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spontaneous negative curvature by creating an
area difference between the membrane leaflets.
Another cone-shaped lipid, lysobisphosphatidic
acid, induces the formation of internal vesicles in
liposomes (23). This lipid, which is absent from
exosomes (/6), may regulate biogenesis and
dynamics of ILVs along the degradative pathway
(24). Ceramide, in contrast, seems to be used for
the generation of another population of ILVs that
are not destined for transport to the lysosomes but
are secreted as one class of exosomes.
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Membrane Proteins of the
Endoplasmic Reticulum Induce
High-Curvature Tubules

Junjie Hu,* Yoko Shibata,* Christiane Voss,? Tom Shemesh,? Zongli Li,* Margaret Coughlin,’
Michael M. Kozlov,> Tom A. Rapoport,** William A. Prinz**

The tubular structure of the endoplasmic reticulum (ER) appears to be generated by integral membrane
proteins, the reticulons and a protein family consisting of DP1 in mammals and Yop1p in yeast. Here,
individual members of these families were found to be sufficient to generate membrane tubules.
When we purified yeast Yoplp and incorporated it into proteoliposomes, narrow tubules (~15 to

17 nanometers in diameter) were generated. Tubule formation occurred with different lipids; required
essentially only the central portion of the protein, including its two long hydrophobic segments; and
was prevented by mutations that affected tubule formation in vivo. Tubules were also formed by
reconstituted purified yeast Rtn1p. Tubules made in vitro were narrower than normal ER tubules, due to
a higher concentration of tubule-inducing proteins. The shape and oligomerization of the
“morphogenic” proteins could explain the formation of the tubular ER.

ow the characteristic shape of an organ-
Helle is generated and maintained is

largely unknown. The endoplasmic re-
ticulum (ER), for example, consists of continu-
ous membrane sheets and tubules (7, 2), but it is
unclear how these domains are made and kept
morphologically distinct. The tubules are inter-
connected in a polygonal network and have di-
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ameters ranging from ~30 nm in Saccharomyces
cerevisiae (3) to ~50 nm in mammals (4). The
most plausible models for shaping ER tubules are
based on mechanisms that generate or stabilize
the high membrane curvature seen in cross sec-
tions. A curvature-stabilizing role has been sug-
gested for a class of integral membrane proteins,
the reticulons and a protein family that includes
DP1 in mammals and Yoplp in yeast (5). These
proteins are found in most, if not all, eukaryotic
cells. They form homo- and heterooligomers and
localize exclusively to ER tubules. Their over-
expression generates long, unbranched tubules,
and their deletion in yeast leads to the loss of
tubular ER. The reticulon and Yop1p (DP1) fam-
ilies are not related in sequence, but they each
contain a conserved domain of ~200 amino acids
that includes two hydrophobic segments, which
seem to form a hairpin in the membrane. It re-
mains unclear whether the reticulons or Yoplp
(DP1) are sufficient for tubule formation and how
they might deform the membrane.

We first tested whether the reticulon and
Yoplp (DP1) proteins would each generate
membrane tubules when reconstituted with lipids
into proteoliposomes. Yoplp was purified from
S. cerevisiae with a cleavable N-terminal histidine
(His) tag in the detergent lauryldimethylamine-/NV-
oxide (LDAO) (Fig. 1A) (6). After cleavage of the
His tag, Escherichia coli polar lipids were added,
and the detergent was removed with Biobeads to
generate proteoliposomes. At early time points
during the reconstitution reaction, small vesicles
and short tubules were seen by negative-stain
electron microscopy (EM), both with a diameter
of ~17 nm (Fig. 1B). Over the course of a day, the
vesicles disappeared and the tubules grew in
length, reaching several hundred nanometers, but
their diameter remained the same (Fig. 1C). The
tubules occasionally had branch points (Fig. 1C),
which indicated that the lipid bilayers could
branch or fuse during reconstitution. No tubules
were seen when the lipids were omitted (Fig. 1D).
In the absence of protein, round liposomes with
heterogeneous size were generated (Fig. 1E).
Yoplp formed tubules of identical diameter when
reconstituted with other lipids (fig. S1), which
suggested that the protein was primarily responsi-
ble for the shape of the proteoliposomes.

Next, we tested whether yeast reticulon Rtnlp
could also induce tubules in vitro. Tubules were
indeed seen in negative-stain EM when purified
Rtnlp (Fig. 1F) was mixed with E. coli polar lip-
ids and the detergent was removed by dialysis
(Fig. 1G). The diameter of these tubules was about
the same as with Yop1p, but bulges were frequently
observed. When the detergent was removed by Bio-
beads, Rtnlp tubules were not generated, whereas,
with Yoplp, both Biobeads and dialysis resulted in
tubule formation. Because Rtnlp was less efficient
than Yoplp in forming tubules, most of the sub-
sequent experiments were performed with Yoplp.

