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ABSTRACT The curvature of biological membranes is controlled by membrane-bound proteins. For example, during endocy-
tosis, the sorting of membrane components, vesicle budding, and fission from the plasma membrane are mediated by adaptor
and accessory proteins. Endophilin is a peripherally binding membrane protein that functions as an endocytic accessory protein.
Endophilin’s membrane tubulation capacity is well known. However, to understand the thermodynamic and mechanical aspects
of endophilin function, experimental measurements need to be compared to quantitative theoretical models. We present
measurements of curvature sorting and curvature generation of the endophilin A1 N-BAR domain on tubular membranes pulled
from giant unilamellar vesicles. At low concentration, endophilin functions primarily as a membrane curvature sensor; at high
concentrations, it also generates curvature. We determine the spontaneous curvature induced by endophilin and observe
sigmoidal curvature/composition coupling isotherms that saturate at high membrane tensions and protein solution concentra-
tions. The observation of saturation is supported by a strong dependence of lateral diffusion coefficients on protein density
on the tether membrane. We develop a nonlinear curvature/composition coupling model that captures our experimental obser-
vations. Our model predicts a curvature-induced phase transition among two states with varying protein density and membrane

curvature. This transition could act as a switch during endocytosis.

INTRODUCTION

The alterations of cellular membrane curvature (MC) that
accompany phenomena such as endocytic vesicle budding
and fission are regulated by a plethora of peripheral pro-
teins (1). The BAR-domain (Bin/Amphiphysin/Rvs) super-
family constitutes an important class of MC sensing and
generating proteins. BAR-domain-containing proteins are
involved in many cellular processes (1-5). BAR domains
are characterized by monomer units that consist of coiled
coils that dimerize into modules with a positively charged
membrane-binding interface. The BAR-domain family is
composed of subfamilies with different crystal structures,
including classical BAR (6), N-BAR (3), F-BAR (Fes/
CIP4 homology-BAR) (7), and I-BAR (inverse-BAR) (8).
The crystal structures of BAR- and N-BAR-domain dimers
display crescent shapes with high positive curvature.

Endophilin is an N-terminal BAR-domain-containing
protein (9-12) that is enriched at neural synapses. Endo-
philin assembles with dynamin and synaptojanin around
the neck of clathrin-coated membrane invaginations (9,13).
Endophilin also has been found to be involved in a clathrin-
independent endocytic pathway that is faster than clathrin-
dependent endocytosis (14).

The endophilin N-BAR domain (ENBAR) contains
a BAR domain, an N-terminal helix adjacent to the BAR
domain (helix HO), and an additional amphipathic helix
(H1 insert helix, residues ~62-86) (15—17). These amphi-
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pathic helices are disordered in aqueous solution and form
an a-helix upon membrane insertion (16,18).

In vitro research has shown that endophilin senses MC
and induces the deformation and tubulation of liposomes
(2,15,16). The mechanism of MC generation and sensing
by endophilin is not fully understood. Liposome-binding
and tubulation assays, as well as results based on electron
paramagnetic resonance spectroscopy, have suggested that
the concave surface of its BAR domain acts as a rigid, posi-
tively charged scaffold (15,16) that electrostatically in-
teracts with negatively charged liposomes (1,3,19).
Electron paramagnetic resonance spectroscopy measure-
ments showed that the concave surface of the endophilin
BAR domain does not penetrate into the acyl-chain level
of the curved bilayer, implying that the BAR domain only
peripherally interacts with the membrane (18). The rigidity
and spontaneous curvature of the crescent shape are
assumed to bend the membrane (20).

Interestingly, a recently developed single-liposome
membrane-binding assay reported that the crescent-shaped
BAR domain dimer is not able to sense MC; instead, MC
sensing was suggested to depend solely on the insertion of
amphipathic helices into lipid-packing defects (21). Indeed,
HO and the HI1 insert helices are believed to drive MC
(15,16,22) via their hydrophobic insertion into the mem-
brane (1,18,19,23). Furthermore, molecular dynamics simu-
lations have shown that the HI1 insert helix orients
perpendicularly to the long axis of the N-BAR domains
during membrane binding, and that the degree of membrane
deformation is connected with H1-helix orientation (24).
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Besides scaffolding and hydrophobic insertion, higher-
order oligomerization of BAR domain dimers may
contribute to MC generation (1). Consistent with this hy-
pothesis, striations have been observed on tubules generated
via ENBAR domains (2). Theoretical characterization of the
process of liposome tubulation (25) and vesiculation by
N-BAR domains via mesoscopic simulations and electron
microscopy imaging indicate an intricate coupling between
protein density, degree of N-BAR oligomerization, and
membrane deformation (26).

