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The Vesicle Trafficking Protein Sar1 Lowers Lipid Membrane Rigidity
Edward I. Settles,†6 Andrew F. Loftus,‡6 Alesia N. McKeown,‡ and Raghuveer Parthasarathy§{*
†Department of Biology, ‡Chemistry, and §Physics, and {Materials Science Institute, University of Oregon, Eugene, Oregon
ABSTRACT The sculpting of membranes into dynamic, curved shapes is central to intracellular cargo trafficking. Though the
generation of membrane curvature during trafficking necessarily involves both lipids and membrane-associated proteins, current
mechanistic views focus primarily on the formation of rigid cages and curved scaffolds by protein assemblies. Here we report on
a different mechanism for the control of membrane deformation, unrelated to the imposition of predefined curvature, involving
modulation of membrane material properties: Sar1, a GTPase that regulates vesicle trafficking from the endoplasmic reticulum,
lowers the rigidity of the lipid bilayer membrane to which it binds. In vitro assays in which optically trapped microspheres create
controlled membrane deformations revealed a monotonic decline in bending modulus as a function of Sar1 concentration, down
to nearly zero rigidity, indicating a dramatic lowering of the energetic cost of curvature generation. This is the first demonstration
that a vesicle trafficking protein lowers the rigidity of its target membrane, leading to a new conceptual framework for vesicle
biogenesis.
INTRODUCTION
Cellular membranes are quasi-two-dimensional materials
that bend and curve in three-dimensional space. Control of
membrane curvature is crucial in many cellular contexts,
such as lamellipodial and filopodial extensions at the edges
of motile cells, cleavage furrow development during cell
division, and the construction of transport vesicles that
traffic cargo between membranous organelles (1–3). For
many of these systems, the proteins associated with curva-
ture have been identified and a large and growing body of
knowledge describes their structures and biochemical inter-
actions. Much less is known, however, about the mechanics
of curvature generation—how specific proteins modulate
forces and energies to sculpt intracellular membranes into
dynamic, curved forms. Existing mechanistic views of
transport vesicle formation have focused largely on the crea-
tion of scaffolds by rigid macromolecular assemblies, moti-
vated by proteins such as clathrin (4) and Sec13 and Sec31
(5) that form the edges of polyhedral cages, and by stiff
BAR domains (6,7) that bend membranes to conform to
their crescentlike shapes. The possibility of protein-medi-
ated alteration of underlying geometry-independent mem-
brane material properties such as rigidity, however, has
been neglected, although lipid membrane mechanics are
a key determinant of the energetics of curvature generation
and can couple to protein structures in a wide variety of
ways (1–3,8–10). We report here that Sar1, a GTPase that
regulates the assembly of coat protein II (COPII) transport
vesicles, lowers the mechanical rigidity of the lipid bilayer
membrane to which it binds. This is the first discovery of
membrane softening for any trafficking protein.
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The well-studied COPII complex mediates trafficking
from the endoplasmic reticulum (ER) (11–13). Of the five
COPII coat proteins, only Sar1, a 21.5 kDa G-protein of
the Ras superfamily, binds directly to the ER lipid bilayer
membrane. Sar1’s 23 N-terminal amino acids form an
amphipathic a-helix that is exposed when the protein is
GTP-bound, allowing the hydrophobic hemicylinder to
insert into the lipid bilayer (14–16). Sar1-GDP binds
membranes with lower affinity (14). The recruitment of
Sar1-GTP to the ER is the crucial first step in vesicle forma-
tion, after which the remaining coat proteins, the two
heterodimer pairs Sec23/Sec24 and Sec13/Sec31, assemble.
Sec23/Sec24 recruits cargo and accelerates GTP hydrolysis
by Sar1. Sec13/Sec31 plays a scaffolding role, as the dimer
is capable in itself of cage formation in vitro (5).

