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Permeability and Line-Tension-Dependent
Response of Polyunsaturated Membranes to
Osmotic Stresses

Shiva Emami,’® Wan-Chih Su,” Sowmya Purushothaman,” Viviane N. Ngassam,’ and Atul N. Parikh'#3*"

"Departments of Biomedical Engineering, 2Chemistry, 3Chemical Engineering, and “Materials Science & Engineering, University of California,
Davis, California

ABSTRACT The lipidome of plant plasma membranes—enriched in cellular phospholipids containing at least one polyunsat-
urated fatty acid tail and a variety of phytosterols and phytosphingolipids—is adapted to significant abiotic stresses. But how
mesoscale membrane properties of these membranes such as permeability and deformability, which arise from their unique mo-
lecular compositions and corresponding lateral organization, facilitate response to global mechanical stresses is largely
unknown. Here, using giant vesicles reconstituting mixtures of polyunsaturated lipids (soy phosphatidylcholine), glucosylcera-
mide, and sitosterol common to plant membranes, we find that the membranes adopt “janus-like” domain morphologies and
display anomalous solute permeabilities. The former textures the membrane with a single sterol-glucosylceramide-enriched,
liquid-ordered domain separated from a liquid-disordered phase consisting primarily of soy phosphatidylcholine. When subject
to osmotic downshifts, the giant unilamellar vesicles (GUVs) respond by transiently producing well-known swell-burst cycles. In
each cycle, the influx of water swells the GUV, rendering the membrane tense. Subsequent rupture of the membrane through
transient poration, which localizes in the liquid-disordered phase or at the domain boundaries, reduces the osmotic stress by
expelling some of the excess osmolytes (and solvent) before sealing. When subject to abrupt hypertonic stress, they deform
by nucleating buds at the domain phase boundaries. Remarkably, this incipient vesiculation is reversed in a statistically signif-
icant fraction of GUVs because of the interplay with solute permeation timescales, which render osmotic stresses short-lived.
This, then, suggests a novel control mechanism in which an interplay of permeability and deformability regulates osmotically
induced membrane deformation and limits vesiculation-induced loss of membrane material. Interestingly, recapitulation of
such dynamic morphological reconfigurability—switching between budded and nonbudded morphologies—due to the interplay
of membrane permeability, which temporally reverses the osmotic gradient, and domain boundaries, which select modes of de-
formations, might prove valuable in endowing synthetic cells with novel morphological responsiveness.

INTRODUCTION

Cellular membranes of higher plants, a major class of sessile
organisms, contain significant proportion of polyunsatu-
rated phospholipids—those that contain at least one polyun-
saturated fatty acyl tail (1). Because their nonrotating C=C
double bonds are almost invariably separated by at least two
saturated C-C bonds, these polyunsaturated fatty acid
(PUFA) tails exhibit low energy barriers for conformational
transitions (2). As a result, they switch readily between
vastly different molecular shapes of similar energies,
defying traditional classification based on fixed intrinsic
shapes (e.g., conical, cylindrical, or inverted conical) and
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defined spontaneous molecular curvatures. This extraordi-
nary conformational flexibility, fast adaptability, and shape
plasticity confers plant cellular membranes containing
PUFA-laden phospholipids with a distinct combination of
physicochemical properties including enhanced lateral
fluidity, high solute permeability (3), and low bending rigid-
ities (4,5). Together, these characteristics facilitate a variety
of specialized biological mechanisms—especially those that
tend to stress the membrane—by lowering the costs of mem-
brane deformations (5,6). Indeed, it has recently been shown
using model membranes that polyunsaturated lipids facili-
tate membrane bending and fission by endocytic proteins
(7)—the first step in the biogenesis of synaptic vesicles.
Specifically, this study demonstrates that the presence of
PUFA-containing lipids lowers the membrane-bending ri-
gidity locally by adapting their conformation to membrane
curvatures generated by the cooperative mechanical activity
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of two endocytic proteins—dynamin, a GTPase, which self-
assembles on the membrane buds, and endophilin, a BAR-
domain containing protein, which deforms and vesiculates
the membrane—together promoting membrane fission.
These observations, highlighting the central roles of poly-
unsaturated lipids in promoting local, molecular-scale pro-
cesses that deform the membrane (5,6), suggest a
plausible hypothesis: the accumulation of polyunsaturated
lipids in the cellular membranes of higher plants subject
to frequent and harsh abiotic stresses (8), which tend to
globally deform the membrane, confers an evolutionary
benefit by facilitating stress response and adaptation.
Although the cell wall is the outermost interface between
the living protoplast and its surroundings, it is porous to
small molecules (including many proteins) (9). As a conse-
quence, the underlying solute-impermeable membrane—
which is pressed against the cell wall because of the large
hydrostatic, turgor pressure (0.2-5 Mpa, ~2-50 atm)
(8)—effectively acts as the site where the environmental
stress signals that determine plant response and adaptation
are sensed, interpreted, and transduced (10). Specifically, in-
crease in extracellular solute concentrations (8,11) subjects
the plant cell to a hypertonic stress (12). This in turn triggers
an instantaneous flow of water out of the cell (osmotic up-
shift), causing an instantaneous decrease in the cell volume
(through the loss of water in vacuoles), reduction in turgor,
and a shift in membrane tension. As a consequence, the
plasma membrane deforms, and its interactions with the
cell wall weaken. In a limiting case, when the hyperosmotic
stress from the bath exceeds a certain threshold, plasmol-
ysis—characterized by an essentially complete physical
separation between the cell wall and the membrane with
only a few plasma membrane protrusions, called Hechtian
strands, linking the two—ensues (13). In the opposite sce-
nario, in which the plant cell experiences a sudden drop in
solute concentrations in the surrounding medium, the rapid
influx of water (osmotic downshift) elevates the turgor
pressure and stretches the membrane (14). This mechanical
signal (i.e., membrane tension) is then converted into a
chemical one, activating membrane channels (e.g.,
OSCA-1 and MSC-S) (15,16) or turning on a regulatory
feedback loop between membrane tension and surface-
area regulation such as through endocytic processes (17).
In addition to PUFA-laden phospholipids, plant plasma
membranes also contain 1) a differentiated variety of sterols,
including most abundantly sitosterol (Sito), stigmasterol, and
campesterol (18); and 2) chemically distinct classes of plant
sphingolipids (e.g., GlcCers and GIPCs) (19). By contrast,
mammalian (or fungal) plasma membranes contain only
one major sterol, namely cholesterol (animal cells) and
ergosterol (fungal cells), and sphingomyelin represents their
dominant sphingolipid. This compositional diversity of plant
membranes allows unique intermolecular interactions and
self-assembly of molecules, giving rise to dynamic domain
structures (20) that are distinct from animal or fungal mem-
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branes. Taken together, the essential lipid mixtures of
plant origin—combining the conformational adaptability of
PUFA-containing phospholipids with physical properties
of sterols and sphingolipids—thus feature a unique combina-
tion of permeability, deformability, and spatial and molecular
organization. But how these physicochemical properties
collaborate in determining the responsiveness of plant mem-
branes to global osmotic stresses is largely unknown.

