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ABSTRACT The precise spatiotemporal control of nanoscale membrane shape and composition is the result of a complex
interplay of individual and collective molecular behaviors. Here, we employed single-molecule localization microscopy and
computational simulations to observe single-lipid diffusion and sorting in model membranes with varying compositions, phases,
temperatures, and curvatures. Supported lipid bilayers were created over 50-nm-radius nanoparticles to mimic the size of natu-
rally occurring membrane buds, such as endocytic pits and the formation of viral envelopes. The curved membranes recruited
liquid-disordered lipid phases while altering the diffusion and sorting of tracer lipids. Disorder-preferring fluorescent lipids sorted to
and experienced faster diffusion on the nanoscale curvature only when embedded in a membrane capable of sustaining lipid
phase separation at low temperatures. The curvature-induced sorting and faster diffusion even occurred when the sample tem-
perature was above the miscibility temperature of the planar membrane, implying that the nanoscale curvature could induce
phase separation in otherwise homogeneous membranes. Further confirmation and understanding of these results are provided by
continuum and coarse-grained molecular dynamics simulations with explicit and spontaneous curvature-phase coupling,
respectively. The curvature-induced membrane compositional heterogeneity and altered dynamics were achieved only with a
coupling of the curvature with a lipid phase separation. These cross-validating results demonstrate the complex interplay of lipid
phases, molecular diffusion, and nanoscale membrane curvature that are critical for membrane functionality.

SIGNIFICANCE Nanoscopic membrane organization and dynamics are critical for cellular function but challenging to
experimentally measure. This work brings together super-resolution optical methods with multiscale computational
approaches to reveal the interplay between curvature, composition, phase, and diffusion in model membranes. Nanoscale
membrane curvature induced phase separation in otherwise homogeneous membranes, and the phase-curvature
coupling had a direct implication on lipid mobility. This discovery advances understanding of the fundamental membrane
biophysics that regulate membrane activities such as endocytosis and viral budding.

INTRODUCTION and sphingolipid-rich endocytic buds that have diverse roles
in membrane compositional regulation, trafficking, force
sensing, and endocytosis on the sub-100-nm-length scale
(9-11). The coupling of membrane phases and curvature
on live cells remains unconfirmed yet crucial for diverse
cellular functions.

Model membranes of known lipid mixtures provide a
means to reveal how the membrane composition affects func-
tion. Coexisting L, and L4 phases can be created by
combining a sterol, a phospholipid with a high chain-melting
temperature, and a phospholipid with a low chain-melting
temperature below the mixture’s miscibility transition tem-
perature (Thix) (12,13). Phase-separated model membranes

Cell plasma membranes contain thousands of distinct lipid
species with spatial heterogeneity in composition and shape.
Natural membrane compositions near a phase coexistence
manifest functional membrane domains that are more and
less structured and resemble liquid-ordered (L,) and
liquid-disordered (L4) phases (1-4). Membrane domains
are critical for cell functions such as protein sorting, cell
signaling, membrane budding, and retrovirus replication
through the regulation of local variations in the membrane
composition (4-8). Caveolae, for example, are cholesterol-
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has been shown to induce a phase separation that was not
observed on planar membranes (14,15). In model mem-
branes, the region of greater curvature (i.e., smaller radius)
concentrates disordered lipids as the L4 phase has a lower
bending rigidity than the L, phase (22). Interestingly,
however, endocytic processes and viral budding in live cells
are typically correlated with L,-preferring lipids, such as
cholesterol and sphingomyelin (23), which may occur if
the area of the ordered phase is significantly smaller than
the disordered phase or if the order-preferring lipids and pro-
teins have a greater spontaneous curvature (24). Typically,
single lipids are too small relative to the membrane curvature
for the curvature to significantly alter their distribution in the
membrane without the collective action of lipid phases
(18,25-27). The physical principles that govern the sorting
of lipids to <100-nm-membrane buds remain a mystery
fundamental to both cellular homeostasis and pathophysi-
ology. This article reports the temperature-dependent
diffusion and sorting on membranes to better understand
the interplay of lipid mobility, phase separation, and
curvature.

Lipid diffusion in the L4 phase is up to 10 faster than
lipids in the L, phase, depending on the membrane
composition, the fluorescent lipids tracked, and the sub-
strate topography (28-33). For example, DPPE-Texas
Red in SLBs composed of DiPhyPC, DPPC, and choles-
terol at molar ratios of 2:2:1 had a diffusion coefficient
(1.8 5 0.5) greater in the Ly phase than in the L,phase
(34). The diffusion in the two phases became indis-
tinguishable when the sample is near or above Tz, Which
can occur with increasing the temperature or cholesterol
content, as is associated with shorter tie lines separating
the phases. For example, SLBs composed of DiPhyPC,
DPPC, and cholesterol at molar ratios of 1:1:2
demonstrated lipid phase separation, as evident by the par-
titioning of DPPE-Texas Red, but no difference in the
DPPE-Texas Red diffusion was observed between the
two phases (34).

