with ‘‘�’’
signs (Fig. 1B)] promote transport, whereas those in the B- and
C-branches [indicated with ‘‘�’’ signs (Fig. 1B)] inhibit transport. Of
all of the DLOs tested, M5-DLO—the physiological substrate—was
the most rapidly translocated, consistent with the model. Removal
of mannose residues from the A-branch of M5-DLO and/or elab-
oration of the B- and C-branches yielded structures that were
flipped more slowly. Thus the iM4-, iM5- and iM7-DLO isomers
that lack A-branch residues, but possess different numbers of
mannoses on the B- and C-branches were poorly flipped, if at all
(Fig. 4C), and structures such as M6-DLO and M7-DLO that
contain a fully mannosylated A-branch and a partial or complete
B-branch were flipped 1–2 orders of magnitude more slowly than
M5-DLO (Fig. 4 B and C). For the particular case of M3-DLO, a
structure that lacks both the positive contribution of the A-branch
mannoses and the negative contribution of the B- and C-branch
mannoses, the rate of flipping was only slightly reduced relative to
M5-DLO.

The structural correlation we propose suggests that the flip-
pase has a binding site that recognizes the core M3 structure
(shaded region, Fig. 1B); it is likely that a smaller structural
element such as GlcNAc2-PP-dolichol would also interact with
the binding site, albeit not as well (see below). Mannose residues
in the B- and C-branches would be excluded from the binding site
leading to an unfavorable situation in which they could be
exposed to the hydrophobic interior of the bilayer. This would
slow entry of the headgroup into the bilayer milieu and reduce
the rate of transbilayer transit. The unfavorable influence of the

B- and C-branches can be offset by the binding interaction
between the flippase and the A-branch because, for example,
M7-DLO is transported more rapidly than iM7-DLO (�f lip � 90
min and �200 min for M7-DLO and iM7-DLO, respectively). It
is interesting to speculate that substitution of the free hydroxyl
groups on the B- and C- branches with a nonpolar moiety would
reduce the energy penalty and make the corresponding synthetic
DLOs acceptable f lippase substrates. The identification of
transport-competent structures via the reconstitution approach
described here raises the possibility of future affinity-based
approaches for flippase purification.

Because Con A binds poorly to glycans with fewer than three
mannose residues (24), the smallest lipid that we could test in our
assay was M3-DLO. It is likely that M2-DLO, M1-DLO and
GlcNAc2-PP-dolichol would also be flipped by the DLO flip-
pase, because in vivo data indicate that the corresponding glycan
structures are found on glycoproteins in yeast alg1 and alg2
mutants that are defective in the first two mannosylation reac-
tions of DLO assembly (25, 26), and experiments with mamma-
lian microsomes show that GlcNAc2 can be transferred from in
situ synthesized GlcNAc2-PP-dolichol to proteins (27–29). We
hypothesize that the rate at which lower order DLOs are flipped
in the reconstituted system would be similar to or lower than that
of M3-DLO flipping. Indeed, the flippase may not have to
discriminate between lower order DLOs in vivo because these
lipids do not accumulate significantly unless activated sugar
donors are scarce or, whether as suggested below, their synthesis
is compartmentalized.

The yeast alg11 mutant cannot convert M3- to M5-DLO, but
is able to elaborate M3-DLO to iM7-DLO in the ER lumen
through the action of Man-P-dolichol-dependent glycosyltrans-
ferases (30). This indicates that M3-DLO is a substrate for the
flippase in vivo. Even though iM7-DLO is used as an oligosac-
charide donor by OST, �alg11 cells under-glycosylate proteins
and display a severe growth defect (16, 30). This phenotype has
been attributed to inefficient flipping of M3-DLO, resulting in
a reduced rate of iM7-DLO production and inadequate synthesis
of glycoproteins. However, because our reconstitution data
indicate that M3-DLO is flipped rapidly, almost as well as
M5-DLO, we speculate that the inefficient translocation of
M3-DLO in vivo is because of factors other than a low flipping
rate. We previously speculated that early steps of DLO biosyn-
thesis may be laterally compartmentalized within the ER, and
that the ability of DLOs to access the flippase is controlled by
the ER membrane protein Rft1 (14, 15). Consistent with this
interpretation, over-expression of Rft1 in �alg11 cells increased
the yield of iM7-DLO and mitigated the growth defect of the
cells (16). Thus regulated access of M3-DLO to the flippase—
rather than the flipping step itself—may control the rate at which
M3-DLO is converted to iM7-DLO in the ER lumen of �alg11
cells.