Sar1 with bound GTP or nonhydrolyzable GTP analogs
has been shown to generate curvature and tubulation
in vitro from liposomes with compositions mimicking that
of the ER, visualized with electron microscopy (15,16).
This tubulation was found to require the N-terminal helix,
being absent in truncated Sar1 that bound to membranes
via engineered interactions with lipid headgroups (15,16).
Curvature generation was interpreted in the context of the
bilayer couple mechanism (17): helix insertion increases
the area of one bilayer leaflet relative to the other; the
area differential forces curvature. This process should be
especially pronounced in systems such as liposomes, where
the constraint of a small bounded volume means that a small
asymmetry in leaflet areas leads to significant deviations
from a spherical shape. In an amorphous, large-area
structure such as the ER, it is more difficult to envision
mechanisms by which a global differential leaflet area
caused by Sar1 insertion enables the local curvature gener-
ation required for trafficking, especially as Sar1 has no
known tendencies to cluster or oligomerize. While Sar1
may employ the bilayer couple mechanism, explorations
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of other mechanisms, which need not be mutually exclusive,
are warranted.
MATERIALS AND METHODS

Lipid composition

Lipid membranes were composed of the ‘‘Major Mix’’ mixture as in

Matsuoka et al. (14), modified to include fluorescent probes and biotiny-

lated lipids. See additional Methods in the Supporting Material for details.
Sar1 expression

Proteins were expressed and purified using protocols slightly modified from

Lee et al. (15) and Barlowe et al. (18). See additional Methods in the

Supporting Material for details.
Sample preparation

Dried lipid films were hydrated with 0.2–0.5 ml HKM buffer (20 mM

HEPES-KOH, pH 6.8, 160 mM potassium acetate, 1 mM MgCl2), yielding

multilayered membrane stacks. Sar1p or D23-Sar1, 100 mM GMPPNP

(Sigma-Aldrich, St. Louis, MO) and 4 mM EDTAwere incubated together

in an Eppendorf tube for 5 min, after which they were added to the chamber

containing membranes and buffer. Nucleotide uptake by Sar1p was verified

by tryptophan fluorescence experiments (19,20). After ~5 min, a few

microliters of a suspension of 4.8-mm-diameter streptavidin-coated silica

microspheres (Bangs Laboratories, Fishers, IN) were added to the chamber.

See additional Methods in the Supporting Material for details.
Optical trapping and particle tracking

Microspheres were trapped with a home-built optical trap setup using

a 671-nm, 120-mW diode laser (model No. RS71-100PS; Meshtel, AKA

Intelite, Genoa, NV). Microsphere images were captured with bright-field

microscopy using a Model No. pco.1200 camera (Cooke, Romulus, MI)

at 100 frames per s. Particle positions were determined using home-built

tracking software that employs well-established algorithms (21,22) with

~10 nm precision. See additional Methods in the Supporting Material

for details.
Drag coefficient

The drag coefficient, b, is determined independently for each tethered

microsphere following the general approach described in Sainis et al.

(23). See additional Methods in the Supporting Material for details.
Tether images and radii

Fluorescence images of membrane tethers were captured with an ORCA-

ER charge-coupled device camera (Hamamatsu, Hamamatsu City, Japan).

See additional Methods in the Supporting Material for details.
Electrostatic calculations

Electrostatic potential maps for Sar1 lacking the terminal helix were calcu-

lated using PBEQ-Solver (24) applied to the structure from Bi et al. (25).

(PDB ID 1M2O) and visualized with PyMol (http://www.pymol.org/).
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EXPERIMENTAL DESIGN

We hypothesized that Sar1’s helix insertion alters the mate-
rial character of the membrane, specifically its bending
modulus (or rigidity, k), which determines the energetic
cost of curvature (1–3). We measured rigidity and its modu-
lation by Sar1 using a membrane tether-pulling assay that
recapitulates relevant aspects of ER morphology in an
in vitro setting. In both cell-free and live-cell contexts,
membrane deformation by an external unidirectional force
can draw out cylindrical membrane tethers (26–30)
(Fig. 1, A and B). Tether mechanics are well understood
(26–32): the mechanical energy associated with the one-
dimensional curvature of a tether of radius R and length L
is proportional to the tether area and hence to the product
RL, giving rise to a length-independent contractile force, f.
Measurement of both f and R reveals the membrane rigidity;
a derivation is provided as Supporting Material. In brief: the
bending energy per unit area of a membrane, 3, is a function
of the local principle radii of curvature (R1 and R2), the
bending modulus, the Gaussian curvature modulus (kG),
and the spontaneous curvature (c0) (33,34):