In the work reported here, we used synthetic membranes re-
constituting a mixture of polyunsaturated lipids and a sterol of
plant origin. Specifically, we reconstituted soy phosphatidyl-
choline (Soy-PC), Sito, and glucosylceramide (GlcCer) in gi-
ant unilamellar vesicles (GUVs) and characterized their
lateral organization, solute permeabilities, and osmotic-
stress-induced morphological deformabilities. We find that
these membranes display a striking lateral phase separation
into a sterol-enriched liquid-ordered (L,-like) and sterol-
depleted liquid-disordered (L4-like) phase characterized by a
single, macroscopic domain and display enhanced permeabil-
ities for water as well as larger solutes such as glucose. When
subject to hypotonic stress, these vesicles relax through
well-known swell-burst cycles. Here, a cascade of transient
pores—either at the phase boundaries or in the Lg4-like
phase—synchronized with a transient budding eject the excess
osmolyte from the vesicular interior in a stepwise manner.
When subject to osmotic deflation through an abrupt exposure
to hypertonic stress, the GUVs deform by inducing curvatures
and nucleating buds at the domain phase boundaries. This
incipient budding transition, remarkably, divides into a sub-
population in which the buds reabsorb into the mother vesicle
and another in which buds mature into daughter vesicles.
These results reflect a complex interplay of membrane perme-
ability and deformability mediated by phase boundary forces
and plausibly suggest new roles of polyunsaturated phospho-
lipids in regulating membrane deformations and limiting
membrane loss under osmotic stresses.

MATERIALS AND METHODS
Materials

L-a-phosphatidylcholine (Soy-PC), Sito, GlcCer, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), 1,2-dilinoleoyl-sn-glycero-3-phospho-
choline, and lissamine rhodamine B 1,2-dioleyl-sn-glycero-3-phosphoetha-
nolamine (Rho-B DOPE) were acquired from Avanti Polar Lipids
(Alabaster, AL). Glucose was obtained from Sigma-Aldrich (St. Louis,
MO), and 2-NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-
Deoxyglucose) (NBD-glucose) was purchased from Thermo Fisher
Scientific (Eugene, OR). Sucrose was obtained from EMD Chemicals
(Philadelphia, PA). Chloroform was purchased from Thermo Fisher
Scientific (Waltham, MA). Head-labeled N-(7-nitrobenz-2-oxa-1,3-diazol-
4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylam-
monium salt (NBD-PE) was purchased from Life Technologies
(Carlsbad, CA). All chemicals were used without further purification.
Glass-bottom, eight-well plates were obtained from MatTek (Ashland,
MA). Indium tin oxide (ITO)-coated glass slides (resistance 4-30 U)
were obtained from Delta Technologies (Loveland, CO). Lipid nomencla-
ture is as follows: DLiPC, 1,2-dilinoleoyl-sn-glycero-3-phosphocholine;
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PLiPC, I-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine; OLiPC,
1-oleoyl-2-linoleoyl-sn-glycero-3-phosphocholine; SOPC, 1-stearoyl-2-oleoyl-
sn-glycero-3-phosphocholine; LiLnPC, 1-linoleoyl-2-linolenoyl-sn-glyc-
ero-3-phosphocholine; DPPC, 1,2-palmitoyl-sn-glycero-3-phosphocholine;
DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; GIPCs, glycosyl inositol
phosphoryl ceramides.

Preparation of GUVs

GUVs were prepared by electroformation according to a published protocol
(21,22). Briefly, we began by preparing stock solutions consisting of the
desired molar composition of lipid components (Soy-PC, Sito, and GlcCer,
2:2:1 and 3:1:1) in chloroform at 2 mg/mL. Experiments were performed by
doping the GUVs with trace concentrations of single-labeled lipids, which
included Rho-B DOPE (1%) or NBD-PE (3%) to fluorescently label both
Lg4-like and L,-like phases in raft mixtures. In all cases, small droplets
(15-30 uL) of stock solution were spread on the conductive side of each
of two ITO-coated slides (4-30 Q) as the chloroform evaporated. The slides
were then further dried in a vacuum desiccator overnight. A chamber was
formed by sandwiching a 1-mm-thick rubber O ring (Ace Hardware, Davis,
CA) sealed with high-vacuum grease (Dow Corning, Midland, MI) between
the conductive sides of the two ITO-coated slides. After the ring was
attached to one of the slides, the dried film was hydrated with 300 mM su-
crose solution in deionized water at room temperatures (exceeding effective
T, of the lipid mixtures). The second ITO-coated slide was placed over the
ring, sealing the chamber and ensuring that no visible air bubbles were trap-
ped inside. Using a function generator, a 4.0 V (pp) alternating current sine
wave was applied across the two slides at 10 Hz for 1-2 h, followed by a
4.0V (pp) square wave at 2 Hz for 1-2 h, producing GUVs of highly repro-
ducible quality and yielding a high abundance of 5 to 50-um-sized GUVs.
During the formation of GUVs, the chamber was covered to protect from
light. After GUV formation was observed, the ITO formation chamber
was disassembled, and the solution containing GUVs was pipetted off
and used immediately or stored in small centrifuge tubes at 4°C. Vesicles
were used within a week of preparation.

Spinning disk confocal fluorescence microscopy

Spinning disk confocal fluorescence microscopy measurements were per-
formed using an Intelligent Imaging Innovations Marianas Digital Micro-
scopy Workstation (3i, Denver, CO) fitted with a CSU-X1 spinning disk
head (Yokogawa Musashino-shi, Tokyo, Japan) and a QuantEM 512SC
EMCCD (electron-mulitplying charge-coupled device) camera (Photomet-
rics, Tuscon, AZ). Fluorescence micrographs were obtained using oil im-
mersion objectives (Zeiss Fluor 40x (numerical aperture, NA 1.3), Zeiss
Plan-Fluor 63x (NA 1.4), and Zeiss Fluor 100x (NA 1.46); Carl Zeiss,
Oberkochen, Germany). Samples of osmotically balanced GUVs were pre-
pared as described in the previous section. In a typical experiment, the
glass-bottom eight-well plate containing osmolyte-laden solution was
mounted onto the microscope, and once oiled, the objectives were raised
to form a meniscus between the cover glass and the objective. To impose
osmotic gradients in real time, GUV suspension was added to the solution
in the sample chambers. Rho-B DOPE (Ex/Em; 560/583) was exposed with
a5 mW 561 laser line. NBD-PE (Ex/Em; 460/535) and 2-NBDG (Ex/Em;
465/540) were exposed with a 5-mW 488 laser line. The images were
subsequently analyzed using ImageJ (http://rsbweb.nih.gov/ij/), a public-
domain software, and Slidebook digital microscopy imaging software (3i).