In this contribution, we first experimentally characterize
the effect of MC on both ENBAR localization at different
protein solution concentrations and translational diffusion
of ENBAR. We then derive an analytical curvature-sorting
model that we compare to our data. Implications of this
model for physiologically important membrane shape tran-
sitions are also discussed.

MATERIALS AND METHODS
Materials

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-
3-phospho-(1’-rac-glycerol) (DOPG) and distearoylphosphatidylethanol-
amine-N-(biotinyl(polyethylene glycol)2000) (DSPE-Bio-PEG2000) were
obtained from Avanti Polar Lipids (Alabaster, AL). Fatty-acid-free bovine
serum albumin (BSA) was from Sigma Chemical (St. Louis, MO). Rat endo-
philin A1 N-BAR-AlexaFluor 488 (ENBAR-A488, amino acids 1-247,
labeled at C108) was obtained from R. Langen (University of Southern
California, Los Angeles, CA) and stored in buffer (20 mM HEPES, pH
7.4, 150 mM NaCl). Using vesicle spin-down assays (27), we confirmed
that fluorescence labeling at position C108 does not alter membrane
binding (data not shown). Texas Red-1,2-dihexadecanoyl-sn-glycero-3-phos-
phoethanolamine triethylammonium salt (TR-DHPE) was from Invitrogen
(Carlsbad, CA). Streptavidin-conjugated microspheres with a diameter of
6 um were from Polysciences (Warrington, PA).

Preparation of giant unilamellar vesicles

Giant unilamellar vesicles (GUVs) were prepared by electroformation in
solutions of 300 mM sucrose as described (28). Lipids were mixed in chlo-
roform at a total concentration of 1 mM. DOPG was used at 25 mol %,
DOPC at 74 mol %, TR-DHPE at 0.3 mol %, and DSPE-Bio-PEG2000
at 0.7 mol %. ENBAR-A488 was added after electroswelling (so proteins
bind to the exterior leaflet of GUV membrane only) but immediately before
micropipette aspiration experiments, to yield final solution concentrations
indicated below.

Micropipette aspiration

Micropipettes were fabricated and used for GUV aspiration as described
(29-32). The lateral membrane tension, X, was related to the pipette aspi-
ration pressure as described (30). For further description of pipette aspira-
tion see the Supporting Material.

Imaging
Vesicles and tethers were imaged with a fluorescence confocal microscopy

(FV3000) scanning system integrated with a motorized inverted microscope
IX81, Olympus, Center Valley, PA, using a 60x, 1.2 NA water immersion
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lens (Olympus). Image analysis was carried out via IMAGEJ (National
Institutes of Health, Bethesda, MD). Vesicle fluorescence intensity values
were measured after background subtraction from an average of four
randomly chosen equal-area regions of interest on the vesicle equator.

Tether cross-section fluorescence intensity
measurements

To investigate protein partitioning driven by MC, we monitored the local
fluorescence intensities on the tubular membrane under varying membrane
tensions. We changed membrane tension by adjusting the height of a water
reservoir. Fluorescence intensities of tethers were measured by obtaining
Kalman-averaged images of the tether cross section (xz plane), which is
orthogonal to the axis of the tether (contained in the xy plane; Fig. 1 A),
at a stepwidth of 0.15 um to yield a total imaging depth of 6 um. Cross-
sectional fluorescence intensity profiles (Fig. 1 B) were background-
corrected, and intensity was evaluated in an elliptical region of interest.
For us to be able to correlate membrane-tether fluorescence intensity
changes with changes in protein coverage fraction, we determined the linear
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FIGURE 1 Rat endophilin A1 NBAR domains (ENBAR) partition in