3 ¼
hk
2

�
R�1
1 þ R�1

2 � 2c0
�2i þ kGR

�1
1 R�1

2 :

The spontaneous curvature, at which the bracketed term is
minimal, gives the geometry of the lowest energy configura-
tion of the unperturbed membrane. For lipid bilayers with
identical leaflet composition, c0 ¼ 0 (2,3). Membrane inclu-
sions, such as inserted proteins, can change the membrane
rigidity directly by altering k (e.g., by altering lipid packing
or thinning the membrane) (10,27,28,35,36), or indirectly
by coupling to the local curvature and reducing the effective
rigidity with respect to deformations (9). The curvature-
mediated interaction can be accounted for by an additional
energetic term proportional to the local curvature c ¼
R1

�1 þ R2
�1, the inclusion density f, and a coupling

constant, L. (Additional terms describing self-interactions
among inclusions are described in the Supporting Material.)
For a membrane tether of radius R,

R1 ¼ R and R2 ¼ N;

and the total energy, E, is the sum of contributions from the
bending energy, the inclusion-curvature coupling, the elastic
energy given by the product of the tether area and the
membrane tension, s, and the mechanical work given by
the product of f and L. Minimizing E, it follows that

fR

2p
¼ k�LfR: (1)

The functional relationship between the measurable force
and radius values reveals k and Lf. In the absence of
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FIGURE 1 (A) Schematic: Pulling a membrane-anchored microsphere

with an optical trap generates a cylindrical membrane tether. Upon release

of the microsphere, the tether retracts to lower its curvature-associated

mechanical energy. (B) A membrane tether, pulled by an optically trapped

bead. (Top) Fluorescence image of Texas Red DHPE labeling the lipid

membrane. (Arrow) The bead and the trapping laser light. (Bottom)

Fluorescence image of Alexa Fluor 488-labeled Sar1 from the same tether.

(Bar) 10 mm. (C) Tether retraction. The bead position after its release from

the optical trap is plotted for three representative tethers of similar radii

(R ¼ 0.45–0.55 mm) and microsphere drag coefficients (b ¼ 0.07–

0.11 mN s/m), in the presence or absence of Sar1-GMPPNP. (Dashed lines)

Linear fits to the initial trajectory.

Sar1 Lowers Lipid Membrane Rigidity 1541
coupling between the inclusions and the local curvature
(i.e., L ¼ 0), fR ¼ 2pk; we will denote the rigidity in this
case, in which the role ascribed to the proteins is to directly
alter membrane rigidity, as

kL¼ 0 ¼ fRð2pÞ�1
:

The tether energy function can also be analyzed to provide
sL¼0, a measure of the sum of the membrane tension and the
(indistinguishable) interaction energy of the proteins; details
are provided in the derivation provided as Supporting
Material.
We created, deformed, and mechanically characterized
lipid membranes incubated with varying concentrations of
Sar1 from the yeast S. cerevisiae (Sar1p). Details of compo-
sitions and procedures are given in Materials and Methods.
In brief: Lipid films of the desired compositions were dried
on glass coverslips and hydrated in HKM buffer. The result-
ing multilayer lipid bilayer sheets had a large surface area
(~106 mm2), like the ER and unlike liposomes. Again, in
contrast to liposomes, the lack of strong geometric con-
straints on area enables low tension in our system (37). As
in earlier liposome-based studies (14,15), we used lipid
compositions rich in phosphoethanolamine and phosphati-
dylinositol lipids. A small fraction of fluorescent-labeled
lipids (0.5 mol % Texas Red DHPE) allowed membrane
visualization by fluorescence microscopy. Lipids with
biotin-conjugated headgroups (1 mol % biotin-cap-DPPE)
allowed binding of 5-mm-diameter streptavidin-coated
polystyrene beads that served as handles for tether pulling.
Membranes were incubated with Sar1p, EDTA, and the non-
hydrolyzable GTP analog GMP-PNP (14,15).

