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Membrane bending by protein–protein crowding
Jeanne C. Stachowiak1,2,9,10 , Eva M. Schmid3,9,10 , Christopher J. Ryan4 , Hyoung Sook Ann3 , Darryl Y. Sasaki2 ,
Michael B. Sherman5 , Phillip L. Geissler4,6,7 , Daniel A. Fletcher3,4,8,10 and Carl C. Hayden2,10
Curved membranes are an essential feature of dynamic cellular
structures, including endocytic pits, filopodia protrusions
and most organelles1,2 . It has been proposed that specialized
proteins induce curvature by binding to membranes through two
primary mechanisms: membrane scaffolding by curved proteins
or complexes3,4 ; and insertion of wedge-like amphipathic
helices into the membrane5,6 . Recent computational studies
have raised questions about the efficiency of the helix-insertion
mechanism, predicting that proteins must cover nearly
100% of the membrane surface to generate high curvature7–9 ,
an improbable physiological situation. Thus, at present, we lack
a sufficient physical explanation of how protein attachment
bends membranes efficiently. On the basis of studies of epsin1
and AP180, proteins involved in clathrin-mediated endocytosis,
we propose a third general mechanism for bending ﬂuid
cellular membranes: protein–protein crowding. By correlating
membrane tubulation with measurements of protein densities
on membrane surfaces, we demonstrate that lateral pressure
generated by collisions between bound proteins drives bending.
Whether proteins attach by inserting a helix or by binding
lipid heads with an engineered tag, protein coverage above
∼20% is sufficient to bend membranes. Consistent with this
crowding mechanism, we find that even proteins unrelated to
membrane curvature, such as green ﬂuorescent protein (GFP),
can bend membranes when sufficiently concentrated. These
findings demonstrate a highly efficient mechanism by which
the crowded protein environment on the surface of cellular
membranes can contribute to membrane shape change.
Highly curved cellular membranes are thought to form by two distinct
mechanisms. First, intrinsically curved proteins4 and oligomers3 can
drive bending, although their ability to do so independently has
been debated10,11 . Second, insertion of amphipathic helices is thought

to bend membranes through a wedge-like mechanism5,6 . Clathrinmediated endocytosis, the main endocytic pathway in eukaryotic
cells, requires a network of interacting proteins, several of which
have been implicated in membrane bending12 . Central among these,
epsin1 is thought to be capable of driving curvature generation in
clathrin-coated pits5 . Our work tests the presently accepted hypothesis
that epsin1 bends membranes by helix insertion and finds instead that
protein–protein crowding drives membrane bending.
The amino-terminal homology region of epsin1 (ENTH domain)
attaches to the membrane by binding phosphatidylinositol-4,5bisphosphate (PtdIns(4,5)P2 ) lipids and inserting an amphipathic helix
(helix0) into its cytoplasmic leaflet5 . Epsin1 has been shown to have a
cargo sorting role13 , to act as a curvature sensor14 and to bind multiple
endocytic proteins through its flexible carboxy terminus15 , all of which
probably assist in its localization to endocytic sites. As the ENTH
domain has no inherent curvature with which to influence membrane
shape, it has been thought that insertion of helix0 increases the membrane’s outer leaflet area, causing convex curvature. This hypothesis,
originally proposed for the epsin1 ENTH domain and subsequently
termed hydrophobic insertion, has been used to explain the role of
amphipathic insertion motifs in proteins relevant to a wide range of
topics in cell biology, including viral entry16 , apoptosis17 , autophagy18 ,
vesicular traffic6 and motility19 . Supporting this hydrophobic insertion
hypothesis, the N-terminal homology domain of AP180 (ANTH
domain), which is structurally similar to the ENTH domain but missing
the helix, has not been found to generate curvature20 .
Although helix insertion is expected to increase the area of one leaflet
of the bilayer, it is unclear whether that increase is sufficient to generate
high curvatures, given that helix density is limited by the size and
coverage of the protein containing the helix7,9 . Recently, continuum
models7 and molecular dynamics simulations8 have predicted that helix
insertions alone must occupy 10–25% of the membrane surface area
to generate the curvatures found in endocytic structures. For epsin1
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Figure 1 PtdIns(4,5)P2 concentration in membranes controls the frequency
of lipid tubule formation by epsin1. GUV composition: 12.5 mol% fluid-phase
lipids (DPhPC + 0.5–20 mol% PtdIns(4,5)P2 in domains)/40% DPPC/47.5%
cholesterol. Wide-field fluorescence micrographs, all scale bars are 10 µm
(red channel, Nile red; green channel, Atto488–wtENTH). (a) A domain
without tubules (∼2 mol% PtdIns(4,5)P2 , 1 µM wtENTH). (b) A tubulated
domain (∼20 mol% PtdIns(4,5)P2 , 1 µM wtENTH). (c) Percentage of vesicle
domains forming tubules as a function of PtdIns(4,5)P2 concentration in
domains. The error bars are the first s.d. from three independent experiments
on separate vesicle batches, each with ∼100 vesicles categorized (N = 3).