Fluorescence microscopy

Wide-field epifluorescence measurements were carried out using a Nikon
Eclipse TE2000S inverted fluorescence microscope (Technical Instruments,
Burlingame, CA) equipped with a Roper Cool Snap camera (Technical In-
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struments), an Hg lamp as the light source, and filter cubes to filter absorp-
tion and emission to the source and the CCD camera, respectively. Videos
were taken using a Plan Fluor 20x (NA, 0.25) objective (Nikon, Tokyo,
Japan). Rho-B DOPE (Ex/Em; 560/583) is exposed using a 561 laser
line. NBD-PE (Ex/Em; 460/535) and 2-NBDG (Ex/Em; 465/540) were
exposed using a 488 laser line.

FRAP experiments

Fluorescence recovery after photobleaching (FRAP) experiments were per-
formed with a 5-mW 561 laser line or a 5-mW 488 laser line. Vesicles were
viewed in the equatorial plane with a 63 objective and a Quantem512SC
EMCCD (electron-multiplying charge-coupled device) camera, giving a
512 x 512 pixel image. Rho-B DOPE and NBD-PE fluorescent probes
were bleached in a rectangular region along the contour of the GUV
(7 um long) at 100% of maximal laser power. Recovery of fluorescence
was recorded and measured from the subsequent 45-100 frames, two
frames per second. The fluorescence recovery of each vesicle was fit to
the following equation: I(t) = Iy + a(1 — e, where I is the normalized
fluorescent intensity and ¢ represents time. The fitting enabled us to estimate
the half-time (7, ;) for recovery. The diffusion coefficient was calculated as
D =0.224 x 1'2/7-]/2, where r is the radius of the bleached spot and 7y, is
the half-time of recovery (23).

Membrane leakage assay

GUVs were prepared as described above, with mixtures consisting of Soy-
PC/Sito/GlcCer (2:2:1) labeled with Rho-B DOPE (1%) and NBD-PE
(3%). Vesicles were formed with 300 mM sucrose and immersed in medium
containing 100, 300, or 500 mM glucose solution with 58 uM 2-NBDG.
Red and green channels were simultaneously monitored to observe any
leakage of the 2-NBDG across GUV membranes into the vesicle interior.

Phase-contrast microscopy measurements

For all the measurements, Nikon T2000 phase-contrast inverted microscope
with a 20x objective was used. GUVs were prepared in 150 mM sucrose
solution as described in Methods. 2 uL. of GUVs were then suspended
into 200 uL of 150 mM glucose solution for viewing under phase contrast
setup. The change in the intensity at the interior of the vesicle was recorded
using photonic sciences Camera (CoolSNAP HQ CCD camera,
A04K881007; Photonic Sciences Camera, Robertsbridge, UK) at the rate
of 2 s per frame.

Calculation of permeability

To calculate the permeability of the membrane to glucose, the radius of the
vesicle and the intensity at the center of the vesicle were determined using
an in-house MATLAB routine. Once the coordinates of the center are ob-
tained, a 5 x 5 pixel square around the center is used to calculate the
average intensity at the center. The intensity is normalized by calculating
average intensity of 5 x 5 pixel square at an empty site in the frame. The
value of the radius is obtained using the edge detection algorithm in
MATLAB after performing Otsu threshold on all the frames. The perme-
ability values were then obtained using the values of the initial intensity,
the final intensity, and the radius of the vesicle (see Supporting Materials
and Methods).

RESULTS

We begin with the preparation of GUVs (20-50 um in diam-
eter) by adopting the standard electroformation method
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(22,24) (Materials and Methods). For study, we used binary
and ternary mixtures containing three major classes of plant
plasma-membrane lipids: Soy-PC, GlcCer (7,, ~ 87°C), and
Sito (7,,, ~ 136-140°C) (Fig. 1 A) (25). Our primary compo-
sitions included Soy-PC/Sito/GlcCer in two molar ratios,
namely 2:2:1 and 3:1:1, mimicking two of the most com-
mon lipid ratios in typical plant cells (26). The Soy-PC itself
is a mixture of a number of distinct lipid species of varying
degrees of acyl tail unsaturation (e.g., dipolyunsaturated and
saturated-polyunsaturated  species) including DLiPC
(~41%, T,, ~ —=57°C, 18:2, 18:2), PLiPC (~27%, T,, ~
—15°C, 16:0, 18:2), OLiPC (~15%, T,, < 0°C, 18:1,
18:2), LiLnPC (~3.7%, T,, < 0°C, 18:2, 18:3), PLnPC
(~1.3%, 16:0, 18:3), SLiPC (~2.4%, T,, ~ —16°C, 18:0,
18:2), SOPC (~5%, T,, ~6°C, 18:0, 18:1), and a residual
concentration of fully saturated DPPC (~3.5%, T,
~41°C, 16:0, 16:0) (Materials and Methods) (27). Note
that roughly 90% of Soy-PC components contain PUFA-
containing phospholipids, of which ~45% have both
PUFA acyl tails. To enable visualization by fluorescence mi-
croscopy, our GUVs are doped with a low concentration of

A DLiPC
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fluorescently labeled probe lipids, namely Rho-B DOPE
(I mol%) and/or NBD-PE (3 mol%). In all cases, the
GUVs encapsulate 300 mM sucrose, and they are immersed
in sucrose (or glucose) solutions of varied osmolarities.

Biphasic liquid-liquid phase separation of
multicomponent plant lipid mixtures

We begin by visualizing a collection of single GUVs con-
sisting of an equimolar two-component mixture of Soy-PC
and Sito (sans GlcCer) containing 300 mM sucrose and
bathed in 300 mM glucose (or sucrose) using spinning
disk confocal fluorescence microscopy. Strikingly, virtually
all GUVs reveal a binary pattern of fluorescence emission
consisting of a single, micrometer-scale domain, indicating
a large-scale phase separation (Fig. | Bi). The two fluores-
cently labeled probe lipids used here, namely Rho-B
DOPE and NBD-PE, have complementary phase-sensitive
partitioning preferences. The former stains the sterol-
depleted and less dense Ly-like phases, and the latter parti-
tions into the sterol-enriched, denser L,-like phase (28).