After incubation with streptavidin-coated beads, indi-
vidual microspheres were manipulated manually using
a home-built optical trap to pull a membrane tether tens or
hundreds of microns in length. The tether is pulled parallel
to the substrate, beyond the edge of the hydrated membrane
sheets, and is therefore clearly visible against the lipid-free
coverslip background. The trap was then turned off, leading
to immediate retraction of the tether, dragging the bead with
it; retraction lowers the area of curved membrane and the
associated bending energy. The beads were imaged and
tracked via high-speed video microscopy, yielding the tether
speed, v. The tether force, f, equilibrates with the drag force
on the bead, bv, where b is the drag coefficient. The drag
coefficient was experimentally determined for each tether
by analyzing the probability distribution of position fluctu-
ations of the bead (23), described further in Materials and
Methods. This approach provides b independent of the
nature of dissipation in the system, which may be a combina-
tion of hydrodynamic drag of the bead through the
surrounding fluid or viscosity within the lipid bilayer (38).
The tethered bead trajectory reveals the tether force
(f ¼ bv). Notably, this approach is intrinsically insensitive
to properties of the optical trap, being applied when the
trap is off and relying only on fundamental statistical
mechanical behaviors to quantify forces (23). Tether radii
were measured from fluorescence images.
RESULTS

Upon the release of the bead from the optical trap, the
tethers exhibited a constant-velocity regime of bead retrac-
tion, indicating a constant, length-independent tether force
as expected. Fluorescence images of a tether are shown in
Fig. 1 B. The mean R was 0.6 mm with a standard deviation
(SD) of 0.2 mm for >300 tethers examined (see Methods in
Biophysical Journal 99(5) 1539–1545



FIGURE 2 (A) Membrane rigidity, kL¼0, as a function of Sar1p-

GMPPNP concentration. The blurred box is drawn at a concentration at

which spontaneous membrane vesiculation is observed, indicating near-

zero rigidity. (Circles and triangles) Data from experiments at 1�
(180 mM) and 0.05� (9 mM) HKM buffer, respectively. (Error bars) Stan-

dard errors of the means. (B) Spontaneous membrane disintegration. Fluo-

rescence images of a region of membrane before (left) and after (right) the

addition of Sar1p-GMPPNP at 400 mg/mL. (Bar) 10 mm. See also Movie

S1, provided as Supporting Material.
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the Supporting Material for details of the radius determina-
tion). Three representative trajectories from tethers with
similar radii are plotted in Fig. 1 C, with 0, 8, and 80 mg/mL
Sar1-GMPPNP, the final value being similar to the concentra-
tion employed in liposome deformation assays (15). At long
times after release, the microsphere velocities often slowed;
one would expect the bead trajectory to be nontrivially
related to the flexible tether’s Brownian dynamics. We there-
fore focus on the initial constant velocity regime, inwhich the
trajectory and the tether mechanics are simply related as
described above. For the hundreds of tethers examined, the
mean drag coefficient was b ¼ 0.085 mN s/m, with an SD
of 0.032 mN s/m—approximately twice the Stokes drag of
a 4.8-mm-diameter bead in an infinite three-dimensional
aqueous space. The drag coefficient shows a slight rise as
a function of the solution concentration of Sar1p ([Sar1p]),
which may indicate that the protein increases the interleaflet
viscosity (Fig. S1) (38).