ENTH, however, the helix insertion (∼8 Å wide ×20 Å long ≈1.6 nm2 )
takes up at most 10% of the ENTH domain’s membrane footprint
(∼40 Å × 40 Å ≈ 16 nm2 , Supplementary Fig. S1a). Therefore, even in
the physiologically unlikely case that these proteins cover 100% of the
membrane surface, the helix can occupy at most 10% of the membrane
surface area, still at the lower end of the helix density that computational
models estimate is required to drive high curvatures. Furthermore, the
maximum helix density is even less if the significantly larger full-length
epsin1 protein is considered.
As epsin1 ENTH has been shown to generate high curvatures in vitro,
we set out to measure the surface coverage required. We exposed electroformed giant unilamellar vesicles (GUVs) to wild-type epsin1 ENTH
(wtENTH) and quantified the percentage of vesicles forming tubules.
Then, we correlated these results with fluorescence lifetime imaging
Förster resonance energy transfer (FLIM–FRET) measurements of
the density of membrane-bound wtENTH participating in membrane
bending. GUVs employed a lipid composition that phase separated
at room temperature into a liquid-ordered majority phase containing
a small liquid-disordered domain in which the PtdIns(4,5)P2 was
concentrated21 . The density of protein binding to membrane surfaces
was varied by changing the PtdIns(4,5)P2 concentration in the fluid
membrane regions of the GUV (Supplementary Fig. S1b–d).
When exposed to the GUVs, wtENTH rapidly bound to the initially
flat PtdIns(4,5)P2 -enriched domains (Fig. 1a), and, in the case of

high PtdIns(4,5)P2 concentrations, produced protein-coated lipid
tubules that frequently consumed much of the domain area (Fig. 1b).
Tubules had diffraction-limited diameters and seemed highly flexible,
fluctuating rapidly in conformation (Supplementary Movie S1) and
often exhibiting a pearled morphology, indicative of an increase
in spontaneous curvature22 (Supplementary Fig. S2a–c). Similar
tubules were observed for alternative systems of fluid lipids that
also contained PtdIns(4,5)P2 , both with and without phase-separated
domains, showing that this behaviour is not limited to the chosen
lipid mixture (Supplementary Fig. S1e,f). In our experiments, the
percentage of vesicles having observable tubules was found to depend
strongly on the molar fraction of PtdIns(4,5)P2 included in the
membrane domain, increasing from 9 ± 4% s.d. (for 0.5 mol%
PtdIns(4,5)P2 ) to 84 ± 5% s.d. (with 20 mol% PtdIns(4,5)P2 , Fig. 1c).
As expected, no protein attachment to membranes was observed in the
absence of PtdIns(4,5)P2 .
We determined the density of membrane-bound proteins responsible for the observed tubulation by measuring FRET between
dye-labelled proteins on the membrane surface. Using this assay, we
quantified the percentage of the membrane covered by wtENTH as
a function of increasing PtdIns(4,5)P2 concentration (Fig. 2c and
Supplementary Fig. S3). Separate donor- and acceptor-labelled protein
populations mixed in a 1:5 ratio (1 µM total wtENTH) were exposed
to the same GUVs used for determining the frequency of tubulation
(0.5–20 mol% PtdIns(4,5)P2 in domains). As the overall protein
surface density was increased, by increasing the concentration of
PtdIns(4,5)P2 , the density of acceptors around each donor increased,
leading to quenching of the donor fluorescence through FRET to the
acceptors (Fig. 2a,b). The donor and acceptor lifetimes were recorded
using confocal FLIM microscopy, providing images of local donor
lifetimes. If protein oligomerization occurred, we would expect to see
short lifetimes even at moderate densities. However, our experiments
are accurately modelled by a random distribution of proteins at
all densities, which indicates no evidence of oligomerization, in
contrast to a recent report23 .
We found that the average coverage area increased linearly
from 8 ± 3% s.d. coverage (1 protein every 200 nm2 ) at 0.5 mol%
PtdIns(4,5)P2 to 29 ± 3% s.d. coverage (1 protein every 50 nm2 ) at
5 mol% PtdIns(4,5)P2 and that coverage area increased more slowly
up to 45 ± 4% s.d. coverage (1 protein every 32 nm2 ) at 20 mol%
PtdIns(4,5)P2 , probably owing to saturation of the membrane surface
with proteins24 . Combining these data with the measurements in
Fig. 1c reveals a strong correlation between the frequency of tubule
formation and the percentage of the membrane domain area covered
by proteins. When wtENTH molecules cover approximately 20% of
the domain area, half of the vesicles form tubules (Fig. 2d). At this
threshold, however, inserted helices (estimated as 10% of the epsin1
ENTH footprint) covered only 2% of the domain surface area (less than
one helix per 100 lipids, about 70 nm2 ), far below the 10–25% surface
area coverage predicted to be necessary for generating high curvature
by hydrophobic insertion7,8 .
These results call into question the ability of helix insertion to
drive the observed membrane bending by epsin1 ENTH. We therefore
sought to measure the capacity of epsin1 ENTH to bend membranes
in the absence of insertions. We replaced helix0 in wtENTH with
an engineered hexa-his tag (hisENTH) and replaced PtdIns(4,5)P2
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Figure 2 FLIM–FRET measurements of epsin1 density reveal that
PtdIns(4,5)P2 concentration controls protein coverage of membrane surfaces.
τ represents the lifetime of the FRET donor fluorophore and d represents
the separation between a donor and acceptor. All vesicles were exposed
to 1 µM total wtENTH. The fluorescence decays were fitted by calculating
energy transfer rates within simulated labelled random protein distributions
to obtain the protein density35 and hence coverage area (Supplementary
Note). (a) Low membrane coverage by FRET-labelled wtENTH (donor,
Atto532λex 532/λem 560 nm, acceptor, Atto594λex 594/λem 627 nm) does not
quench donor decay time significantly (∼1 mol% PtdIns(4,5)P2 in domains).
(b) Dense membrane binding by wtENTH significantly shortens donor decay
time (∼20 mol% PtdIns(4,5)P2 in domains). (c) Membrane coverage by
proteins as a function of PtdIns(4,5)P2 concentration in domains. The error
bars are the first s.d. of 12–100 measurements (N > 12) on individual
vesicles from at least three independent experiments. Specifically, for 0.5, 1,
2, 5, 20% PtdIns(4,5)P2 , N = 50, 45, 90, 12, 20. For domains containing
approximately 0.5–1 mol% PtdIns(4,5)P2 , the reported value is for vesicles
without tubules. For domains containing 2–20 mol% PtdIns(4,5)P2 , the
reported value is for vesicles with tubules. (d) Frequency of tubule formation
(Fig. 1c) as a function of membrane coverage by wtENTH (c). The y -axis error
bars are the first s.d. from the average of three independent experiments on
separate vesicle batches, each with ∼100 vesicles categorized (N = 3). The
x -axis error bars are from the data in c, N > 12, specific values listed above.