FIGURE 1 Biphasic liquid-liquid phase separa-
tion of multicomponent plant lipid mixtures pro-
duces monodomain morphologies. (A) The

La-like

Lo-like

mmm Lo-like phase
== Lo-like phase I

chemical structures of two of the most abundant
lipids in Soy-PC, one plant GlcCer species, and
Sito; (B) (i—iv) confocal fluorescence images at
the equatorial plane of GUVs prepared using equi-
molar Soy-PC and Sito with varying amounts of
GlcCer from (i) 0% to (ii) 2%, (iii) 6%, and (iv)
20%. Scale bars, 15 um. (v) The area fraction of
the two coexisting phases. (C) Three-dimensional
stacks of confocal fluorescence images of GUVs
composed of Soy-PC, Sito, and GlcCer in ratios

i. SPC: Sito: GlcCer=2: 2: 1

2 6 20
GlcCer mol%

ii. SPC: Sito: GlcCer=3:1:1

of (i) 2:2:1 and (i7) 3:1:1. Both ratios produce
“janus-like” morphologies. Scale bars, 20 um.
All GUVs encapsulate 300 mM sucrose solution
and are suspended in iso-osmolar medium contain-
ing 300 mM glucose. All GUVs are doped with Ly-
phase-sensitive Rho-B DOPE (1 mol%, red) and
L,-phase-sensitive NBD-PE (3 mol%, green)
dyes. All measurements were taken at room tem-
perature (24°C). To see this figure in color, go
online.
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Thus, the observed binary pattern of fluorescence indicates
that Sito does not distribute uniformly within the Soy-PC
bilayer but rather laterally segregates Soy-PC components,
producing coexisting sterol-rich and sterol-depleted phases.
Furthermore, because Soy-PC itself is a heterogeneous
mixture of many phospholipids (see above), the appearance
of fluid phase domains suggests that Sito sorts the mixture.
In analogy with the behavior of cholesterol in mammalian
cells, it seems likely that Sito partitions preferentially with
saturated and hybrid (single-PUFA-tail) lipids (e.g., DPPC
and PLiPC), producing a condensed L,-like phase while
isolating more unsaturated, dipolyunsaturated lipid species
(e.g., DLiPC) into a separate, L4-like phase. This is corrob-
orated by an independent control experiment in which we
replaced the Soy-PC mixture by a simple binary mixture
of polyunsaturated and monounsaturated phospholipids.
Specifically, we used DLiPC lipid (30%) (18:2, 18:2) and
POPC (16:0, 18:1, 20%) together with ~50% Sito. Here,
too, single large microscopic domains (Supporting Mate-
rials and Methods; Fig. S1) decorate the vesicular boundary,
confirming that Sito alone is sufficient to sort mixtures of di-
polyunsaturated and monopolyunsaturated lipids.

Introducing different proportions of GlcCer (2, 6, and
20%) into the equimolar Soy-PC and Sito mixtures above
retains the qualitative membrane structure described: taut
spherical GUVs with fully segregated, twin coexisting
liquid phases characterized by single microscopic domains
(Fig. 1, Bii-Biv, and C; Supporting Materials and Methods;
Fig. S2). This confirms that GlcCer, a high-melting lipid
component, does not segregate from the phospholipid-ste-
rol mixtures to produce a separate gel phase but rather
mixes with the existing L,-like phase of the binary Soy-
PC-Sito mixtures above. It is important to note here that
the low concentrations of GlcCer, comparable to that of
the fluorescent probes, should not complicate our findings
because it partitions between macroscopic coexisting
phases produced largely by the sorting of Soy-PC mixtures
in the presence of Sito. In all of the cases above, domain
boundaries display smooth arcs of circular segments
consistent with the fluid nature of the domains, which is
independently verified using FRAP measurements in
confocal microscopy mode for each of the two coexisting
phases (Fig. 2; Videos S1 and S2). A simplified analysis
of the recovery profile (23) yields diffusion coefficients
of 0.34 (0.1 SD) um?%s and 1.37 (+0.1 SD) um?*/s for
the L,-like and Lg4-like phases respectively—consistent
with those expected for sterol-enriched and fluid phases,
respectively (29).

To confirm that Sito fluidizes higher melting components
of the lipid mixture, we also prepared GUVs consisting of a
binary mixture of Soy-PC/GlcCer (molar ratio 3:1). Here,
the membrane texture matches well with the expected coex-
istence of a fluid and solid (Lg4-like/S) phases with the S
phase, presumably composed primarily of higher-melting
GlcCer, exhibiting irregular boundaries (Supporting Mate-
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rials and Methods; Fig. S3 A). After incorporation of
10 or 20% of Sito into this mixture, the domain morphol-
ogies change to more rounded, circular domains, suggesting
that the S phase coexistence is replaced by a fluid one, pro-
ducing coexisting Ly-like and L,-like fluid phases (Support-
ing Materials and Methods; Fig. S3, B and C). This lends
further support to the foregoing inference that Sito preferen-
tially partitions with the less unsaturated lipids among the
existing lipids.

In sum, the observations above indicate that the mem-
branes of GUVs reconstituting mixtures of PUFA-con-
taining phospholipids readily phase separate into two
coexisting fluid phases (30): 1) a sterol-depleted Lg4-like
phase segregating poly(unsaturated) Soy-PC; and 2) the ste-
rol-enriched denser phase (L,-like), which accumulates both
the less unsaturated components of Soy-PC and, when pre-
sent, GlcCer. This biphasic nature of the phase-separated
membrane, characterized by liquid-liquid coexistence, par-
allels the observations of L, and L4 phases in cholesterol-
containing ternary lipid mixtures (31) and more complex
plasma-membrane vesicles (32).

Janus morphologies of phase-separated
membrane domains

A noteworthy feature of the coexisting fluid phases in the
plant lipid GUVs above is the macroscopic nature of their
phase segregation. Unlike cholesterol-containing models
of animal cell membranes (e.g., ternary lipid mixtures con-
taining DOPC, cholesterol, and sphingomyelin)—in which
an “emulsion” consisting of multiple microscopic domains
most frequently textures the membrane—Sito-containing
membranes demix primarily into fully segregated single
spheroidal domains (>90%, n = 100), producing “janus-
like” morphologies (Fig. 1, B and C): the two opposing
and immiscible “faces” of these membranes correspond to
single domains of L,-like and Lg-like coexisting liquid
phases. This approach to the macroscopic phase separation
suggests a strong influence of phase boundary forces.