We find that Sar1p-GMPPNP lowers membrane rigidity in
a concentration-dependent manner. In Fig. 2 Awe plot kL¼0

as a function of the solution concentration of Sar1p ([Sar1p]),
which shows a pronounced decline at both physiological and
low ionic strengths (1� and 0.05� HKM, 180 and 9 mM,
respectively). The values of kL¼0, also provided as Table
S1, are determined by averaging fR(2p)�1 over all tethers
pulled at a given protein and buffer concentration, regardless
of tether radius. This is by construction: kL¼0 is precisely the
rigidity if there is no curvature coupling, and hence if fR
(2p)�1 is independent of R. The more general case will be
considered below. We note here, however, that partitioning
the tethers into subsets with radii less than and greater than
the median R results in similar values for kL¼0 for each
subset, suggesting that any curvature coupling is small
(Fig. S2 provided in the Supporting Material).

At very high [Sar1p], z400 mg/mL, we observed, in
the absence of any optical manipulation, spontaneous disinte-
gration of the membranes into liposomes or small tubules
(Fig. 2 B; Movie S1). This indicates that the curvature energy
was smaller than the ambient thermal energy, implying
that, roughly, k < kBT ¼ 0.4 � 10�20 J, where kB is Boltz-
mann’s constant and T is the absolute temperature. Tethers
pulled in the absence of Sar1p, but with GMPPNP present
at the same concentration as above, showed kL¼0 ¼ (5.5 5
0.4) � 10�20 J (N ¼ 49, 0.05� HKM), equal within
uncertainties to the value for lipid-only membranes, kL¼0 ¼
(5.2 5 0.3) � 10�20 J (N ¼ 34, 0.05� HKM), indicating
that nucleotide is not responsible for the membrane softening
indicated in Fig. 2 A. The mean concentration of Sar1p in
S. cerevisiae is roughly 5 mg/mL (39), and so is spanned by
the range of in vitro concentrations examined.

The reduction in kL¼0 induced by Sar1p could, in prin-
ciple, be due to a reduction in the true membrane rigidity,
k, or a positive value of L, i.e., an energetic preference for
convex local curvature. Force measurements from tethers
spanning a range of radii allow separation of k and Lf
Biophysical Journal 99(5) 1539–1545
(Eq. 1). We first apply this analysis to Sar1p lacking the
N-terminal helix, denoted D23-Sar1p. As in Lee et al.
(15), the helix is replaced by a hexahistidine tag, enabling
strong binding to membranes that include a small fraction
(5 mol %) of nickel-chelating lipids. (At solution concentra-
tions of 80 mg/mL, we find that D23-Sar1p binds
membranes with a surface density ~2� greater than wild-
type Sar1p.) With D23-Sar1p, the product of f and R shows
a linear dependence on R with a strongly positive slope
(Fig. 3 A), 80 mg/mL D23-Sar1p-GMPPNP, 0.05� HKM.
This indicates a negative (concave) curvature coupling on
the part of the protein, consistent with its inability to
generate buds in liposome deformation experiments (15).
With 400 mg/mL D23-Sar1p, we observe no spontaneous
vesiculation of the membrane, in contrast to wild-type
Sar1p, implying an energetic barrier to (convex) vesicle
formation by the helixless protein. Neither the Ni-chelating
lipids nor the hexahistidine tag in itself alters the membrane
rigidity or induces significant curvature coupling: for
protein-free membranes with Ni-chelating lipids, kL¼0 ¼
(5.1 5 0.3) � 10�20 J and Lf ¼ �0.3 5 2.6 J/mm (N ¼
30, 0.05� HKM). For such membranes incubated with a
hexahistidine peptide at molar concentrations equal to that



FIGURE 3 (A) The product of the tether retraction force (f) and radius

(R) plotted as a function of R, for 80 mg/mL D23-Sar1-GMPPNP, which

lacks the amphipathic a-helix of wild-type Sar1. A positive slope indicates

a negative coupling between the protein and the local curvature, or equiv-

alently a concave effective spontaneous curvature. (B) fR versus R for

80 mg/mL Sar1p-GMPPNP, and (C) fR versus R for membranes with no

Sar1, with the same plot axes as panel A. The data plotted are from exper-

iments in 0.05� HKM buffer. (Solid lines) Linear fits.