with DOGS-NTA-Ni (4–20 mol%) in the GUVs. This attachment
chemistry provides a high-affinity protein–lipid interaction, Kd ∼
nM, through binding of the histidine residues to the DOGS-NTA-Ni
lipid heads25 , rather than through helix insertion. On exposure to the
GUVs, hisENTH bound to the DOGS-NTA-Ni-enriched membrane
domains, producing tubules at high DOGS-NTA-Ni concentrations
that seemed morphologically indistinguishable from those formed
by wtENTH binding to PtdIns(4,5)P2 -enriched domains (Fig. 3a
and Supplementary Movie S2 and Fig. S2d). As with wtENTH, the
frequency of tubule formation and membrane surface coverage by
hisENTH was measured with the FLIM–FRET technique and found
to increase strongly with increasing DOGS-NTA-Ni concentration.
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Figure 3 Protein coverage controls tubule formation by epsin1 ENTH,
regardless of membrane attachment chemistry. (a) A tubulated domain
(∼20 mol% DOGS-NTA-Ni, 1 µM hisENTH). GUV composition: 12.5 mol%
fluid-phase lipids (DPhPC +4–20 mol% DOGS-NTA-Ni)/40% DPPC/47.5%
cholesterol. Wide-field fluorescence micrographs, scale bars are 10 µm (red
channel, Nile red; green channel, Atto488–hisENTH). (b) Frequency of
tubule formation as a function of membrane coverage by hisENTH (1 µM
total hisENTH, red circles). The error bars for tubulation are the first s.d.
from three independent experiments (N = 3) on separate vesicle batches,
each with ∼100 vesicles categorized. The error bars for coverage are the
first standard deviation of 12–100 (N > 12) measurements on individual
vesicles. For the wtENTH interaction with PtdIns(4,5)P2 -containing vesicles,
the specific values are listed in the caption of Fig. 2c. For the hisENTH
interaction with DOGS-NTA-Ni-containing vesicles, for 4, 7.5, 20%
DOGS-NTA-Ni, N = 25, 95, 35. For domains containing approximately
4 mol% DOGS-NTA-Ni, the reported coverage value is for vesicles without
tubules. For domains containing 7.5–20 mol% DOGS-NTA-Ni, the reported
coverage value is for vesicles with tubules. The data follow the same trend
as wtENTH (Fig. 2d, blue squares). (c) Predictions of spontaneous curvature
(1/radius) as a function of coverage for the protein–protein crowding model
(blue line). The red dashed lines represent the coverage for which 50% and
90% of vesicles form tubules in experiments with wtENTH.

When the percentage of vesicles forming tubules was plotted
relative to surface coverage (Fig. 3b, red circles), the resulting trend
was similar to that for the helix0 wtENTH–PtdIns(4,5)P2 system
(Fig. 3b, blue squares). These data show that increasing membrane
coverage of either wtENTH or hisENTH results in increasing tubule
formation, independent of the membrane attachment chemistry.
Furthermore, cryo-electron microscopy revealed that on binding
by hisENTH, vesicles of 200 nm initial diameter, containing DOGSNTA-Ni, were converted into tubules with average outer diameters
of 25.5 ± 5.1 nm (11.3 ± 4.4 nm inner diameter), comparable to
the diameters of tubules formed by wtENTH (ref. 5; Fig. 4). We
have further confirmed that protein–protein crowding can generate
high curvatures by demonstrating that Sar1p, a similarly sized
protein in the COPII pathway, is also capable of bending membrane
domains containing 20 mol% DOGS-NTA-Ni when its helix is
replaced by a histidine tag (78.6 ± 6.8% of vesicles form tubules;
Supplementary Movie S3). This finding is different from a previously
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Figure 4 Cryo-electron microscopy reveals that ENTH can drive the formation
of highly curved membrane tubules in the absence of its amphipathic helix.
All scale bars are 100 nm. (a) Vesicles composed of 80% DPhPC and 20%
DOGS-NTA-Ni and extruded through a 200 nm porous filter. Cryo-electron
micrographs in the absence of protein. (b) Cryo-electron micrographs
of vesicles with the same lipid composition after exposure to hisENTH
proteins. (c) Histogram of the diameters of lipid tubules formed on protein
addition, based on analysis of cryo-electron micrographs. The average tubule
outer diameter is 25.5 ± 5.1 nm, where the error is the first s.d. of tubule
diameters (N = 224) from all fields of view acquired for this sample (11
fields of view). Less than 9% of vesicles formed tubules in the absence of
proteins, similar to giant vesicle studies.