curvature gradients generated by tether membranes pulled from GUVs.
(A) Confocal xy images of a protein channel (upper), a lipid channel
(middle), and a merged channel (lower), demonstrating AlexaFluor-
488-labeled ENBAR (green) enrichment on a tether pulled from micropi-
pette-aspirated GUV membrane (red) with composition 74% DOPC,
25% DOPG, 0.3% TR-DHPE, and 0.7% DSPE-Bio-PEG2000. = =
0.166 mN/m; 150 nM ENBAR in 33 mM NaCl, HEPES, pH 7.4. Scale
bar, 3 um. (B) Cross-section confocal xz line-scan images of a membrane
tether under varying tensions, demonstrating the curvature preference of
ENBAR. Scale bar, 2 um. (C) Demonstration of reversibility and equilibra-
tion for quantitative fluorescence measurements of ENBAR curvature
partitioning. Protein (green) and lipid probe (red) fluorescence intensities
measured during cyclic rapid membrane-tension changes (corresponding
to tension values in D). Left axis, red squares, /,.,; right axis, green dia-
monds, Igyeen. (D) I = Igreen/Ieq values for the data in C (left axis, black
diamonds), with indicated tension levels (right axis, blue squares).
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range of fluorescence. For this purpose, tethers were pulled from pipette-
aspirated GUVs incubated with ENBAR-A488 at a concentration of
150 nM. Intensities of tethers at fixed membrane tension were measured
for varying laser powers (see Fig. S1 in the Supporting Material). The laser
power range left of the vertical line in Fig. S1 indicates the linear range,
whereas at larger laser power the fluorescence response deviates from the
linear tendency due to fluorescence photobleaching. Consequently, all
measurements in this report were obtained using laser powers within the
indicated linear range.

Diffusion measurements on tethers via
fluorescence recovery after photobleaching

For fluorescence recovery after photobleaching (FRAP) measurements on
the membrane tether, tethers with lengths of 12 = 1 um were pulled and
kept at fixed membrane tension. Except for a short stretch amounting to
a length of ~0.5 um measured from the tether/vesicle junction, the entire
tether (including the pulling bead) was photobleached by repeated scanning
at maximal laser intensity (488 nm illumination). Prebleach and postbleach
intensities were measured using excitation with small laser power
(0.1~0.3% of full power) at 488 nm. The relative photobleaching recovery
ratio, R(?), at a given time, ¢, was defined as

where 1(7), 1(0), and I(-) are the fluorescence intensities of the tether inte-
grated along length increments dx at time 7, at a time immediately after
bleaching (¢t = 0), and before bleaching, respectively. A one-dimensional
diffusion model (33) was fit to the photobleaching recovery ratio, R(%):

Ly
1 1] (h-x+tL
R(1) —LL/dxpO{l 3 {erf(z\/E ) o

rer(m )

where D is the diffusion coefficient, pg is the maximal local recovery ratio,
which is positive and no larger than 1. L; and L, are the beginning and
ending positions of the analysis range on the tether. L is the total length
of the region of interest, and # is the position of an image source accounting
for the presence of an impermeable boundary at the bead position (33).
Fitting was done via the software Mathematica (Wolfram Research,
Champaign, IL).

Error analysis and numerical calculations

For details on error analysis, please see the Supporting Material. Numerical
solutions of coupled equations of our curvature-sorting model were
obtained via the software MATLAB (The MathWorks, Natick, MA).

RESULTS

An important goal of this study was to investigate to what
extent and under which conditions the N-BAR domain of
the peripheral protein endophilin A1 (ENBAR, from rat)
binds to tubular membranes with variable curvature. Elec-
tron microscopy observations (15,16,26) combined with
computational studies (24,34,35) have already demonstrated
that ENBAR can deform membranes into high-curvature
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assemblies (with varying curvature radii typically signifi-
cantly below 50 nm at multimolar protein concentrations).
To be able to understand thermodynamic and mechanical
aspects of ENBAR domain function, however, requires
a comparison of measurements to quantitative models.
To quantitatively characterize the curvature sensing of
ENBAR, we incubated ENBAR-A488 with negatively-
charged GUVs containing the lipid fluorophore TR-DHPE
and pulled cylindrical tethers from pipette-aspirated vesicles
using streptavidin-conjugated microspheres. Fig. 1 A
demonstrates qualitatively that green (ENBAR protein)
fluorescence is enriched on highly curved tubular mem-
branes rather than on the quasiflat vesicular membrane
(partially shown on the righthand side in the fluorescence
micrographs of Fig. 1 A).

The curvature-induced partitioning of ENBAR was deter-
mined by confocal microscopy fluorescence imaging of
membrane-tether cross sections (Fig. 1 B) and analyzed as
described in the Materials and Methods section (ensuring
linear response to illumination; see Fig. S1). Fig. 1 C shows
that green fluorescence intensity (ENBAR) increases on the
tether as membrane tension is increased, whereas the lipid
membrane-tether fluorescence decreases as a consequence
of the shrinking tubular radius (30).

Thermodynamic interpretation of our data (see below)
requires assessment of reversibility and equilibration times
of fluorescence intensities of the protein and the lipid probe
under varying membrane tension. Both green and red fluo-
rescence signals respond to large, rapid (~0.5 mN/m/min)
increases of membrane tension within ~1 min and reach
equilibrium (see Fig. 1 C and fluorescence intensity ratio
shown in Fig. 1 D). Subsequently lowering tension causes
corresponding fluorescence intensity changes, which dem-
onstrates reversibility of the measurements.