Solute permeabilities of plant membrane GUVs

To characterize the permeability properties of Soy-PC/Sito/
GlcCer membranes, we conducted the standard leakage
assay using fluorescence microscopy. Immersing GUVs en-
veloped by Soy-PC/Sito/GlcCer membranes together with
those bounded by POPC (as a reference) in a bath containing
glucose doped with a small concentration (~1.5 mol%)
NBD-PE-labeled glucose, we found rapid permeation of
labeled glucose across the plant membrane vesicles and lit-
tle or no permeation across POPC vesicles during the exper-
imental timescales. Note this rapid glucose transport across
plant membrane vesicles occurs under all conditions of
osmotic balance, including isotonic, hypertonic, and hypo-
tonic baths (Fig. 3 A; Videos S3, S4, and S5). This simple
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FIGURE 2 Fluorescence recovery after photo-
bleaching (FRAP) measurements to determine
the fluidity of two coexisting phases. Selected
frames from a time-lapse sequence of FRAP mea-
surements at the Ly-like and L,-like phases of a
single GUV consisting of Soy-PC/Sito/GlcCer
(2:2:1) are shown. (A) FRAP of the Ly-like phase

(9]

and (B) FRAP of the L,-like phase. Fluorescence
intensity was monitored before and immediately

Ld-like phase
© Lo-like phase

after the photobleaching. Here, four representative
time points including prebleach, at the onset of
photobleaching (0 s), during recovery (5 s), and

Normalized Intensity

~95% of the recovery (20 s) are shown. Arrows
highlight the bleached regions. Scale bars, 15
um. (C) Normalized fluorescence recovery profiles
of the Lgy-like phase and L,-like phase calculated
by measuring the average intensity of the photo-
bleached area after background subtraction. Lines
represent the exponential fits of experimental pro-
files to derive diffusion coefficients (see Materials
and Methods for details). To see this figure in color,
go online.
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test suggests that these model membranes containing high
fractions of PUFA-laden lipids facilitate ready passage of
glucose (and labeled glucose).

To quantify glucose permeabilities, we monitored the
phase contrast of sucrose-laden GUVs (150 mM) immersed
in isotonic glucose solution. Because the refractive index of
sucrose solution is higher than that of glucose solution at
comparable concentrations and because the contrast varies
linearly with the concentration difference of the diffusible
solute(s), time-dependent changes in the phase contrast
can be used to identify and quantify the permeability of
the diffusible solute. For GUVs bounded by Soy-PC/Sito/
GlcCer (2:2:1) membranes, these measurements reveal a
rapid change in the intensity of the sucrose-laden interior,
resulting in a diminution in the optical contrast suggesting
high permeability for glucose across the vesicular boundary.
By contrast, control experiments using GUVs consisting of
POPC membranes reveal significantly less pronouced
changes in the phase contrast during the experimental time-
scales (Fig. 3, B and C; Videos S6 and S7). Furthermore, by
analyzing the time-dependent changes in the phase contrast,
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membrane permeability for glucose can be readily deter-
mined (33):

R
P = —(5)11’1(AI, — AIO + 1)7

where P is the permeability coefficient, R is the radius of the
vesicle, and 41, and 41 are the normalized intensities at the
measurement time ¢ and initial time ¢ = 0 (Supporting Mate-
rials and Methods, Section 2). Following this analysis, we es-
timate the glucose permeability coefficient of Soy-PC/Sito/
GlcCer (2:2:1)tobe 5.57 (= 1.31SD) x 10~/ cm/s—roughly
two orders of magnitude higher than that of POPC GUVs (3.76
(= 1.20 SD) x 107° cm/s) (34) and previous reports of
glucose permeabilities of lipid extracts of human red
blood cells, cholesterol, sphingomyelin, and PC mixtures
(~6-25 x 107° cm/s) (35,36). The high permeability of our
PUFA-laden mixtures translate into the characteristic relaxa-
tion times, ¢ = R/3P, of ~9 min (Soy-PC/Sito/GlcCer 2:2:1
membranes), considerably smaller than >20 h for mammalian
lipid fractions for representative GUVs 10 um in radius.
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SPC:Sito:GlcCer

FIGURE 3 Dye leakage assays to quantify se-
lective permeability of plant lipid GUVs for
glucose. (A) Confocal fluorescence images taken
at ~1 min after immersion in the fluorescently
labeled glucose solution reveal rapid leakage of
glucose in plant GUVs (2:2:1 Soy-PC/Sito/GlcCer
labeled with 1% Rho-B DOPE and 3% NBD-PE)
but little or no permeation in POPC (labeled with
1% Rho-B DOPE) GUVs. GUVs are immersed
in (i) hypotonic (4C = 200 mM), (ii) isotonic
(4C = 0 mM), and (iii) hypertonic (4C =
200 mM) external medium doped with 58 uM flu-
orescently labeled 2-NBD glucose. Scale bars,
10 pum. (B) Selected frames from a time-lapse
sequence of phase-contrast images of plant lipid
GUVs (top row) and POPC GUVs used as controls
(bottom row). GUVs were made in 150 mM
sucrose solution and suspended in 150 mM of
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P
aF
—
o
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iso-osmolar glucose solution. Scale bars, 10 um.
Time stamps are shown as minutes:seconds. (C) In-
tensity profiles at the equatorial plane of plant (top,
e o gray) and POPC (bottom, red) GUVs. (D) Mea-
surement of permeability of plant vesicles obtained
by recording decrease in phase-contrast intensity at
the center of the vesicle. To see this figure in color,
go online.
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Taken together, the experiments above suggest that giant
vesicles” Soy-PC/Sito/GlcCer lipids phase separate, produc-
ing large, macroscopic monodomain morphology, and
exhibit significantly higher solute permeability for glucose.
As a consequence, sucrose-laden vesicles in glucose-con-
taining surroundings experience an unusual combination
of permeable (glucose) and impermeable (sucrose) solutes,
setting the stage for a complex response to osmotic imbal-
ances, such as presented below.

Dynamic response to osmotic downshift

To address how these GUVs displaying single domains
respond to sudden osmotic insults, we monitored the behav-
iors of a suspension of vesicles consisting of a ternary
mixture of Soy-PC/Sito/GlcCer (2:2:1 and 3:1:1 mol ratios)
containing 300 mM sucrose in an extravesicular dispersion
medium containing 100 mM sucrose (or glucose).