It is possible that all lower order DLOs have reduced access
to the flippase, so that of all of the cytoplasmically synthesized
DLO structures only M5-DLO is moved efficiently into the ER
lumen. This would ensure synthesis of glucosylated DLOs [struc-
tures smaller than M5-DLO do not have a fully developed
A-branch and cannot be glucosylated (Fig. 1 A)] that are better
substrates for OST than their nonglucosylated counterparts (31).
Regulation at this level would be necessary only on the cyto-
plasmic face of the ER because higher-order DLOs synthesized
in the ER lumen are intrinsically poor transport substrates.
Indeed, the inability of the flippase to translocate higher order
DLOs efficiently may help to maintain the biosynthetic f lux
through the pathway by preventing losses because of flipping of
DLOs in the reverse direction.

The contrast between the sharp specificity of the M5-DLO
flippase and the relatively unspecific character of the ER
glycerophospholipid flippase suggests that the two flippases may
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operate by different mechanisms to provide a low energy path
for lipid translocation across the membrane. Unspecific f lipping
may involve a mechanism in which the flippase protein would
destabilize adjacent phospholipids, allowing them to ‘‘slip’’ into
a central transition state, parallel to the plane of the bilayer, from
which they could ‘‘pop’’ into either leaflet (32). It may not be
possible for the glycerophospholipid flippase to translocate
DLOs by such a mechanism because of the charge of the DLO
diphosphate bridge, or constraints imposed by the conformation
of dolichol. In contrast to this scenario for relatively unspecific
f lipping, the highly specific translocation of M5-DLO by the
DLO flippase suggests binding of lipid, followed by release into
the opposing membrane leaflet. Although more work will be
necessary before these suggestions can be evaluated, it seems
likely that the DLO flippase and the glycerophospholipid flip-
pase operate by distinct mechanisms.

Materials and Methods
For more detailed descriptions of methods used, see supporting information
(SI) Text.

Triton X-100 Solubilized Rat Liver ER Membrane Proteins. Rough ER was isolated
from a rat liver homogenate as described (10) and washed with 0.5 M Tris-HCl,
pH 7.2. The washed membranes were treated with ice-cold 0.2% (wt/vol)
Triton X-100, 100 mM NaCl, and 10 mM HEPES-NaOH, pH 7.4, to extract soluble
luminal contents (33), then incubated with ice-cold 1% (wt/vol) Triton X-100,
100 mM NaCl, and 10 mM HEPES-NaOH, pH 7.4, to solubilize ER membrane
proteins. The Triton extract (TE; typically �1.5 mg/ml protein) was either used
directly for fractionation, or snap-frozen and stored at �80 °C for future use.

Radiolabeled Dolichol-linked Oligosaccharides. Radiolabeled dolichol-linked
oligosaccharides ([3H]DLO) were isolated from [2-3H]mannose labeled yeast
glycosylation mutants as described (15, 34) (Table S1). Nonbiosynthetic
[3H]DLO intermediates (iM4- and iM5-DLO) were prepared by treating higher-
order [3H]DLOs ([3H]M6-DLO and [3H]M9-DLO, respectively) with T. reesei
1,2-�-D-mannosidase (see below). [3H]DLOs were stored in chloroform/
methanol/water 10/10/3 (vol/vol/vol) at �20 °C. Radiochemical purity of
[3H]DLOs was established by thin layer chromatography (TLC). DLO glycan

headgroups were released by mild acid hydrolysis and subjected to methyl-
ation linkage analysis according to Ciucanu and Kerek (35). Partially methyl-
ated mannose derivatives were resolved by TLC.