In Fig. 2 A, we display the analysis of a typical ENBAR
curvature-sorting experiment using a protein solution
concentration of 40 nM. With increasing lateral tension,
fluorescence intensity in the green (protein) fluorescence
channel monotonically increases, whereas the opposite is
observed in the red (lipid) channel. In Fig. 2, fluorescence
intensity measurements are plotted against the square root
of lateral tension for the following reason. For the case of
linear curvature sorting, the square root of lateral tension
can be shown to be proportional to membrane curvature
(36). The plots in Fig. 2 therefore allow assessment of the
linearity of curvature sorting. It is important to note that
the results shown here demonstrate nonlinear curvature/
composition coupling; hence, they deviate from those found
for the epsin N-terminal homology (ENTH) domain, where
sorting was observed to be proportional to the square root of
membrane tension (37).

The fluorescence intensity of lipid probes in high-
curvature tether membranes used in this work is linearly
proportional to the MC (see Fig. S2, consistent with our
previous findings (30,31)); fluorescent lipids therefore are

Biophysical Journal 102(8) 1837-1845
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FIGURE 2 ENBAR localization depends on membrane curvature. (A)
Plot of separate green and red channel fluorescence intensities from images
equivalent to those shown in Fig. 1 B for multiple tension levels from one
tether membrane. While the red (lipid) fluorescence intensity decreases as
membrane tension is increased, the green (protein) fluorescence increases.
ENBAR concentration is 40 nM in 10 mM NaCl. (B) Plot of ratio of green
and red channel fluorescence intensities for the data shown in Fig. 2 A. (C)
Data from seven vesicles were binned (gray and black vertical error bars
represent standard deviations and standard errors of mean, respectively,
of I, /I,‘_); horizontal error bars show standard errors of mean of square
root of tension). ENBAR concentration is 1 uM. The gray solid line shows
the fit with the van der Waals curvature-sorting model described in the main
text. (D) Curvature sorting results as in C for an ENBAR concentration of
40 nM. Seven vesicles were analyzed. The gray line shows a fit with the van
der Waals sorting model. (E and F) Tether radii changing as a function of
membrane tension for ENBAR concentrations of 1 uM (E) and 40 nM
(F), respectively. The gray solid lines show fit results via the van der Waals
model. The black dashed lines are the expected tube radii in the absence of
protein.

not significantly sorted by membrane curvature and here
serve as a reference for ratiometric fluorescence intensity
measurements. Fig. 2 B shows the ratio, /,, of protein and
lipid probe fluorescence intensities (I, = Igyeen/lyeq) for the
data shown in Fig. 2 A.

To facilitate the comparison of our data to a thermody-
namic model (see below), the relative fluorescence inten-
sities, I,, were normalized to values of I? (I,Q = Lyes-green!
I,es.r0q) measured on the vesicle (described in Materials
and Methods). A series of individual sorting experiments
were carried out at two different protein solution concentra-
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tions, 1 uM and 40 nM, respectively. The results were
normalized, binned, and averaged for multiple tethers; see
Fig. 2, C and D. Again in contrast to the curvature sorting
observed for ENTH, the measurements in Fig. 2, C and D,
show significant deviations from linearity. Fig. 2 C shows
that for low values of the square root of tension, the ratio-
metric parameter I,./If,) increases almost linearly for the
case of 1 uM protein solution concentration. As curvature
is further increased, the sorting ratio becomes nearly con-
stant (Fig. 2 C). At low protein solution concentration and
low membrane tension (Fig. 2 D), curvature sorting is sig-
nificantly weaker than it is at higher tensions (at the same
solution concentration). For this concentration, although
the membrane tension increases, the curvature/composition
coupling also increases, as indicated by the larger slope
of the fluorescence intensity ratios. We note that Fig. 2, C
and D, displays relatively large standard deviations com-
paring different vesicles. The sources for this variability
may include differences in individual vesicle lipid composi-
tions. However, the main features of our measurements, i.€.,
nonlinear sorting and saturation of sorting at high membrane
curvature and protein solution concentration, were repro-
ducible for all individual vesicles. From fluorescence-inten-
sity values of the lipid dye measured on vesicle and tether, it
is possible to estimate the radius of the tether ((38); also see
Materials and Methods). The results for our two solution
conditions are shown in Fig. 2, E and F, for the same vesi-
cles shown in Fig. 2, C and D. The comparison of the exper-
imental radii to those calculated assuming a bending
stiffness of 0.8 x 10~ J (30) and absence of spontaneous
curvature (Fig. 2, E and F, dashed lines), reveals curvature
generation at the higher, but not at the lower, protein solu-
tion concentration. These curvature-generation measure-
ments, along with the curvature-sorting results, were fitted
with a theory (Figs. 2, C-F, solid lines), detailed below.