published report6 , where protein densities on membrane surfaces
were probably lower.
Our results demonstrate that membrane-bound ENTH domains
induce membrane curvature by a mechanism that does not require
hydrophobic insertion. We have previously demonstrated that
membrane bending increases the area available for protein binding
to solid-phase membranes26 . Here we propose a distinct fluid-phase
mechanism in which the driving force for tubulation is lateral pressure
that originates from collisions between diffusing, membrane-bound
proteins. When proteins bind the membrane surface, the area that
each protein can explore decreases as the density of proteins on
the surface grows, giving rise to a pressure that increases with
increasing membrane coverage. At sufficiently high coverage, this
pressure can overcome the energetic cost of membrane bending,
which increases the area on which proteins diffuse. We estimated
this pressure using the Carnahan–Starling equation of state27 for
hard discs and balanced it against the mechanical resistance of the
membrane to bending (Supplementary Note). Using this analysis, we
derived a relationship in which membrane spontaneous curvature
increases nonlinearly with protein coverage area (Fig. 3c), in contrast
to the linear increase predicted by the hydrophobic insertion theory7 .
This relationship predicts that the experimentally measured range of
protein coverage on tubulated membranes, 20–50%, is sufficient to
drive the formation of highly curved membrane structures through
protein–protein crowding.
If protein–protein crowding drives curvature, we would expect
proteins with high membrane affinity (low dissociation constant, Kd ) to

have the greatest capacity for curvature generation. However, when the
solution concentration of any membrane-binding protein is sufficiently
high, exceeding the dissociation constant, that protein should be
able to bind the membrane with a high surface density, potentially
inducing curvature. To examine this relationship we reduced the
affinity of hisENTH for the membrane by replacing the Ni-NTA lipid
(Kd ∼ 50 nM; ref. 25) with a Ni-IDA lipid (20 mol%, Kd ∼ µM; ref. 28).
Exposing these vesicles to 1 µM hisENTH, we observed few lipid tubules
(14 ± 4% s.d. of vesicles). However, on raising the concentration of
hisENTH in solution to approximately 10 µM, most vesicles (85 ± 3%
s.d.) exhibited tubules (Fig. 5 and Supplementary Fig. S4a,b). Similarly,
we found that the ANTH domain of AP180, which binds weakly
to membranes containing PtdIns(4,5)P2 (Kd ∼ 10 µM; ref. 29) but
does not insert into the membrane and has not been thought to
induce curvature5,20 , was able to drive membrane tubule formation at
a solution concentration above the dissociation constant (74 ± 4% s.d.
tubules with 20 µM wtANTH, compared to 10 ± 2% s.d. with 1 µM
wtANTH; Fig. 5a,b and Supplementary Movie S4). Likewise, the L6H
mutant of wtENTH, which has been shown to have both lower membrane affinity and lower membrane bending capacity in comparison
with wtENTH (ref. 5), was capable of bending membranes at protein
concentrations above 15 µM in solution (Supplementary Movie S5).
If proteins bend membranes through molecular crowding, larger
molecules should be able to reach the threshold level of membrane coverage, and therefore bend the membrane, with a lower overall number
of bound proteins per unit area. To investigate this idea, we exposed
PtdIns(4,5)P2 -containing membranes to a saturating concentration
of FRET-labelled full-length epsin1 (more than twice the molecular
weight of wtENTH) and indeed found that robust membrane bending
occurred at lower densities, as indicated by a significantly longer fluorescence lifetime in our FLIM–FRET assay (Supplementary Fig. S4c). The
lower density of full-length epsin1 means that even with significantly
fewer helices than in our experiments with wtENTH, tubules can be
generated. This observation is evidence that the hydrophobic insertion
model is not a sufficient explanation for membrane bending by epsin1.
Finally, curvature generation by molecular crowding should be
possible with any membrane-bound protein, not just those associated
with membrane curvature. To test this hypothesis, we exposed GUVs
containing DOGS-NTA-Ni to 1 µM hexa-his-tagged green fluorescent
protein (hisGFP), and we observed that 86 ± 4% s.d. of GUVs
were tubulated (Fig. 5c and Supplementary Movie S6). Figure 5d
summarizes our observations, showing that membrane tubulation
occurred whenever the protein concentration in solution exceeded the
dissociation constant for membrane binding.
In clathrin-mediated endocytosis, vesicle formation depends on a
dense network of interacting adaptor proteins12 and polymerization of
the curved clathrin coat30 . Helix insertions, present in some adaptor
proteins, probably induce local membrane packing defects, and have
been clearly demonstrated to sense high curvature14 . However, we show
that the helix insertion of epsin1 does not drive the vesicle tubulation we
observe. Instead we find that bending of our model membranes arises
from steric pressure between bound epsin1 molecules. Independent of
helix insertion, ENTH domains bend model membranes strongly when
they cover at least 20–30% of the membrane surface. However, our
results do not imply that crowding of epsin1 itself drives membrane
curvature in vivo. In fact, clathrin-coated pits are sparsely populated by
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Figure 5 Whenever protein concentration exceeds membrane affinity, high
protein coverage drives membrane bending. All scale bars are 10 µm. (a) On
exposure to 1 µM Atto488-conjugated wtANTH (Kd ∼ 10 µM), membrane
domains (∼20 mol% PI(4,5)P2 ) do not form lipid tubules. (b) When
20 µM wtANTH is exposed to the same membrane domains, tubules are
frequently observed (0.03 mol% Texas-red–DHPE). (c) On exposure to
1 µM hisGFP (Kd ∼ nM), membrane domains (∼20 mol% DOGS-NTA-Ni)
form tubules. Nile red labels the liquid-ordered phase. (d) Histogram
showing that frequent tubulation occurs only when the protein concentration
exceeds Kd . All membrane domains contained ∼20 mol% binding lipids
(PtdIns(4,5)P2 : wtENTH, wtANTH; DOGS-NTA-Ni: hisGFP; DOGS-NTA-Ni,
DOIDA-Ni: hisENTH. The error bars are the first s.d. from three independent
experiments (N = 3) on separate vesicle batches, each with ∼100 vesicles
categorized.
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METHODS
Chemical reagents. MOPS (3-(N -morpholino)propanesulphonic acid), HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid), TCEP (tris(2-carboxy
ethyl)phosphine), sodium bicarbonate and Nile red were purchased from
Sigma Aldrich. NaCl, KCl, glucose, sucrose, β-mercaptoethanol and imidazole were purchased from Fisher Scientific. EDTA (ethylenediaminetetraacetic
acid) and EGTA (ethylene glycol tetraacetic acid) were purchased from Acros
Organics. Atto488, Atto532 and Atto594 NHS-ester were from ATTO–TEC.
Texas-red–DHPE was purchased from Invitrogen. All other lipids were purchased
from Avanti Polar Lipids (Alabaster), including: PtdIns(4,5)P2 (l-α-PtdIns(4,5)P2 ,
from porcine brain), DOGS-NTA-Ni (1,2-dioleoyl-sn-glycero-3-((N -(5-amino1-carboxypentyl)iminodiacetic acid)succinyl), with nickel salt), DPhPC (1,2diphytanoyl-sn-glycero-3-phosphocholine), DPPC (1,2-dipalmitoyl-sn-glycero3-phosphocholine), DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), DOPE
(1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) and cholesterol (from ovine
wool). All purchased chemical reagents were used without further purification.
DOIDA (dioleylglycerotriethyleneglycyl iminodiacetic acid) was synthesized
according to previously reported protocols36 .