Reconstitution of Proteoliposomes. Proteoliposomes were reconstituted ac-
cording to Lévy et al. (15, 36). Egg PC (4.1 �mol) in CHCl3 and trace amounts
of [3H]DLOs (�10,000 cpm) in CMW 10/10/3 (vol/vol/v) were dried under
nitrogen and solubilized in 10 mM HEPES-NaOH, pH 7.4, 100 mM NaCl, and 1%
(wt/vol) TX-100. The solution was then mixed with either TE or a flippase-
enriched fraction as required, in a final volume of 1 ml. Unilamellar vesicles
(�175 nm diameter size) were generated after detergent removal with
washed SM-2 Biobeads (�300 mg) (15, 19, 36). For all assays, protein-free
liposomes were reconstituted in parallel. The protein/phospholipid ratio (PPR;
mg of protein/mmol of phospholipid) of the vesicles was determined as
described. Reconstitution efficiency was similar for all [3H]DLOs.

Assay for DLO Flipping in Proteoliposomes. Vesicles reconstituted from egg PC,
TE/flippase-enriched fractions and trace amounts of [3H]DLOs were assayed for
DLO flip-flop by using a Con A binding assay as previously described (14, 15).

Chromatography of TE on Cibacron Blue Dye Resin. TE (�1.5 mg/ml) was
adjusted to 10 mM HEPES-NaOH, pH 7.4, 50 mM NaCl, and 1% (wt/vol) TX-100,
loaded onto an immobilized reactive dye column (3.0 ml bed volume; pre-
equilibrated with 10 column volumes of 10 mM HEPES-NaOH, pH 7.4, 50 mM
NaCl, and 1% (wt/vol) TX-100), and rotated end-over-end for 1.5 h at 4 °C after
which the resin was washed to generate a flow-through fraction. Bound
proteins were eluted sequentially in six steps with 0.1, 0.3, 0.4, 0.5, 0.75 M, and
1.5 M NaCl supplemented with 10 mM HEPES-NaOH, pH 7.4, and 1% (wt/vol)
TX-100. The load, flow-through and salt-eluted fractions were adjusted to 10
mM HEPES-NaOH, pH 7.4, 100 mM NaCl, and 1% (wt/vol) TX-100 by desalting,
then reconstituted into proteoliposomes and tested for flippase activity.
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Materials. Egg phosphatidylcholine (ePC) was from Avanti Polar
Lipids. ULTROL grade Triton X-100 (TX-100) was from Roche
Molecular Biochemicals. The micro BCA protein assay kit and
BSA protein standard were from Pierce. D-[2-3H]mannose (�20
Ci/mmol) was from American Radiolabeled Chemicals. Frozen
rat-livers were from Pel Freez. Trichoderma reesei 1,2-�-D-
mannosidase (1) was a gift from Prof. Nico Callewaert (Uni-
versity of Ghent, Belgium). Concanavalin A (Con A), Fast-f low
Cibacron blue 3GA resin and routine chemicals were from
Sigma. Standard yeast media and growth conditions were used.

Isolation of Rat Liver ER and Preparation of the Triton X-100 Extract
(TE). Rough ER was isolated from a rat liver homogenate as
described (2), and suspended at approximately 10 mg/ml. The
membranes were incubated with an equal volume of 1 M
Tris-HCl, pH 7.2, for 30 min on ice, then recovered by centrif-
ugation (Beckman Ti50.2 rotor, 35,000 rpm, 1 h, 4 °C) through
a 0.5 M sucrose cushion as described (2). The Tris-washed
membranes (TWER) were suspended at approximately 10
mg/ml in 0.25 M sucrose and 10 mM Hepes-NaOH, pH 7.4,
snap-frozen in liquid nitrogen and stored at �80 °C. Approxi-
mately 8 mg TWER were recovered per 5 g liver.