In addition to the equilibrium curvature-sorting measure-
ments described above, we assessed curvature-dependent
diffusion of ENBAR on tubular membranes via FRAP mea-
surements. Fig. 3, A and B, shows examples of the time-
dependent recovery after photobleaching of ENBAR
on the tether membrane, demonstrating the mobility of
ENBAR on membranes. Individual measurements at a
protein solution concentration of 1 uM were recorded for
varying membrane tensions and analyzed as described in
the Materials and Methods section. A one-dimensional
diffusion model was then fit to the time-dependent recovery
ratios. Fig. 3, A and B, shows experimental results compared
to fitted curves for the smallest and largest membrane
tensions, respectively. The diffusion coefficient for the
measurement displayed in Fig. 3 A is 1.47 um?%/s, and the
result for the data in Fig. 3 B is 0.13 um?/s. Quantitative
photobleaching recovery measurements were obtained
from image analysis of time-lapse recordings of tether mem-
brane fluorescence (see Fig. 3 C). The results of FRAP
measurements for a series of different membrane tensions
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FIGURE 3 ENBAR diffusion on membrane tethers measured via fluo-
rescence recovery after photobleaching (FRAP) slows with increasing
curvature. Analyzed bleach lengths amounted to 10 um, and ENBAR con-
centration was 1 uM in 10 mM NaCl. Diffusion coefficients were obtained
from a one-dimensional diffusion model, and continuous lines represent the
fitting results. (A) Relative fluorescence recovery (defined in the Materials
and Methods section) of a membrane tether for membrane tension = =
0.010 mN/m, D = 147 ,umz/s. (B) Relative fluorescence recovery of
a membrane tether for membrane tension ¥ = 0.153 mN/m, D =
0.13 um?s. (C) Fluorescence images showing photobleaching recovery
of a tether at membrane tension = = 0.120 mN/m, D = 0.15 um?/s. Scale
bar, 5 um. (D) Summary of ENBAR diffusion coefficients on tether
membranes with varying degrees of lateral tension and therefore varying
degrees of curvature. Errors were determined as explained in the Supporting
Material.
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are summarized in Fig. 3 D. As membrane tension increases,
the diffusion coefficient of ENBAR on membrane tethers
decreases. As further discussed below, we hypothesize that
the decrease in diffusion coefficients results from an in-
crease in molecular crowding, as the density of protein
increases with rising curvature. We confirmed the hypoth-
esis of protein density affecting diffusion by the following
experiment.

The lateral mobility of ENBAR on tubular membranes
was monitored by an alternative method that consisted of
stepwise tether elongations. Membrane tethers previously
equilibrated in the presence of ENBAR (1 uM) were rapidly
(10 pum/s) extended by 10 wm, which resulted in a tether
region with low protein coverage being pulled from the aspi-
rated vesicle. ENBAR was observed to diffuse from the
vesicle onto the tether (Fig. 4 A), consistent with the photo-
bleaching results discussed above (see Fig. 3 C). This
phenomenon could be reproduced several times by re-
peating the elongation process described above. Note that
therefore, exchange of protein between vesicle and tether
appears to be significantly faster compared to exchange
between tether and aqueous solution.

Furthermore, it is observed that for comparable mem-
brane tensions, the diffusion of ENBAR onto the tubular
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FIGURE 4 Diffusion of ENBAR on membrane tethers is faster in tether
elongation experiments compared to FRAP experiments at similar mem-
brane tension. Elongation, as well as bleached, lengths are 10 um and
ENBAR concentration is 1 uM in solution of 10 mM NaCl. Diffusion co-
efficients were obtained from a one-dimensional diffusion model, and
continuous lines represent the fit results. (A) Fluorescence images showing
time dependence of protein fluorescence increase of a tether membrane
stretch that was rapidly pulled from a GUV with a tether that had previously
been equilibrated with ENBAR at membrane tension = = 0.110 mN/m;
D = 1.86 um?/s. Scale bar, 3 um. (B) Fluorescence recovery after tether
elongation. Fit results in diffusion coefficient of D = 2.17 um?/s at mem-
brane tension £ = 0.076 mN/m. (C) Fluorescence recovery after photo-
bleaching. Fit results in diffusion coefficient of D = 0.28 um*s at
membrane tension = = 0.068 mN/m.