FIGURE 4 Membrane rigidity, k, as a function of Sar1p-GMPPNP

concentration. The values and uncertainties are determined from a linear

fit of fR versus R (Eq. 1).

Sar1 Lowers Lipid Membrane Rigidity 1543
of 80 mg/mL D23-Sar1p, kL¼0 ¼ (4.5 5 0.4) � 10�20 J and
Lf ¼ �1.75 1.8 J/mm (N ¼ 17, 0.05� HKM). In contrast,
D23-Sar1p gives Lf ¼ �9.9 5 1.1 J/mm.

Tethers formed with GMPPNP-bound wild-type Sar1p
exhibit a much weaker dependence of fR on R (Fig. 3 B,
80 mg/mL Sar1p-GMPPNP, 0.05� HKM), and hence
demonstrate little curvature coupling. This disproves the
hypothesis that Sar1p imposes particular curvatures on the
membranes to which it binds (15). The magnitude of Lf

is so small as to be barely resolvable, and shows a weak
progression to increasingly negative values as a function
of Sar1p concentration (Fig. S3). The curvature coupling
can be considered as an effective spontaneous curvature
for the protein-bound membrane ceff ¼ Lf/(2k) (9) (derived
in Supporting Material). Throughout the range of [Sar1p]
examined, the values of ceff are negative and satisfy
jceffj < 0.5 mm�1. This corresponds to a preferred radius
of curvature R0 ¼ c0

�1 > 2 mm, much larger than any of
the characteristic dimensions of transport vesicles and hence
unlikely to determine vesicle morphology. It follows fromL
(or ceff) being negative that the true rigidity, k, is smaller
than kL¼0 and the steep decline in kL¼0 observed as a func-
tion of [Sar1p] (Fig. 2) reflects a reduction in k. Moreover,
the dependence of fR on R allows direct determination of
k (Eq. 1). While subject to large uncertainties, k shows the
same sharp decline with [Sar1p] as does kL¼0 (Fig. 4).
The membrane softening is similar at ionic strengths of
180 and 9 mM, corresponding to a factor-of-5 difference
in Debye screening length.

A 23-amino-acid peptide corresponding to N-terminal
Sar1p helix domain appears in itself capable of lowering
membrane rigidity. The peptide requires 5% dimethylsulf-
oxide (DMSO) added to the buffer for solubility; the
DMSO alone lowers kL¼0 by ~40%. Relative to the rigidity
with DMSO and without the peptide, kL¼0 is reduced by
a factor of 0.61 5 0.15 at a peptide concentration of
0.2 mM in 0.05� HKM buffer (Fig. S4) and induces
membrane disintegration at concentrations >z5 mM. For
comparison, full-length Sar1p lowers kL¼0 by ~0.6� at a
concentration at ~5 mM (100 mg/mL) (Fig. 2 A). We caution
against drawing conclusions regarding the magnitude of the
membrane softening of the peptide compared to the full-
length protein, as their membrane-binding affinities may
be dissimilar, and note simply that the data show that the
helix is sufficient to lower bilayer rigidity.

The effective membrane tension, sL¼0, shows a decline
with [Sar1p], especially at high ionic strength (1� HKM)
(Fig. S5). As noted earlier, both the true membrane tension
and the (indistinguishable) interaction energy of the proteins
contribute to sL¼0. Tension in lipid bilayer membranes may
in general be near zero (37) and moreover, unlike rigidity, it
depends on extrinsic factors such as surface area and
bounded volume that are unlikely to be constant between
samples. The decrease of sL¼0 as a function of protein
Biophysical Journal 99(5) 1539–1545
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concentration is likely an indication, therefore, of repulsive
interactions among Sar1p molecules.