To prepare TE, TWER membranes were thawed rapidly and
combined with an equal volume of ice-cold 0.2% (wt/vol) Triton
X-100, 100 mM NaCl, and 10 mM Hepes-NaOH, pH 7.4, to
extract soluble luminal contents (3). The sample was incubated
for 30 min at 4 °C before being centrifuged (Beckman TLA 100.3
rotor, 70,000 rpm, 30 min, 4 °C). The supernatant was discarded.
The pellet was resuspended in 100 mM NaCl, and 10 mM
HEPES-NaOH, pH 7.4, to the same volume as the original
membranes, then mixed with an equal volume of ice-cold 2%
(wt/vol) Triton X-100, 100 mM NaCl, and 10 mM HEPES-
NaOH, pH 7.4. The mixture was left on ice for 30 min with
occasional mixing before being centrifuged in a Beckman TLA
100.3 rotor at 70,000 rpm for 30 min at 4 °C. The resulting
supernatant (TE; typically �1.5 mg/ml protein) was either used
directly for fractionation and/or reconstitution into proteolipo-
somes, or snap-frozen and stored at �80 °C for future use.
Approximately 30% of TWER protein was recovered in the TE.

Radiolabeled Dolichol-Linked Oligosaccharides. Radiolabeled doli-
chol-linked oligosaccharides ([3H]DLO) were isolated from
[2-3H]mannose labeled yeast strains as described (4, 5). Strains
are listed in Table S1. Strains YG248 and YG1057 were used to
prepare [3H]M5-DLO. [3H]M6-DLO was prepared from
YG414, [3H]M7-DLO from YG1056, [3H]M9-DLO from
YG592, and [3H]G2M9-DLO from YG428. Strain YG1146 was
used to isolate [3H]M3-DLO and a nonbiosynthetic [3H]M7-
DLO isomer (iM7-DLO). Other nonbiosynthetic [3H]DLO in-
termediates (iM4- and iM5-DLO) were prepared by treating
higher-order [3H]DLOs with T. reesei 1,2-�-D-mannosidase as
described below. Extracted [3H]DLOs were stored in chloro-
form/methanol/water 10/10/3 (vol/vol/vol) at �20 °C. Radio-
chemical purity of [3H]DLOs was established by thin layer
chromatography (TLC) on Silica-60 plates (Merck) developed in
chloroform/methanol/water (CMW) 10/10/3 (vol/vol/vol); radio-
activity on the TLC-plates was detected by using a TLC scanner,
or by exposing the plate to a tritium screen for visualization with
a phosphorimager.

DLO glycan head groups were released by mild acid hydrolysis
in 0.1 N HCl and subjected to methylation linkage analysis

according to the procedure of Ciucanu and Kerek (6). Partially
methylated mannose derivatives were resolved by TLC on silica-
gel 60 plates by using benzene/acetone/water/30% NH3 (50/200/
3/1.5, by volume) as the solvent system. Quantitation of the
radioactivity recovered in individual partially methylated man-
nose derivatives indicated that the DLOs were labeled approx-
imately to steady state, allowing their specific radioactivity to be
determined.

Reconstitution of Proteoliposomes. Proteoliposomes were recon-
stituted according to Lévy et al. (7). Egg PC (4.1 �mol) in CHCl3
and trace amounts of [3H]DLOs (�10,000 cpm) in CMW 10/10/3
(vol/vol/vol) were dried under nitrogen and solubilized in 10 mM
Hepes-NaOH, pH 7.4, 100 mM NaCl, and 1% (wt/vol) TX-100.
The solution was then mixed with either TE or a flippase-
enriched fraction as required in a final volume of 1 ml. Unila-
mellar vesicles (�175 nm diameter size) were generated after
detergent removal with washed SM-2 Biobeads (�300 mg) as
described previously (5, 7, 8). For all assays, protein-free lipo-
somes were reconstituted in parallel by omitting TE. The
protein/phospholipid ratio (PPR; mg of protein/mmol of phos-
pholipid) of the vesicles was determined by using Kaplan and
Pedersen’s method to measure protein concentrations and a
phosphate assay to quantitate total phospholipids (9, 10). Re-
constitution efficiency was similar for all [3H]DLOs.