Cloning, protein expression and purification. The pGex4T2 plasmids containing the epsin1 N -terminal homology domain (residues 1–164, wtENTH),
helix0 mutants L6H (ENTH-L6H), full-length epsin1 (epsin1FL) and the AP180
N -terminal homology domain (residues 1–289, wtANTH) were gifts from H.
McMahon5,20 . To generate hisENTH, the coding sequence for residues 16–164
of the epsin1 ENTH domain (lacking Helix 0) was cloned into a pRSET vector, resulting in an N -terminal hexa-his tag followed by a 21-amino-acid linker
(50 -SMYGGQQMGRDLYDDDDKDRW-30 ) and the ENTH domain (16–164). The
pRSET vector containing the non-dimerizable (A206K) hexa-his-tagged version
of eGFP (hisGFP) was a gift from the Arkin laboratory (UC Berkeley, USA).
wtENTH, ENTH-L6H, epsin1FL and wtANTH were expressed as N -terminal
glutathione S-transferase (GST) fusion proteins in competent BL21(DE3)pLysS
cells (Invitrogen). Proteins were expressed overnight at 18 ◦ C and purified from
bacterial extracts by incubation with glutathione–Sepharose beads, followed by
extensive washing with 25 mM HEPES, at pH 7.4, 150–300 mM NaCl, 2 mM EDTA
and 2 mM dithiothreitol (final buffer composition: 25 mM HEPES, at pH 7.4,
150 mM NaCl, 2 mM EDTA and 2 mM dithiothreitol). The protein was cleaved
by incubation for 2 h at room temperature and overnight at 4 ◦ C with thrombin
(Novagen). Thrombin was removed by incubation with benzamidine Sepharose
(GE Healthcare) for 30 min at room temperature. HisENTH and hisGFP were
expressed in BL21(DE3)pLysS cells overnight at 18 ◦ C and purified from bacterial
extracts by incubation with Ni-NTA agarose in 25 mM HEPES, at pH 7.4, 150 mM
NaCl, 1 mM imidazole and 1 mM β-mercaptoethanol. After extensive washing
with 25 mM HEPES, at pH 7.4, 150–300 mM NaCl, 1–5 mM imidazole and 1 mM
β-mercaptoethanol, proteins were eluted by gradually increasing the imidazole
concentration to 250 mM. Eluted proteins were concentrated and dialysed for 2 h at
room temperature in 1 l and overnight in 2 l 25 mM HEPES, at pH 7.4, 150 mM NaCl,
1 mM EDTA and 1 mM β-mercaptoethanol. Epsin1FL, which has no predicted
folded structure in its C terminus probably began to degrade during preparation (as
judged by SDS–PAGE) but maintained a molecular weight between 2 and 3 times
that of wtENTH. Sar1p and 6x His tagged 123-Sar1p (no helix) plasmids were a gift
from the Schekman laboratory at UC Berkeley, USA, and protein purification was
performed as previously reported6 .