The time-lapse videos (Videos S8, S9, and S10) and a
montage of selected frames of confocal fluorescence micro-
graphs (Fig. 4) document the vesicular response. These data
reveal several noteworthy features. First, immediately after
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immersion into a hypotonic bath, the size of individual
GUVs begins to pulsate: the vesicle diameter gradually
grows up to a limiting size, at which point it abruptly shrinks
(by ~3-5% in diameter). This oscillatory swell-shrink
behavior repeats multiple times (n > 15), persisting over
tens of minutes. Second, the period of oscillation increases
with the passage of time or the cycle number. The cycle
period—defined as the time elapsed between two consecu-
tive instances of full swelling—increases severalfold over
15 min. Third, coincident with the onset of each shrink
regime, single microscopic pores transiently appear, the life-
times of which are short (hundreds of milliseconds), compa-
rable to the temporal resolution of ~300 ms in our
measurements. These observations are fully consistent
with previous experimental reports and theoretical predic-
tions (37-42) revealing that single GUVs respond to hypo-
tonic stress through characteristic swell-burst cycles
(43,44). An osmotically triggered influx of water swells
the GUVs, increasing their sizes. Consequent stretching of
the membrane boundary irons out their thermally excited
undulations and renders the membrane boundary tense.
Beyond a threshold tension, membranes lyse by opening
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FIGURE 4 Plant lipid GUVs exposed to osmotic
downshifts exhibit characteristic swell-burst cy-
cles. Selected frames from a confocal time-lapse
sequence of GUVs containing 300 mM sucrose
suspended in 100 mM glucose solution are shown,
revealing the appearance of microscopic pores and
pinch ((B) 941 s) either at the boundary of Ly-like
and L,-like phases or in the Ly-like phase during
swell-burst cycle. Arrows highlight the pores.
Dashed circles represent different curvatures of
L.-like and Lg-like phases. Scale bars, 20 um.
(C) A wide-field fluorescence micrograph of
GUVs revealing five arbitrarily selected instances
of pore formation during swell-burst cycles. Scale
bars, 10 um. (D) Oscillations in vesicle radius dur-
ing swell-burst cycles of a representative GUV.
The inset shows the time between each swell and
burst cycle measured from the time of highest
and lowest points of the fitted data in the plot be-
tween each event. The GUVs are composed of
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3:1:1 and (B-D) 2:2:1 doped with 1% Rho-B
DOPE and 3% NBD-PE. To see this figure in color,
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microscopic pores, which relieves the membrane tension.
Consequently, the efflux of solute (and solvent) through
the pores lowers the osmotic pressure difference, which
then drives pore closure. This swell-burst process reiterates
in a negative feedback loop, reducing osmotic gradient in a
stepwise manner until the sublytic osmotic pressure is
reached.

Additionally, our experiments reveal features unique to
GUVs displaying janus monodomain morphologies. First,
we find that the domain sizes do not change during swell-
burst cycles. Previously, we and others have shown that
homogeneous GUVs consisting of phase-separating lipid
mixtures exhibit a coupling of swell-burst cycles with the

15

membrane’s domain texture (41,42): tense membranes of
swollen vesicles promote phase-separated states character-
ized by large microscopic domains, whereas porated mem-
branes during the burst phase break up and disperse
the domains, presumably into nanoscopic domains below
the resolution of our microscopic experiments. Thus, the
pulsatory swell-burst cycles also produce corresponding os-
cillations in membrane mixing-demixing behavior. Our ob-
servations that the domain texture remains unperturbed
during the oscillatory swell-burst cycles suggest the prepon-
derance of line tension. Even in the absence of applied
membrane tension, the janus vesicles organize the coexist-
ing phases to adopt the smallest interface length between

Biophysical Journal 115, 1942-1955, November 20, 2018 1949



Emami et al.

the coexisting phase. Thus, it seems reasonable that intro-
duction of membrane tension during the swell phase does
little to the existing domain morphologies.

Second, we find that the spatial locations of pore forma-
tion are not random. Pores form either 1) at the phase
boundaries separating L,-like and Lg4-like phases when
the Ly-like is a minority phase (i.e., Soy-PC/Sito/GlcCer
at 2:2:1 mol ratio) or 2) in the Ly-like phase when the
Ly-like phase assumes an areal majority (i.e., Soy-PC/
Sito/GlcCer at 3:1:1 mol ratio). This phase preference
for the Lg4-like phase and phase boundaries corroborates
predictions from previous molecular simulations (45)
and a more recent experimental observation of the phase
preference of electrically induced membrane pores (46).
In all of these cases, the kinetics of pore formation can
be viewed in terms of the transient aqueous pore hypoth-
esis, which implicates the energy barrier for the transition
between a fluctuation-mediated hydrophobic pore and a
toroidal one stabilized by lipid reorientation at the pore
boundaries forming a hemimicellar edge. The lowered en-
ergy barrier for this transition in the Ly-like phase and at
phase boundaries can then be readily reconciled in terms
of their biophysical attributes: the Ly-like phase enriched
in PUFA-containing flexible lipids (as well as phase
boundaries) are more heterogeneous in composition, less
cohesive in lateral packing, thinner in hydrophobic thick-
ness, and offer lower local bending rigidity compared to
the L,-like phase.

Dynamic response to osmotic upshift

To explore how the plant-lipid-containing GUVs with ja-
nus membranes respond to sudden osmotic upshifts, we

Reversible »
Budding

w

Complete

o
£
©
°
S
[11]

next transferred a suspension of GUVs of ternary mixture
of Soy-PC/Sito/GlcCer (2:2:1 and 3:1:1 mol ratios) con-
taining 300 mM sucrose into an extravesicular dispersion
medium containing 500 mM glucose. The transvesicular
hypertonic osmotic stress, which corresponds to the osmo-
lyte concentration difference (200 mM), initiates an instan-
taneous vesicular response. The time-lapse videos of
confocal fluorescence microscopy (Fig. 5, A-C) illustrates
the highly reproducible (n = 15) dynamics that ensue upon
the application of the hypertonic stress to GUVs consisting
of Soy-PC/Sito/GlcCer at 2:2:1 (Videos S11 and S12) and
3:1:1 (Video S13) mole ratios. Immediately after subject-
ing the GUV to a deswelling osmotic stress, the nearly
perfectly spherical morphology of the GUV is quickly
abandoned (~10-30 s), replaced by one characterized by
a single bud. The bud, delineated by the domain phase
boundary, contains the minority domain in its entirety
and protrudes away from the parent vesicle: for the Soy-
PC/Sito/GlcCer ratio of 2:2:1, the minority Lg4-like phase
buds, and the budding occurs for the L,-like phase for
the corresponding lipid ratio of 3:1:1. In both cases, the
deformed interface in the neck region reveals that the
Ly-like domain bends toward the L,-like domain (Fig. 5,
D and E), consistent with the expected smaller bending
rigidities of Ly-like domains compared to L,-like domains
(47,48).