membrane after tether elongation (Fig. 4 B) is significantly
faster compared to diffusion observed after photobleaching
(Fig. 4 C). This observation supports our hypothesis that the
lateral mobility of membrane-bound ENBAR depends on
the free area available for diffusion. In this view, diffusion
kinetics at high lateral tensions are slowed (Fig. 3 D) due
to molecular crowding. Further research will be required
to investigate whether slowing down of diffusion kinetics
at high curvature may be amplified by the finite-size effect
expected for diffusion in a cylindrical membrane geometry
(39,40).

DISCUSSION

In the following sections, we outline the derivation of a
curvature-sorting model that captures several of our experi-
mental observations. We compare this model to our data,
and discuss the possibility of curvature-induced phase tran-
sitions predicted by this model.

Introduction of a nonlinear curvature/
composition coupling model

Classical analytical curvature/composition coupling models
assume a linear coupling between local composition and
local MC (41). Similar models have recently been used to

Biophysical Journal 102(8) 1837-1845
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interpret the partitioning of peripheral proteins in curvature
gradients (30,37,38). Our findings for the curvature parti-
tioning of ENBAR (Fig. 2, C and D) clearly deviate from
linear sorting (note that in linear sorting models the curva-
ture is proportional to v/ (37)). Thermodynamic terms in
linear curvature/composition coupling models can be inter-
preted as terms resulting from second-order Taylor expan-
sion in composition and curvature of the free energy
(30,37). In such models, the coefficients of these expansions
are evaluated for the thermodynamic reservoir (i.e., the
GUV) that pulled tethers are in contact with. In the
following, we replace the expansion term squared in compo-
sition change by I, which is a function of fractional protein
coverage, ) (ranging from O to 1), to define the tube free
energy, Fy:

2
F, = 27RL [g (}le - 00,,) 3+ F(H)] —fL, 3

where R and L are tether radius and length, respectively, « is
the membrane bending stiffness, C,, is a spontaneous curva-
ture of the membrane induced by protein binding, X is the
lateral tension, and f'is the pulling force acting on the tether.
We note that this highly simplifying model neglects aspects
such as the area difference elasticity (42), osmotic effects
(43), membrane undulations, and the possibility of more
than one protein-binding mode (26). We also assume that
the phenomenological spontaneous curvature, C,, does not
depend on membrane curvature.

In Eq. 3, the function I" results from Legendre transform
of a van der Waals free-energy density, fo, that describes the
thermodynamics of the protein on the membrane:

MVFS 0

r'0) = fo(0) b

+ Iy, “

where f; is the mixing free-energy density of a two-
dimensional van der Waals gas:

ks TO 1—6 keTO &
P ln( 7 ) - —a—. ®)

Here, kg is Boltzmann’s constant, T is temperature, b is
the excluded area for protein coverage, and a is a van der
Waals interaction term (which here characterizes protein/
protein interactions).

The function I' shows a nonparabolic dependence on
composition (as opposed to the usual Taylor expansion
term (37,38,41)). This expansion term, which replaces I'"
in Eq. 3, is written for the van der Waals model as follows:

1
EXA02, (6a)

with
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kBT 2a 2
o P +kC2, (6b)

X =
where Y is the inverse osmotic compressibility of the van der
Waals model. In Fig. 5 A, Eq. 6a is compared to Eq. 4. For
chemical potential and pressure of the van der Waals gas on
a flat membrane, we have

0vex 0vex 2a0ve.r 2
Myes = kBT<1n <l — 0"Y€S> + 1 ) - + chevesb

— O b
(7a)
ksT 0, e 1 L,
ves — T - 20 —KC:0; y 7b
b 1—20,, “ b? +2K poves (70)

where u,,, is the (fixed) chemical potential of proteins bound
to the vesicle (and in the aqueous solution), and IT, ., is a two-
dimensional van der Waals pressure of the protein on the
vesicle (where curvature is assumed to be negligible). With
this definition of II, X is the lateral tension in the vesicle
membrane measured by micropipette aspiration.