Assay for DLO Flipping in Proteoliposomes. Vesicles reconstituted
from egg PC, TE/flippase-enriched fractions and trace amounts
of [3H]DLOs were assayed for DLO flip-f lop by using a Con
A-binding assay as previously described (5, 11). To determine the
kinetics of DLO flipping, data were corrected by first subtracting
the amount of DLO captured in the absence of flipping and then
normalizing to the total extent of flipping. The data were
analyzed by using a simple first order kinetic model, assuming
that Con A is in considerable excess over the amount of DLO
present in the assay.

Chromatography of TE on Cibacron Blue Dye Resin. TE (�1.5 mg/ml)
was adjusted to 10 mM Hepes-NaOH, pH 7.4, 50 mM NaCl, and
1% (wt/vol) TX-100. The sample (20 ml) was loaded onto an
immobilized reactive dye column [3.0-ml bed volume; preequili-
brated with 10 column volumes of 10 mM HEPES-NaOH, pH
7.4, 50 mM NaCl, and 1% (wt/vol) TX-100] and rotated end-
over-end for 1.5 h at 4 °C after which the resin was washed with
the equilibration buffer to generate a flow-through fraction.
Bound proteins were eluted sequentially in six steps with 0.1, 0.3,
0.4, 0.5, 0.75 M, and 1.5 M NaCl supplemented with 10 mM
HEPES-NaOH, pH 7.4, and 1% (wt/vol) TX-100. The load,
f low-through, and salt-eluted fractions were desalted over Biogel
P6 spin columns to readjust to 10 mM HEPES-NaOH, pH 7.4,
100 mM NaCl, and 1% (wt/vol) TX-100, then reconstituted into
proteoliposomes, and tested for flippase activity.

Digestion of [3H]DLOs with Trichoderma reesei 1,2-�-D-Mannosidase
(Tr�m). iM4-DLO and iM5-DLO were generated by treating
[3H]M6-DLO and [3H]M9-DLO, respectively, with T. reesei
1,2-�-D-mannosidase. [3H]DLOs (�100,000 cpm) were dried
under a stream of nitrogen and resuspended in 200 �l of 20 mM
HOAc/NaOAc, 10 mM CaCl2, and 0.1% (wt/vol) TX-100, pH
5.0. Tr�m (44 mU) was added, and the reaction mixture was
incubated at 37 °C. After 24 h, a second aliquot of the enzyme
was added, and the reaction was allowed to proceed for a further
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24 h before being terminated by adding 25 �l of 0.3 M NaOH.
Lipids were extracted by partitioning between 1-butanol and
water. The butanol extracts were pooled, back-extracted with
1-butanol-saturated water, dried and dissolved in 500 �l of
chloroform/methanol/water 10/10/3 (vol/vol/vol). Radiochemical

purity was determined by analyzing 5 �l of the sample by TLC
(Silica gel-60; solvent: CMW 10/10/3 (vol/vol/vol)). Where mul-
tiple peaks were observed, the sample was run on a preparative
scale and the major peak was scraped and eluted from the silica
gel by using CMW 10/10/3 and reanalyzed by using TLC.
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Table S1. Yeast strains used in this study

Strain Genotype Source

SS328 MAT� ade2–101 his3�200 ura3–52 lys2–801 12
YG248 MATa ade2–101 ura3–52 his3�200 lys2–801 �alg3::HIS3 13
YG1056 MAT� ade2–101 ura3–52 his3�200 �alg12::kanMX4 �alg5::HIS3 Aebi laboratory strain collection
YG1057 MATa ade2–101 ura3–52 his3�200 lys2–801 �alg3::HIS3 �alg5::HIS3 Aebi laboratory strain collection
YG414 MAT� ade2–101 ura3–52 his3�200 lys2–801 �alg9::KanMX 14
YG428 MAT� ade2–101 ura3–52 his3�200 lys2–801 �alg10::KanMX 15
YG592 MATa ade2–101 ura3–52 his3�200 lys2–801 �alg6::HIS3 16
YG1146 MAT� ade2–101 ura3–52 his3�200 lys2–801 GalProRFT1:KanMX �alg11::HIS3 17

All strains used are in the SS328/SS330 strain background
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