The membrane tethers are likely to be single-bilayer
shells, because the protein-coated microspheres whose
manipulation pulls the tethers are bound only to the outer-
most surface of the membrane sheet. Although we lack
a direct assay for potential multilamellar structure in the
tethers, fluorescence imaging (as in Fig. 1 B) allows an
assessment of whether there is appreciable polydispersity
in structure. The background-subtracted fluorescence inten-
sity integrated over a cross-section of the tether should be
proportional to the circumference of the tether and to the
number of layers in the cylindrical shell. The intensity
normalized by tether radius, therefore, is proportional to
the multilamellarity. In practice, differences in fluorescence
illumination intensity and photobleaching will contribute to
differences in tether intensity. Nonetheless, we found that
only 8% of all the tethers have normalized intensities >1
SD above the mean intensity. Moreover, on every individual
day on which experiments were conducted, during which
variation in illumination intensity would be minimal, the
ratio of the standard deviation of the integrated intensity
to the mean was <1. We conclude, therefore, that the vast
majority of tethers form a homogenous population.
DISCUSSION

Our measurements reveal that Sar1p dramatically lowers the
rigidity of lipid bilayer membranes, the first such discovery
for a vesicle-trafficking protein. This membrane softening
does not coincide with the imposition of strong local curva-
ture, and is a profoundly different mode of action than those
typically ascribed to intracellular curvature-associated
proteins, such as the construction of rigid scaffolds
(4,6,7,40) or the sensing of local geometry (41,42). Sar1
alters the mechanical properties of the membrane to which
it binds. We suggest that this synergistic activity on the part
of both membrane and protein facilitates coat formation by
the rest of the COPII proteins, especially the rigid, cage-
forming Sec13/Sec31 heterodimer (5), by locally lowering
the energetic cost of membrane deformation, proportional
to rigidity. We speculate that this may be a common tactic
among proteins with membrane-inserting motifs, such as
myristoylated Arf (43,44) and proteins with N-BAR
domains, the latter of which feature an amphipathic helix
together with a curved, rigid form (7,45). The widespread
occurrence ofN-BAR proteins at various curved intracellular
surfaces, not only those whose radius conforms to the rigid
BAR crescent (45), is puzzling in the context of scaffolding,
yet is sensible when viewed as related to local membrane
softening. We suggest that the lack of significant curvature
generation by Sar1p, i.e., the smallLf, is a structural conse-
quence of the positive (convex) L expected from the bilayer
insertion of the N-terminal helix (15,17) being counteracted
by the negative (concave)L induced by the rest of the protein
Biophysical Journal 99(5) 1539–1545
(D23-Sar1p, Fig. 3 A). It should be kept in mind that our
finding of small Lf means only that Sar1 does not neces-
sarily couple strongly to curvature; spatial constraints may
still enable it to contribute tomembrane bending independent
of other COPII coat proteins. Particular geometries (as in the
case of liposome-binding (15,16)) or interactions with other
proteins or lipids (e.g., that localize it to particular regions of
the ER membrane), could spatially enhance asymmetries in
leaflet areas and generate curvature via the bilayer couple
mechanism noted earlier.

Membrane softening is a known mode of action for
several small peptides (10,46–49) and has been ascribed
both to coupling to local curvature (i.e., nonzero L), and
to direct modulation of k by membrane thinning or
increased lipid disorder. It will be interesting to further
examine Sar1p’s N-terminal helix alone and compare its
membrane interactions with the behaviors of other, simi-
larly-sized peptides. Physically meaningful comparisons
between different macromolecules, however, will require
quantification of the two-dimensional concentrations of
the proteins—in general, a challenging task (50).

Our studies examine the equilibriummaterial properties of
lipid bilayerswith Sar1p.Cellularmembranes are nonequilib-
rium systems, however, and several recent studies have shown
that activemembrane proteins that harness energy fluxes from
nucleotide hydrolysis cycles, incident light, and other sources
to generate molecular motion can change membrane tension
and rigidity (51–54). This raises the intriguing possibility of
nonequilibrium effects beyond those explored here, espe-
cially when mediated by the full COPII complex, which
employs proteins that regulate Sar1’s nucleotide exchange
and GTP hydrolysis rates (11–13).
SUPPORTING MATERIAL

Equations, six figures, one table, one movie, and additional text and

methods are available at http://www.biophysj.org/biophysj/supplemental/

S0006-3495(10)00803-9.
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