Examining more than 30 different GUVs, we find that
this initial response bifurcates into two distinctly different
trajectories of shape evolution. In the majority of the cases
(~70%), the bud formation is transient and fully reversed.
The bud forms within the first 10-30 s after imposition of
the osmotic differential, then gradually pulls back to the
curvature of the mother GUYV, returning to the initial

FIGURE 5 Response of plant lipid GUVs to osmotic upshift includes both reversible as well as irreversible budding. Selected frames from time-lapse
videos of confocal fluorescence microscopy images of single GUVs containing 300 mM sucrose upon immersion in the external dispersion medium con-
taining 500 mM glucose are shown, in which (A) reversible budding, (B) complete budding, and (C) both reversible and complete budding occur with equal
probability. The GUVs are composed of Soy-PC, Sito, and GlcCer in a ratio of either (A and B) 2:2:1 or (C) 3:1:1 and doped with 1% Rho-B DOPE and 3%
NBD-PE. Scale bars, 20 um. (D and E) The deformed interface in the neck region reveals that the Lg-like phase bends toward the L-like phase in (A) and (B)
and (C) cases, respectively. Scale bars, 15 um. To see this figure in color, go online.
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spherical state (~60-300 s depending on the size of the
bud), which persists in the steady state for the length of
the experimental time (=15 min). In the remaining 30%
of the cases, the initial bud continues to mature, character-
ized by the rapid rounding of the bud and concomitant
reduction in the diameter of the neck connecting the
bud to the mother. The process culminates with the forma-
tion of a fully spherical bud that separates away, pinching
off from the mother vesicle and producing a daughter
vesicle of only the minority of the two coexisting phases
(either Lg4-like or L,-like depending on the membrane
composition and domain size) of the parent vesicle.
After the complete budding (typically 40-60 s after the
application of the osmotic stress), the mother vesicle
begins to display rather pronounced flickering—indepen-
dent of whether it contains the majority Lg4-like or the
L,-like phase—reflecting significantly reduced membrane
tension.

Lipid bilayers containing PUFA-laden lipids are sus-
ceptible to oxidation, especially in the membranes
containing fluorescent molecules, which are prone to
photo-oxidation. To confirm that the unusual budding
dynamics we witness do not arise from artifacts such as
lipid oxidation (49) or optical tweezing (50), we carried
out additional experiments (see Supporting Materials
and Methods, Section 3). These experiments confirm
that under the illumination conditions we used (5 mW po-
wer, 1-3 mol% of fluorescently labeled lipids), there were
little or no measurable deformations in the membrane
shape (n = 5). By contrast, when we illuminated the
GUVs using much higher optical illumination power
(>50 mW), we found irreversible shape deformations,
which included budding and division (Videos S14 and
S15).

DISCUSSION

Distinct from their mammalian counterparts, membranes
of higher plants have evolved a rich molecular diversity
in their lipidome, which also changes with the environ-
mental stress conditions. Characterizing giant vesicles,
which reconstitute dominant plant plasma membrane
lipids—namely conformationally plastic polyunsaturated
mixtures of phospholipids in Soy-PC, GlcCer, and
Sito—we found two major differences in their
biophysical properties from their mammalian counter-
part models containing monounsaturated lipids (e.g.,
POPC), sphingomyelin, and cholesterol: 1) significantly
enhanced permeability for glucose (but not sucrose)
and 2) large-scale liquid-liquid phase separation of
membrane molecules producing janus-like membrane
morphologies. To our knowledge, a novel interplay of
these biophysical properties—namely, a coupling of
physical forces at the boundaries of phase-separated do-
mains (i.e., line tension) with the elevated membrane
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permeability—governs the behaviors of plant lipid con-
taining giant vesicles to osmotic stresses. These are dis-
cussed in turn below.

Line-tension-dependent domain organization in
plant lipid vesicles

In this work, we reconstituted dominant plant plasma
membrane lipids—namely Soy-PC, Sito, and GlcCer—in
GUVs and first characterized their lateral organization.
We found that these membranes display a striking lateral
phase separation into sterol-enriched L,-like and sterol-
depleted Ly-like phases characterized by a single, macro-
scopic domain. The emergence of domain morphology
naturally gives rise to phase boundaries, which accrue
positive free energy per unit length at the domain edges
in the form of line tension (o, J/m). The latter originates
from the differences in molecular thickness of the coexist-
ing domains (or hydrophobic mismatch) as well as accom-
panying elastic distortions (i.e., oscillatory height profile
due to local lipid tilt and splay) near the domain edge
(51). At the simplest level, the magnitude of this line ten-
sion determines the properties of the phase-separated do-
mains, including size, number, and curvature. Theoretical
models predict that the line tension scales quadratically
with the height mismatch and that, on average, a height
mismatch between domain and surrounding membrane
of 3 A generates ~1 X 1072 J/m (or 1 pN) line tension
(51). Consistent with this prediction, experimental esti-
mates of line tension at the domain boundaries for a range
of ternary lipid mixtures containing cholesterol and sphin-
gomyelin have been shown to range from 0.06 x 10~'% to
6 x 107'? J/m (0.06-6 pN) depending on the height
mismatch (52). As a consequence of this elastic interfacial
energy stored at the domain edges, the minimization of
the boundary length is thermodynamically favored,
providing a driving force for a large-scale segregation of
coexisting phases into single, macroscopic domains such
as we observe. In general, this tendency for macroscopic
phase separation in lipid bilayers is opposed by differ-
ences in the physical properties of the coexisting phases
including bending energy, spontaneous curvature, and
Gaussian curvature, as revealed by continuum theoretical
models (53) and confirmed by experiments (29,52,54) and
molecular dynamics simulations (55). In addition,
nonequilibrium scenarios in which domain coarsening is
kinetically arrested because of high viscosity of the mem-
brane (56) also play a role in stabilizing the multidomain
morphologies observed in the typical models used to
characterize mammalian plasma membranes (57,58).
Our observations that the Soy-PC/Sito/GlcCer membranes
produce single, large, microscopic domains are thus
consistent with the picture in which the two coexisting
L,-like and Lg-like phases do not differ substantially
in their spontaneous curvatures or bending rigidities
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(including Gaussian curvatures) and that the phase bound-
ary forces due to line tension act as the primary determi-
nant of the domain morphology (52).

Osmotically mediated vesicle deformations
reflect an interplay of membrane permeability and
line tension

The results presented here reveal an unusual osmotic
response of GUVs containing plant plasma membrane
lipids. When subjected to hypertonic stress from the sur-
rounding bath, they exhibit a bimodal response character-
ized by a plastic deformation involving budding and
division in one case and a reversible, elastic deformation
characterized by the transitory appearance of a domain-
induced bud in the other. Analyzing these findings reveals
an intriguing interplay of selective solute permeabilities
and monodomain morphologies of plant lipid membranes,
as discussed below.