Increasing the lipid concentration or de-
creasing the protein concentration in the recon-
stitution reaction resulted in fewer Yop1p tubules
and an increased number of large vesicles (table
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F Q:é*‘% Fig. 1. Tubule formation with reconstituted
Q Q\\O\ purified Yopl1p or Rtnlp and lipids. (A) His-
212 Yop1-HA (hemagglutinin tagged) was puri-
fied from S. cerevisiae and analyzed by SDS
Eg 2 polyacrylamide gel electrophoresis (SDS-
PAGE) and staining with Coomassie blue
54 pay before and after cleavage of the His tag

(Yop1-HA). M, molecular weight markers.
(B) Yop1l-HA was mixed with E. coli polar
lipids in LDAO, and the detergent was
removed with Biobeads over 4 hours. The
proteoliposomes were analyzed by negative-stain EM. Arrows indicate small vesicles. (C) As in (B),
but after one day. The arrow indicates a branch point. (D) As in (B), but with protein only. (E) As in
(B), but with lipid only. (F) Rtn1-His was purified from S. cerevisiae and analyzed by SDS-PAGE and
Coomassie staining. (G) Rtn1-His was reconstituted with E. coli polar lipids in Fos-choline-12. The
detergent was removed by dialysis for 1 week. Scale bars, 100 nm.

Fig. 2. Correlation between tubule formation in
vitro and in vivo. (A) Yop1-HA, His-Yop1-HA, or
Yopl AC1 were reconstituted as in Fig. 1B. Scale
bars, 100 nm. (B) His-tagged Rtn1p wild type or
M91 mutant [mutations: H7Y, K48l, T127I,
1137P, and N277Y (26)] were reconstituted as
in Fig. 1G. Scale bars, 100 nm. (C) The ER was
visualized in yeast cells lacking Rtnlp, Rtn2p,
and Yoplp by expressing a green fluorescent
protein (GFP) fusion to Secé63p. The cells also
contained either an empty vector, or centromere
(CEN) plasmids expressing Yopl-HA, His-Yopl-
HA, Yopl_AC1, Rtnl-His, or M91-His under the
endogenous promoters. The microscope was
focused at either the center or periphery of the
cells. Scale bars, 1 pum.
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S1). The segregation of excess lipid from the
tubules suggests that Yoplp self-associates dur-
ing detergent removal and cannot easily be di-
luted in the plane of the membrane. Both Rtnlp
and Yoplp indeed have the propensity to form
oligomers. Up to five molecules could be cross-
linked using a bifunctional cross-linker (fig. S2,
A and B). Ladders of Yoplp oligomers were
formed both with tubules generated in vitro and
with native membranes (fig. S2A). Also, Yoplp
solubilized from yeast membranes by digitonin
migrated in sucrose gradients as oligomers con-
taining about eight molecules (fig. S2C). The
oligomers dissociated in LDAO but were resist-
ant to high salt, which suggested that they are
formed mainly through hydrophobic interactions.

Reconstituted Yoplp tubules sedimented
rapidly in sucrose-gradient centrifugation experi-
ments; the peak fractions contained almost all the
Yoplp protein added to the reconstitution (fig.
S3). In contrast, as expected, pure lipids or Yoplp
in detergent stayed close to the top of the gra-
dient. The gradient-purified tubules contain a
lipid-to-protein molar ratio of ~10:1 (6). Al-
though the protein molecules must be densely
packed in the tubules, they did not show a regular
arrangement in negative-stain EM.

Yop1_ACH

Rtn-His M91-His
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To determine the tubule-forming domain of
Yoplp, the tubules were treated with increasing
concentrations of trypsin. Both termini of recon-
stituted Yoplp were readily cleaved (fig. S4),
which was consistent with their proposed local-
ization in the cytosol. A stable fragment protected
by the lipid bilayer corresponded to amino acids
24 to 165. When purified as a recombinant protein
from yeast, this fragment (Yopl AC2) was even
more efficient in tubule formation than the full-
length protein (fig. S5). However, a Yoplp frag-
ment lacking an additional 28 residues at the C
terminus (Yopl ACI) was inactive (Fig. 2A).
Thus, the tubule-inducing domain of Yoplp com-
prises the two hydrophobic segments and the inter-
vening domain, as well as a few flanking residues.