Protein labelling. To perform labelling reactions, the protein buffer was
exchanged to 0.15 M bicarbonate buffer with 1 mM TCEP using a Mr 10K MWCO
centrifugal filter (Millipore). The labelling reactions were performed using
amine-reactive, NHS-ester functionalized dyes (ATTO–TEC). The reactive dye
concentration was adjusted experimentally to achieve the desired labelling ratio of
approximately 1:1. For experiments with 20 µM wtANTH, protein oligomerization
was observed, even in the presence of TCEP. We presumed that this was
due to disulphide bridge formation at the high protein densities achieved on
the membrane surface. To eliminate oligomerization for these experiments, the
wtANTH sulphydryls were blocked by reacting with a 15 times molar excess of
N -ethylmaleimide (Fluka) in PBS overnight at 4 ◦ C. The excess maleimide reactant
was removed and the wtANTH buffer was exchanged into bicarbonate buffer for dye
labelling, using size-exclusion spin columns (Princeton Separations).

Vesicle preparation. Electroformation of GUVs was performed according to
published protocols37 at approximately 55 ◦ C for vesicles containing PtdIns(4,5)P2
and 65 ◦ C for vesicles containing DOGS-NTA-Ni or DOIDA. Vesicles were
electroformed in solution containing approximately 350 mM sucrose (∼350
mOsm). EDTA (0.5 mM) and EGTA (0.5 mM) were added to solutions before
electroformation of vesicles containing PtdIns(4,5)P2 , to prevent clustering of the
lipid by divalent metal cations38 . Small quantities of fluorescent lipid probes were
used to mark either the liquid-disordered phase (Texas-red–DHPE, 0.03 mol%),
or the liquid-ordered phase (Nile Red, saturating concentration). To concentrate

PtdIns(4,5)P2 beyond the limits imposed by electroformation (∼3 mol%)38 , we
made use of the observation that PtdIns(4,5)P2 preferably partitions to liquiddisordered membrane phases21 . We employed a lipid membrane composition that
phase separated at room temperature into a small liquid-disordered region within
a liquid-ordered majority phase (12.5 mol % fluid lipids (0.5–20% PtdIns(4,5)P2
plus DPhPC)/40% DPPC/47.5% cholesterol). At elevated temperatures (55 ◦ C) used
during electroformation, the phases were dissolved and a small amount (2 mol%
maximum) of PtdIns(4,5)P2 included in the lipid mixture distributed evenly over the
membrane surface. However, when the vesicles were cooled to room temperature before experiments, the lipid mixture phase separated and PtdIns(4,5)P2 concentrated
in the liquid-disordered phase (Supplementary Fig. S1b,c).

GUV slide preparation. Vesicles were diluted six times in buffer. For experiments
with PtdIns(4,5)P2 -containing membranes and wtENTH and wtANTH proteins,
the vesicles were diluted in 25 mM HEPES buffer with 150 mM KCl and 1 mM
TCEP, raised to a final osmotic strength of approximately 320 mOsm by the
addition of glucose. For experiments with DOGS-NTA-Ni-containing membranes
and hisENTH proteins, the vesicles were diluted in 20 mM MOPS buffer with
100 mM NaCl, raised to a final osmotic strength of approximately 320 mOsm by the
addition of glucose. Proteins were added to the vesicle mixture at a concentration of
∼1 µM unless otherwise noted. Imaging experiments began approximately 10 min
after samples were prepared.
Calculation of tubule formation frequency. For tubule counting experiments,
the vesicles were observed using wide-field epifluorescence microscopy, a ×100
oil-immersion objective, and an Andor iXion CCD (charge-coupled device) camera
on a Zeiss Axio200M inverted microscope. His Sar data and ENTH-L6H data
were taken on an AxioObserverZI (Zeiss) with a spinning-disc confocal microscope
(Yokogawa CSU-10)) and a cooled CCD camera (Cascade II, Photometrics). Images
were acquired using a ×100 oil-immersion objective. The frequency of tube
formation was calculated as the percentage of vesicles having tubes out of the total
number of vesicles counted within the same sample. For each sample, vesicles were
counted in 10–15 fields of view, typically amounting to 50–150 individual vesicles,
and the percentage having tubules was recorded. Tubules were defined as resolvable
structures protruding outward from the protein-coated regions of vesicles. The
counting experiment was carried out three times, each time with a fresh batch of
electroformed vesicles prepared on the same day as the experiment was conducted.

Measurement of giant vesicle dimensions. The average area of fluid-disordered
domains (enriched in either PtdIns(4,5)P2 or DOGS-NTA-Ni) as a percentage of
total vesicle surface area was estimated from measurements of the maximum chord
diameter of the domain region and maximum vesicle diameter (from Z -scan image
stacks) before protein binding (Supplementary Fig. S1c).

Fluorescence lifetime imaging for protein density determination. Protein
densities on tubulated vesicles and vesicle domains were determined using
measurements of FRET between dye-labelled proteins on the membrane surfaces.
FRET-donor- (Atto 532 λem 560 nm) and acceptor- (Atto 594 λem 627 nm) labelled
proteins were mixed in a 1:5 ratio and applied to the vesicles. Fluorescence
lifetime images were recorded with a custom confocal microscope. The sample was
illuminated with 532 nm picosecond laser pulses produced by frequency doubling
the 1,064 nm output from a mode-locked fibre laser (Fianium) operating at a
repetition rate of 40 MHz. Images were obtained by scanning the sample through
the laser at the focus of the microscope objective using a precision three-axis
piezoelectric-driven translation stage (Mad City Labs). Fluorescence signal from
the sample collected by the microscope objective was focused through a pinhole
and split onto separate GaAsP photomultiplier tubes (Hamamatsu) after filtering
to isolate the fluorescence wavelength ranges of interest. The photomultiplier tube
outputs were amplified with custom amplifiers and sent to a computer card for
time-correlated single-photon counting (Becker and Hickl). The donor lifetime
signal was used for analysis of protein densities. The fluorescence decay obtained
was fitted to a list of simulated decays and the corresponding protein density was
extracted (see Supplementary Note). Coverage area was calculated by assuming a
protein area on the membrane of 14.5 nm2 . For calibration of the FLIM–FRET
measurements by fluorescence intensity fluctuation analysis, see the Supplementary
Information.