Mechanical balance is obtained from minimization of Eq.
3 with respect to R:

K

_ l 2 n2
3 = 55— kG —T(0). ®)

‘We note that in the absence of a reservoir (in which case I
disappears), the familiar mechanical balance of a tube with
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FIGURE 5 Comparison of curvature/composition coupling model to
experimental data. (A) Black solid line, function (T +KC12)02 /2) using
a vesicle coverage of 6,,; = 0.093, and nondimensionalized parameters
@ =0, b =0.00096, and C, = 167 (equivalent to b = 50 nm* and C, =
1/6 nm ™" at room temperature), which are values corresponding to a stable
(i.e., homogenous) regime at the equilibrium concentration. As expected,
the harmonic approximation (gray dashed line) is accurate near the vesicle
(equilibrium) coverage. (B) Plot of the ratio 0,.,.,/0,.s as a function of
lateral tension. The exact expression is shown by the black solid line
and the gray dashed line shows the linear sorting resulting from the Taylor
expansion approximation for the same set of parameters as in A. (C) Van der
Waals model isotherms evaluated for the same values for @, E, and C pasin
A, but with different vesicle coverage fractions of 0.03 (light gray), 0.05
(medium gray), and 0.093 (black).
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spontaneous curvature is recovered from Eq. 8 (44,45).
Furthermore, in the absence of spontaneous curvature, the
last two terms in Eq. 8 (and therefore temperature and com-
position dependence) disappear at equilibrium, as required.
Using the chemical equilibrium condition obtained from Eq.
3 through minimization with respect to 6, we can express
as a function of 6:

2
1 tyes — KC20b — (9fo/30)b\ " 1

3(0) = — ——kC** — T'(0).
®) =% o G T

€))

Eq. 9 is an analytically tractable relationship that can
be compared to our experimental data. Fig. 5 B compares
Taylor expansion solution (leading to linear curvature
sorting) to the exact solution of the van der Waals model
(which displays sigmoidal curvature sorting) for identical
parameters.

Comparison of analytical model to experimental
data

In the following, we demonstrate that in addition to
its apparent simplifications, our van der Waals curvature-
sorting model captures our experimental observations.

As mentioned above, the relative sorting ratio displayed
in Fig. 2, C and D, is a ratio of the fluorescence intensity of
a protein (Jgre.,) to that of a lipid probe (/) in the highly
curved tether (I, = Igen/lieq) normalized by the ratio
10 (I° = Ios_green!lyes-rea) found on the vesicle. This normal-
ized sorting ratio is equivalent to the ratio of coverage frac-
tions on tether and vesicle (37) and can also be interpreted
as the relative increase of protein density compared to the
vesicle reservoir. A comparison of Fig. 2, C and D. sug-
gests that the relative enrichment of ENBAR on the
tubular membrane is smaller at higher solution concen-
tration (1 uM, Fig. 2 C) compared to lower concentration
(40 nM, Fig. 2 D). Fig. 5 C theoretically confirms this
observation: for otherwise identical parameters of the
model the relative enrichment increases with decreasing
vesicle protein coverage fraction (which is related to the
protein solution concentration by a binding isotherm (see
Fig. S3)).

The van der Waals curvature-sorting model contains four
fit parameters. These are the interaction term, a, the ex-
cluded area, b, the spontaneous curvature, C,, and the
vesicle coverage fraction, 0,,,, which is related to u,.s (see
Eq. 7a). The fit lines shown in Fig. 2 result from simu-
Itaneous fitting of sorting and radius values (via Egs. 8
and 9; see Fig. 2, C and E, as well as Fig. 2, D and F).
We obtain spontaneous curvatures of 0.14 + 0.007 nm™"
and 0.019 + 0.0002 nm ™" for high and low protein concen-
trations, respectively. The fit values for b are in good agree-
ment with the protein cross-section area (16); see the
Supporting Material for all fit parameters and uncertainties.
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Possibility of curvature-induced phase
transitions

Evidence from electron microscopy imaging suggests that
membrane tether regions covered by BAR domain proteins
can show differing, potentially coexisting, degrees of curva-
ture (26,46). We show in the following that, as expected
for any van der Waals-type mixing model, our curvature/
composition coupling model predicts the existence of a
first-order phase transition.

Equating to zero, the determinant of the stability matrix
resulting from Eq. 3 yields the spinodal line (i.e., the local
stability limit) for our model (see Fig. 6 A, thin black line).