Purified His-tagged Yoplp did not induce
tubules in vitro (Fig. 2A), even though it was able
to form small vesicles similar to those formed by
the nontagged protein (compare Fig.1B and fig.
S6C) when the detergent was diluted. We thus
tested whether His-Yoplp and Yopl ACI, both
defective in tubule formation in vitro (Fig. 2A),
were also nonfunctional in vivo. Indeed, although
Yop1p without a His tag restored the tubular ER
in S. cerevisiae cells lacking Yoplp, Rtnlp, and
Rtn2p, neither His-Yoplp nor Yopl AC1 was
active (Fig. 2C). In addition, the His tag prevented
the formation of long tubules seen with over-
expression of Yop1p in wild-type cells (fig. S6A).
His-Yoplp still formed ladders in cross-linking
experiments and migrated at higher molecular
weight in sucrose-gradient centrifugation (fig.
S2C), which indicated that oligomerization alone
is insufficient for tubule formation. We also iden-
tified an Rtn1p mutant (M91) that carried multiple
amino acid changes and was unable to com-
plement the triple knockout mutant in vivo (Fig.
2C); the purified His-tagged M91 protein did not
form tubules in vitro, but wild-type Rtn1-His did
(Fig. 2B). Thus, there is a good correlation be-
tween tubule formation in vitro and in vivo.

The narrow diameter of the tubules generated
by reconstituted Yoplp was confirmed by cryo-
EM analysis (Fig. 3A). The diameter was
~15 nm, somewhat smaller than the width of
the flattened tubules seen by negative-stain EM
(~17 nm). In vitreous ice, the outer edge of the
tubules appeared much darker than their interior,
verifying that the observed structures consist of a
bilayer enclosing a lumen. A tubule diameter of
~15 nm was also determined in thin-section EM
(Fig. 3B). Given that each lipid bilayer has a thick-
ness of about 3 to 4 nm (7), the tubules have an
extreme curvature, perhaps the highest achievable.

We reasoned that the in vitro tubules are
narrower than those normally found in cells be-
cause they have a higher concentration of tubule-
inducing protein in the lipid bilayer (by a factor
of ~20). Indeed, whereas endogenous Rtn4 co-
localized with the luminal protein calreticulin in
mammalian cells, overexpressed Rtnda, DPI,
Rtn3c, or Yoplp squeezed calreticulin out of the
tubules (Fig. 3C and fig. S7). The overexpression
of reticulon in yeast or plant cells also displaced

luminal proteins from the tubular ER [Fig. 3D
and (8)]. The diameter of ER tubules in COS
cells overexpressing Rtn4a was determined to be
~20 nm (Fig. 3E), significantly smaller than that
of normal ER tubules (~50 nm) [(4) and fig. S7].

Thus, individual members of the reticulon
and Yoplp (DP1) families are sufficient to induce
membrane tubules. Rtnlp and Yoplp are integral
membrane proteins, whereas previously identi-
fied tubule-forming proteins, such as those con-
taining a BAR domain (9—/2), are soluble. The
reticulons and Yoplp (DP1) could shape the
phospholipid bilayer by two mechanisms. First,
the two hydrophobic hairpin segments could

REPORTS I

cause local spontaneous curvature by forming a
wedge in the lipid bilayer. Second, oligomeriza-
tion of these proteins could generate arcs whose
shape may deform the bilayer into tubules. These
mechanisms might cooperate with one another.
To illustrate the effect of arc-like protein
oligomers on membrane tubule formation, we
have developed a simple model. It assumes that
the membrane shape is determined by the op-
posing effects of the protein arcs to bend the lipid
bilayer and the bilayer resisting such bending (6).
If the arcs are ordered into rings encircling a tu-
bule, which corresponds to a maximal localiza-
tion of the constraints imposed by them on the

D

ss-RFP-HDEL

Rtn1-GFP

AN
»