First, a common feature of osmotically induced deforma-
tion in all cases above is the stochastic appearance of the
characteristic domain-induced budding, which directly im-
plicates the changing interplay between the phase boundary
forces and curvature energy. Recall a theoretical treatment
by Julicher and Lipowsky (59,60), which establishes that
the line tension ¢ at the domain boundaries scales with the
length of the domain boundary, but the energetic penalty
for bending—namely curvature energy, determined by
bending rigidity (x)—is size invariant. Because the bending
of the domain reduces the boundary length and thus lowers
the edge energy, budding sets a competition in which the
balance of reduction in line tension and the gain in the cur-
vature energy determines equilibrium shape. Thus, above a
threshold domain size—the length scale of which is set by
the ratio of bending and edge energies, & = (k/a)—bud for-
mation becomes energetically favorable (59). Assuming an
approximate value of k of ~4 x 107" J for a typical
lipid-sterol mixture in the fluid phase and a line tension o
of ~1 x 107'% J/m, the characteristic invagination length
is estimated at £=400 nm, which is much smaller than
the domain sizes we observe. This local mechanism for
membrane budding, however, is opposed by the global con-
straints on the vesicle volume. When the reduced volume—
v = V/[4wR}/3], where R, corresponds to the radius of an
equivalent sphere of area S =[47R2]—is ~1 and the vesicle
essentially spherical, the tendency for domain-induced
budding is strongly suppressed, such as we observe with
isotonic GUVs (Fig. 1). But when the v = 1 constraint is
lifted, such as during osmotic deflation induced by an
applied hypertonic stress, the competition between line ten-
sion and curvature energy promotes budding below the crit-
ical reduced volume. The critical reduced volume is given
by the minimal energy shape of two complete spheres
(60), each corresponding to the size of the L,-like and the
Lg-like phases, connected by an infinitesimal neck:
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vy =[Vo) + V) /[4xR} /3] = (1 — x)3/2 + x3/2, where
x corresponds to the relative domain area, A*»)/[Ao) 4
A0, In this case, the fraction of solvent removed from
the vesicle interior because of the applied osmotic pressure
gradient corresponding to 4c = 200 mM yields v = 0.6,

which is lower than the minimum vy, =1 / V2, enabling
the domain-induced budding transition that we observe.

Second, the direction of budding is invariably outward.
The notion that sterols determine the directionality of
budding has been previously proposed (29) by considering
the flip-flop rates of sterols between the membrane leaflets
within the theoretical framework of the spontaneous curva-
ture model (60). This model predicts that the outward
budding, which generates positive membrane curvatures, re-
lieves membrane tension readily if the needed increase in
the area of the outer leaflet is met. The latter can be readily
met in our membranes because the flip-flop rates of choles-
terol and Sito with only one hydroxyl group as a polar moi-
ety are fast (half-life, <1 s) (61,62) and because sterols
lower the activation free-energy barrier for lipid flip-flop
(63). An alternate possibility that we cannot rule out is
that the outward flux of water during osmotic deflation
can redistribute some lipids from the inner to the outer
leaflet of the bilayer, leading to an area asymmetry between
the membrane leaflets and stabilizing bud-generating spon-
taneous curvatures (60).

Third, and perhaps the most intriguing aspect of the vesic-
ular response to the imposed hypertonic stress, is the obser-
vation of reversible budding in roughly 70% of the cases.
The reversibility in budding requires a dramatic flip in the
directionality of the osmotic stress. Immediately after the
application of the hypertonic stress, the removal of water
from the vesicular interior increases the area/volume ratio.
The excess membrane area then paves for budding, such
as we first witness. The abrupt reversal in the budding dy-
namics, however, suggests a delayed reintroduction of water
into the vesicles requiring solute concentration difference to
switch sign (upshift to downshift), which can be reconciled
in terms of the dynamics of permeable glucose, as proposed
below.

The plant lipid GUVs, as prepared, are filled with an
aqueous solution of impermeable sucrose and surrounded
by an isotonic solution of sucrose. Under this condition of
equal colligative potential, there is no net osmotic activity.
When the extravesicular medium is exchanged for a solution
containing membrane-permeable glucose, the concentration
gradient due to diffusible glucose drives the solute into the
vesicle altering the osmotic balance and inducing an osmot-
ically driven, net water influx. Indeed, this movement of
glucose subjects even isotonic GUVs to hopotonic stress
when sucrose-containing GUVs are placed in glucose solu-
tion. Similar observations of osmotic swelling due to direc-
tional movement of permeable solutes have been previously
reported, albeit in different contexts (43,64). Perhaps one of



the most striking realizations of this behavior occurs when
glucose containing GUVs are embedded in a hypotonic
solution containing sucrose osmolyte. Here, the slow perme-
ation of glucose from the vesicle interior gradually trans-
forms the initial hypotonic exterior into a hypertonic one.
The timescale for this reversal is determined by the mem-
brane permeability and thus the characteristic permeation
time (~9 min) for diffusion of glucose. This reversal
in the osmotic imbalance then transforms an initially
swelling GUV into a budding one, reflecting a lowered
volume/area ratio (Supporting Materials and Methods;
Fig. S4; Video S16)

In this same vein, when GUVs are immersed in the hyper-
tonic exterior containing higher concentrations of glucose,
two distinct but inter-related transport processes set in: 1)
hypertonic stress tending to drive the solvent out of the
GUV and 2) the transvesicular glucose concentration
gradient driving the permeable solute into the GUV.
Because membrane permeability for water is high and cor-
responding relaxation time low (<1 s), efflux of water from
the interior of GUV commences instantaneously. As a
result, the GUV deforms at the phase boundary, giving
rise to the characteristic domain-induced budding such as
we observe. Concomitantly, the removal of water also ele-
vates the effective sucrose concentration inside the GUV,
reducing the solute concentration difference across the
vesicle. With the passage of time, however, the slower
permeation of glucose into the interior of the GUV (relaxa-
tion time ~400 s) begins to accrue glucose molecules inside
the vesicular interior, producing a reversal in the direction of
the osmotic stress. This in turn decreases the excess mem-
brane area relative to the encapsulated volume, creating an
unusual situation in which the incipient bud returns to the
mother vesicle, reconstituting the starting mother vesicle
configuration.

CONCLUSIONS

In summary, the results presented here reveal new roles, to
our knowledge, for the lipid composition of plant plasma
membranes in determining their lateral organization and
responsiveness to the applied osmotic stress. Faced with
constant assault from osmotic stresses, it is now well appre-
ciated that plants promote their growth and development by
tightly controlling water transport at the level of single cells
(65). Although this water regulation is afforded by the
spatial compartmentalization of the cellular milieu into vac-
uole and cytoplasm, how the movement of water across the
membrane interface is regulated has remained largely
elusive. The results presented here support the idea that by
employing PUFA-laden lipids and dynamically organizing
them into membrane domains, plant membranes not only
achieve high effective permeability for water but also
control water-stress-induced and domain-boundary-medi-
ated membrane deformations. This interplay of elevated
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membrane permeability, line-tension-mediated physical
forces, and conformational adaptability—we speculate—af-
fords the PUFA-containing phospholipid membranes a con-
trol mechanism and a “kinetic” advantage in managing
osmotic stresses; it drives segregation of molecules enrich-
ing deformed buds with specific molecules and allows mem-
branes to reverse the course of budding, thus minimizing
material turnover due to frequent water stresses experienced
by plasma membranes of higher plants and possibly special-
ized membranes in other species enriched in PUFA-contain-
ing phospholipids.

The authors declare that the main data supporting the
findings of this study are available within the article and
its Supporting Material file. Extra data are available from
the corresponding author (A.N.P.) upon request.
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