Cryo-electron microscopy. Small unilamellar vesicles were formed by hydration
of dried lipid films with buffer (20 mM MOPS and 100 mM NaCl, at pH 7.35)
followed by extrusion through filters with a 200 nm pore size (Whatman). Dynamic
light scattering confirmed that vesicles were approximately 200 nm in diameter
initially. Vesicles were composed of 80% DPhPC/20% DOGS-NTA-Ni and were
mixed with hisENTH proteins at a ratio of 1 protein to 10 lipids. After approximately
60 min of exposure to hisENTH at 37 ◦ C, membranes were imaged using cryoelectron microscopy. Specimens were plunge-frozen as reported previously39 on
holey carbon film grids (R2x2 Quantifoil; Micro Tools GmbH). We used a 626
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cryo-specimen holder (Gatan) for imaging. Data were collected using a JEOL 2100
electron microscope with a LaB6 electron gun. Images were recorded under low
electron-dose conditions (∼5–20 electrons Å−2 ) with a 4,096 × 4,096 pixel CCD
camera (UltraScan 895, GATAN) at nominal magnifications of ×20,000 or ×40,000.
36. Pack, D. W. & Arnold, F. H. Langmuir monolayer characterization of metal chelating
lipids for protein targeting to membranes. Chem. Phys. Lipids 86, 135–152 (1997).

37. Angelova, M. & Dimitrov, D. Liposome electroformation. Faraday Dis. 81,
303–311 (1986).
38. Carvalho, K., Ramos, L., Roy, C. & Picart, C. Giant unilamellar vesicles containing
phosphatidylinositol(4,5)bisphosphate: characterization and functionality. Biophys.
J. 95, 4348–4360 (2008).
39. Sherman, M. B. et al. Removal of divalent cations induces structural transitions in
red clover necrotic mosaic virus, revealing a potential mechanism for RNA release.
J. Virol. 80, 10395–10406 (2006).
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Figure S1 (a) The amphipathic helix (helix0) occupies about 10% of ENTH’s
membrane footprint. (Top) Ribbon diagram of Epsin1 ENTH domain (PDB:
1H0A) superimposed on the membrane surface, where grey circles represent
lipid head groups. (Bottom) Comparison of ENTH’s footprint (green circle)
with the area of the helix (magenta rectangle). (b) Giant vesicle compositions
were chosen to create a minority liquid-disordered phase within a majority
liquid-ordered membrane. The chosen composition is shown on a ternary
phase diagram. The label, DPhPC+, signifies the total fraction of fluid-phase
lipids, which is 12.5 mol% including DPhPC and additives (PI(4,5)P2,
DOGS-NTA-Ni, or DOIDA). (c) Fractional domain area remains approximately
constant with variations in the type and concentration of the added proteinbinding lipids, PI(4,5)P2 and DOGS-NTA-Ni. The domain area is expressed
as the average percent of the total vesicle surface area occupied by the
domain. Measurements of 19-31 individual vesicles (N>19) were averaged,
and error bars are the first standard deviation of this population. The molar
% of protein-binding lipids is expressed as the fraction of the total fluid phase
lipids. The precise N values are as follows: N=31, 29, 28, 25, 29 for 0.5,

1, 2, 5, 20% PI(4,5)P2; N=19, 30, 30 for 4, 7.5, 20% DOGS-NTA-Ni. (d)
Few vesicles form tubules in the absence of proteins, regardless of the type
and molar quantity of the incorporated binding lipid. The error bars are the
first standard deviation from three experiments done on different days with
freshly prepared vesicles, in which more than 100 individual vesicles were
categorized each day. (e) wtENTH and hisENTH (1 µM) tubulate membranes
equally for both an alternative phase separated membrane composition
(50% DPPC / 30% Cholesterol / 9% DOPC / 9% DOPE / 2% PI(4,5)P2 or
DOGS-NTA-Ni) and a uniform membrane composition (50% POPC / 35-40%
DOPE / 10% DOGS-NTA-Ni or 5% PI(4,5)P2). The error bars are the first
standard deviation from three experiments (N=3) done on different days with
freshly prepared vesicles, in which more than 100 individual vesicles were
categorized each day. (f) Epi-fluorescent images of Atto-488 conjugated
ENTH proteins binding to vesicles with the uniform vesicles. These vesicles
display tubules all over their surfaces (top), which greatly strains the
membranes surface, resulting in the frequent collapse of vesicles (bottom).
The scale bars are 10 mm long.
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Figure S2 (a) Short lipid tubules protruding from domain surfaces containing
approximately 20 mol% PI(4,5)P2 (b) Pearl-shaped membrane protrusions
from domains surfaces containing approximately 2 mol% PI(4,5)P2. (c)
Montage of images of giant vesicles with lipid tubules formed by binding of
Atto488-conjugated wtENTH to lipid domains enriched with 20 mol% of
PI(4,5)P2 lipids, illustrating the variety of tubules observed. (d) Montage of