A

1/R

0 20 40 60 80
Z1I2

FIGURE 6 Van der Waals curvature/composition coupling model
predicts curvature-driven phase transition. (A) Binodal (thick black line)
and spinodal (thin black line) for the van der Waals curvature/composition
coupling model, for varying molecular interaction parameter @ (equivalent
to varying temperature, see Eq. 10). Parameters ZL.,.;,, 0,5, and 6‘,,
were 0.0012, 0.0189, and 19.513, respectively, close to the fitting para-
meters for experimental outcomes of curvature-sorting and radius measure-
ments at a protein concentration of 40 nM. Open square refers to the critical
point where @ = a,,;. The intersections of the curvature isotherm (light
gray line) and the binodal curve for a>a.,; are the phase coexistence points
(open circles). The dashed line represents a branch on the isotherm that lies
within the coexistence regime. The intersections of the isotherm and the
spinodal line represent the stability limits (solid circles). Isotherms with
0<da<dy (darker gray lines) are stable over the entire curvature range.
(B) Relationship between inverse tether radius (curvature) and membrane
tension. The branch between the solid black points corresponds to the
instable region shown in Fig. 6 A. The open circles are coexistence points
(corresponding to open dots on the binodal line in Fig. 6 A). At the phase
boundary, the tether radius shows a discontinuous jump.
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a kBT
= 10
b 26001 —6) (10

In Fig. 6 A, the spinodal is expressed as a function of
lateral tension by solving Eq. 10 for 6 (for a set of variable
temperatures) and evaluating the associated lateral tensions
by means of Eq. 9. It is observed (and can be shown analyt-
ically) that the limit of stability is reached when the slope of
the curvature adsorption isotherm of Fig. 6 A is infinite, i.e.,
where 621/2/66 = 0 (Fig. 6 A, solid circles). The critical
point of phase coexistence (Fig. 6 A, square), is found
from Eq. 10 evaluated at the critical composition, 0.,;, =
1/3; aie/b = 27kgT /8.

The phase boundary (i.e., the binodal line (Fig. 6,
thick black line)) is obtained by numerically solving the
equations for chemical potentials of the tube, u;, and pulling
force, f,

Myes = /‘Lt(ehz) (113)
Myes = :“t(027 2) (1 lb)
f(ﬂlvz) :f(02a2)3 (11C)

for the three unknowns, 6; and 6, (the compositions of
coexisting phases) and associated lateral tension X, for
given values of a, b, C,,, and u,.,. The first two conditions
result from chemical equilibrium in the coexistence
regime, and the last condition ensures mechanical balance
(i.e., the pulling force on the membrane tether is equiva-
lent in coexisting phases). The pulling force is obtained
from Eq. 3 as

f [P
5= [ EHT G ) kG (12)

2

Fig. 6 B demonstrates that a curvature-induced phase
transition leads to a discontinuous jump in tether radius
(Fig. 6 B, open circles) associated with a discontinuous
jump in protein density (Fig. 6 A, open circles). Further-
more, tiny changes in curvature (from 17.6 to 18.1 nm)
can lead to substantial protein density changes (0 = 0.21-
0.48; see Fig. 6). Our curvature-sorting data do not yet
reveal such a transition; potentially because curvature
changes during this transition may be hard to resolve exper-
imentally. It is, however, tempting to speculate that such
curvature-induced phase transitions might play the role of
a curvature-dependent protein-density switch in processes
that involve membrane deformation, such as the generation
of tubular or vesicular membrane trafficking vehicles during
endocytosis.
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CONCLUSIONS

We have experimentally characterized the curvature sorting
of the N-BAR domain of endophilin Al. Consistent with
earlier findings from our group, the N-BAR domain is
observed to sense membrane curvature at low concentra-
tion, and to generate curvature at higher concentrations
(32,36). Our measurements reveal a sigmoidal curvature/
composition coupling isotherm and suggest that attractive
protein/protein interactions (implying positive coopera-
tivity) can be amplified through curvature/composition
coupling. This may imply that an ENBAR protein mem-
brane coverage fraction regime exists where small changes
in MC lead to large changes in membrane coverage, in
a synergistic effect that increases the sensitivity of curva-
ture sorting, as has previously been suggested (16). We
furthermore have developed an analytical model that cap-
tures the observed sigmoidal curvature sorting and pre-
dicts the existence of a protein density switch that may
function to determine the fate of maturing endocytic
membrane pits.

APPENDIX

For calculations based on the van der Waals curvature-sorting model intro-
duced here, the following nondimensionalized parameters (indicated by
a hat) were used:

~ > ) ~ R
> = — X RO; Cp = CPRO; R = —

K R() 13
~ b K - a K 13)
b=-—x=3 a= 5 X =5

ksT  Rj (ksT) o

Here, R is a reference length, and « is the bending stiffness of the tether
membrane. We note that recent measurements have shown that membrane
bending stiffness can be modulated by the peripheral membrane binding of
the protein Sarl (47). Future measurements will have to investigate whether
that is the case for BAR domain proteins.
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