merge

- gal

+ gal

Fig. 3. Determining the diameter of tubules. (A) Yop1p tubules generated in vitro were analyzed by cryo-EM.
Scale bar, 200 nm. (B) Yop1p tubules were analyzed by thin-section EM. Arrows indicate cross sections. Scale
bar, 100 nm. (C) Nontransfected COS cells (top row) or COS cells overexpressing Myc-Rtnda were
immunostained for endogenous Rtn4 or the Myc tag (green), co-immunostained for endogenous calreticulin
(red), and analyzed by confocal fluorescence microscopy. The right panels show merged images. Scale bars,
10 um. (D) Yeast cells expressing a fusion of a signal sequence with the red fluorescent protein and HDEL
(26) (ss-RFP-HDEL) and Rtn1-GFP were imaged with or without overexpression of Rtn1-HA (+gal). Scale bars,
1 um. (E) Ultrathin frozen sections of COS cells expressing Rtn4a-GFP were labeled with antibodies to GFP
followed by protein A—conjugated 10-nm gold. The lower panel shows a magnified image. Scale bars, 100 nm.
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Fig. 4. Calculated shapes of membrane tubules constricted by protein rings. The barrel-shaped
structures were calculated for different distances L between the rings. D, is the minimal diameter
at a ring. Bulging between rings is defined as BULGE = (Dmax — Dimin)/Dmin, With Dpay being the
maximal diameter between rings. The bending rigidity of protein and lipid were assumed to be 800
ksT - nm and 20 kgT, respectively (where kgT = 0.6 kcal/mol is the thermal energy). The spontaneous

curvature of the protein and the thickness of the protein ring were taken to be 0.13 nm™ and 4 nm,

respectively. The color maps represent local mean curvature of the membrane in nm™.

bilayer, a change of the distance between rings
from 2 to 50 nm can explain the increase of
tubule diameter from 17 nm in the in vitro ex-
periments to ~30 nm in vivo (Fig. 4). The bulging
between rings is negligible, even for relatively
large distances. Almost perfect cylindrical tu-
bules can thus be generated with the tubule-
forming proteins occupying a small fraction of
the total membrane surface (fig. S8). We estimate
that in fact ~10% of the total tubular ER surface
in S. cerevisiae could be occupied by the tubule-
forming proteins. In reality, the arc-shaped oligo-
mers may be distributed randomly along the
tubule, and they may be disassembled actively,
which would allow other ER proteins to diffuse
in the plane of the membrane.

We hypothesize that the reticulons and Yop1p
(DP1) use both their wedgelike shapes and their
oligomerization into arcs or rings to generate the
tubular ER with minimal surface coverage. Some
membrane-shaping proteins, such as synaptotag-
min and epsin, use only the wedging mechanism
and insert hydrophobic amino acids into the outer
leaflet of the bilayer (13, 14), but they need to
occupy a large percentage of the membrane sur-
face to induce curvature (/3). Other proteins, such
as the F-BAR proteins and dynamins, primarily
form ring- or spiral-shaped scaffolds to generate
tubules (/5-20). A combination of the wedging
and scaffolding mechanisms, as proposed for
the reticulons and Yoplp (DP1), is employed by
endophilin and amphiphysin (9-12, 21). A com-
bination of the two mechanisms also may be used
by other integral membrane proteins that shape
organelles. For example, caveolin, which shapes
flasklike invaginations of the plasma membrane,
called caveoli, has a single hairpin membrane
anchor and forms filaments or spirals on the cyto-
plasmic face of the organelle (22). The dynamin-
like protein Fzolp in yeast (Mfn in mammals) in

1

the outer mitochondrial membrane (23), which is
required for the maintenance of proper mitochon-
drial tubules, has a hairpin-shaped membrane an-
chor and oligomerization domains that are essential
for its function (24, 25). The proposed mecha-
nisms might thus be generally used to generate
organelles with high membrane curvature.
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Leading-Edge Vortex Improves Lift in

Slow-Flying Bats

F. T. Muijres,® L. C. Johansson,* R. Barfield,® M. Wolf,* G. R. Spedding,? A. Hedenstrém™*

Staying aloft when hovering and flying slowly is demanding. According to quasi—steady-state
aerodynamic theory, slow-flying vertebrates should not be able to generate enough lift to remain
aloft. Therefore, unsteady aerodynamic mechanisms to enhance lift production have been
proposed. Using digital particle image velocimetry, we showed that a small nectar-feeding bat is
able to increase lift by as much as 40% using attached leading-edge vortices (LEVs) during slow
forward flight, resulting in a maximum lift coefficient of 4.8. The airflow passing over the LEV
reattaches behind the LEV smoothly to the wing, despite the exceptionally large local angles of
attack and wing camber. Our results show that the use of unsteady aerodynamic mechanisms in
flapping flight is not limited to insects but is also used by larger and heavier animals.

enerating enough lift during hovering
Gand slow forward flight is problematic
according to traditional quasi-—steady-
state wing theory (1, 2). Yet several species of

small flying vertebrates are adapted to foraging
using this flight mode. Insects are able to hover
by using a range of possible unsteady high-lift
mechanisms, including rotational circulation (3),
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