images of giant vesicles with lipid tubules formed by binding of Atto488conjugated hisENTH to lipid domains enriched with 20 mol% of DOGSNTA-Ni lipids, illustrating the variety of tubules observed. 2-channel epifluorescent images, where the red channel is Nile Red, a lipid probe, and the
green channel is wtENTH or hisENTH conjugated with Atto488 probes. The
scale bars are 10 µm long.
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Figure S3 (a) Examples of experimental fluorescence decay curves (solid
blue lines) fit to simulated decay curves (dotted red lines). As decay time
decreases, the corresponding protein density increases: 0.005 proteins/
nm2 (7% coverage) at 0.5 mol% PI(4,5)P2, 0.014 proteins/nm2 (20%
coverage) at 2 mol% PI(4,5)P2, and 0.025 proteins/nm2 (36% coverage) at
20 mol% PI(4,5)P2concentration in the domain. (b) Use of a fluorescence
intensity-based method (fluorescence fluctuation spectroscopy) to calibrate
FLIM-FRET measurements of protein density on membrane surfaces. Since
the intensity-based method is highly sensitive to the laser spot size on the
sample (degree of focus), all calibration measurements were performed
on supported lipid bilayers (flat membrane surfaces), which contained
4 or 7.5 mol% DOGS-NTA-Ni lipids dissolved in DPhPC lipids. For

FLIM-FRET measurements these bilayers were exposed to FRET-labeled
hisENTH proteins (1:8.5 ratio of donors to acceptors). For intensity-based
measurements the bilayers were exposed to Atto 532 labeled hisENTH
proteins. The reported Intensity-based values (y-axis) are the average from
N=8 independent images, and the error bars represent plus and minus two
standard deviations around the average. For the FRET-based measurement
(x-axis) the statistical error was less than 5% standard deviation, based on
N=5 independent trials. However, to account for possible systematic error
in the constants required for the calculation (such as dye manufacturer’s
reported fluorescence lifetime and Förster radius), we have estimated an
uncertainty of +/- 20%. The results presented here show this estimate is
reasonable. Details of the analysis are described in the Supplementary Note.
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Figure S4 (a) Lipid domains containing 20 mol% DOIDA-Ni exposed to
varying concentrations of Atto488-conjugated hisENTH. When vesicles
are exposed to 1 µM of hisENTH, domains remain flat. (b) When vesicles
are exposed to 10 µM of hisENTH, domains are tubulated. Widefield,
epi-fluorescent images. The scale bars are 10 µm long. Vesicles are
identical to those used in Figures 3, S5, except that DOGS-NTA-Ni
was substituted for .DOIDA-Ni. Frequencies of tubule formation are
quantified in Figure 4D. (c) Comparison of fluorescence decay curves
for membrane surfaces saturated with FRET-labeled (1:5 ratio of donors

to acceptors) wtENTH and full-length Epsin1. Epsin1 binding to
membrane surfaces was greatly accelerated by the presence of PI(4,5)
P2 (5 mol% in domains) but did not strictly require it. The significantly
longer fluorescence lifetime (and hence fluorophore density) measured
on membrane surfaces tubulated by Epsin1 demonstrates that Epsin1
occupies a significantly larger molecular “footprint” on the membrane
surface, and therefore can insert significantly fewer helices. These
results provide additional evidence that helix insertion does not drive
membrane bending by wtENTH and Epsin1.
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Supplementary Movie Legends
Movie S1 Lipid tubules formed by membrane binding of 1 µM wtENTH fluctuate dynamically. 2-channel widefield epi-fluorescent images, where the
red channel is Nile Red, a lipid probe, and the green channel is wtENTH conjugated with Atto488 probes. The scale bar is 10 µm long. The frames are
approximately 400 ms apart.
Movie S2 Lipid tubules formed by membrane binding of 1 µM hisENTH fluctuate rapidly. 2-channel widefield epi-fluorescent images, where the red channel
is Nile Red, a lipid probe, and the green channel is hisENTH conjugated with Atto488 probes. The scale bar is 10 µm long. The frames are approximately
400 ms apart.
Movie S3 Sar1p bends membranes independent of helix insertion. Lipid tubules formed by membrane binding of 1 µM hisSar1p fluctuate rapidly.
2-channel widefield epi-fluorescent images, where the red channel is Nile Red, and the green channel is GFP. The scale bar is 10 µm long. The frames
are approximately 400 ms apart. GUV composition: 12.5 mol% fluid-phase lipids (DPhPC + 20 mol% DOGS-NTA-Ni) / 40% DPPC / 47.5% Cholesterol.
Widefield fluorescence images, scale bars are 10 mm long (red channel: Nile Red, green channel: Atto488-D23-Sar1p.)
Movie S4 Lipid tubules formed by membrane binding of 20 µM wtANTH fluctuate rapidly. 2-channel widefield epi-fluorescent images, where the red
channel is Texas Red-DHPE, a lipid probe, and the green channel is wtANTH conjugated with Atto488 probes. The scale bar is 10 µm long. The frames are
approximately 400 ms apart.
Movie S5 Lipid tubules formed by membrane binding of 15 µM L6H ENTH to vesicles containing 20% PI(4,5)P2 in domains fluctuate rapidly. Widefield
Epi-fluorescent images, where the green channel is L6H ENTH conjugated with Atto488 probes. The scale bar is 10 µm long. The frames are approximately
400 ms apart.
Movie S6 Lipid tubules formed by membrane binding of 1 µM hisGFP fluctuate rapidly. 2-channel widefield epi-fluorescent images, where the red channel is
Nile Red, and the green channel is GFP. The scale bar is 10 µm long. The frames are approximately 400 ms apart.
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