Experimental limitations and the underlying topological
manifold result in the motion of particles on curved mem-
branes appearing non-Brownian (35). Restrictions on the
observable lag times and localizations precision result in
the measured diffusion becoming increasingly nonlocal in
the sense that observed particle motion averages patches of
the membrane. Consequently, the lipid mobility becomes
reflective of the average membrane environment with a loss
of nanoscale information. Nonetheless, modern single-parti-
cle localization and computational methods are converging
to reveal spatially varying membrane behaviors at physio-
logical length scales.

The influence of membrane curvature on single-lipid
diffusion has been studied in well-defined geometries.
Diffusion typically slows on cylindrical membranes when
the radii are smaller than 50 nm (36), but the effects of cur-
vature on lipid diffusion are correlated to the fluorophore
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location on the labeled lipid; head-group-labeled lipids
diffuse 3 faster on flat versus curved membranes, whereas
tail-labeled lipids diffuse at the same rate on flat and curved
membranes (37). Recent experimental and computational
capabilities to measure diffusion and sorting at the
nanoscale are beginning to reveal an intertwined network
of contributing factors affecting membrane phenomena,
including the effects of hydrodynamics, geometry, projec-
tion, lipid packing, and measurement time. For example,
membrane curvature affects the thickness, area per lipid,
and the order parameter of the lipid hydrocarbon
chains (38).

In this article, the diffusion and sorting of lipids relative to
nanoscale membrane curvature and phase separation are
quantified with experimental and computational methods.
Single-component membranes displayed negligible changes
to the local membrane composition or dynamics relative to
membrane curvature (Fig. 1, A and B). Membranes of mixed
composition demonstrated sorting of an Ly phase to the
nanoscale curvature regardless of if the planar membrane
was above or below T, (Fig. 1, C—E). These results were
observed experimentally and computationally by fluoro-
phore sorting, single-lipid diffusion, coarse-grained
molecular dynamics, and continuum simulations. Mem-
brane curvature was experimentally generated by creating
phase-separated SLBs over 50-nm-radius nanoparticles on
planar microscopy coverslips (Fig. 2). The concentration
of DPPE-Texas Red on the curved membrane was measured
via diffraction-limited images and analyzed for lipid sorting.
Single-molecule localization microscopy and single-parti-
cle tracking (SPT) were performed to track individual
DPPE-Texas Red molecules and to measure their curvature-
and phase-dependent mobility. The disorder-preferring
fluorescent lipids were more concentrated on the curved
membrane than the surrounding planar bilayer when
embedded in a membrane capable of sustaining lipid phase
separation. This sorting occurred regardless of the phase of
the immediately surrounding bilayer, but sorting was more
pronounced if the membrane bud was immediately sur-
rounded by a L, phase. The single-lipid diffusion was up to
2.2 faster on curved versus planar membranes, with a
dependence on the length of the phase-separating tie-lines.
These experimental results were verified in computational
simulations of phase separation, including continuum and
molecular dynamics simulations with explicit or sponta-
neous phase-curvature coupling, respectively. The sorting
of disorder-preferring lipids to the curvature and the effects
of the curvature propagating onto the surrounding planar
membrane were consistently observed with the curvature
site acting to seed lipid phase separation for larger-scale in-
fluence over the surrounding membrane’s average phase.
Further, the sorting of the lipid phases to curvature sites
occurred even when the sample conditions (i.e., composi-
tion and temperature) were such as to not induce large-scale
phase separationonthe planar membrane. This
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(A and B) Single-component membranes have no apparent redistribution of fluorescent lipids and minimal or fluorophore-dependent curvature

dependence on the single-lipid diffusion. (C—E) Membranes of mixed composition, however, may have temperature-dependent phase separation that couples to
the membrane shape. At temperatures both (C) above and (D) below Thix, an Lq phase may sort to (E) the more curved regions in model membranes. This
manifests as faster single-lipid diffusion correlated with the curved membrane with lipids diffusing faster in L4 than L, phases. To see this figure in color, go

online.

demonstrates how the plasma membrane may appear uni-
form in composition without large-scale phase separation
yet utilize phase separation in the recruitment of mem-
brane-bound molecules to or from endocytic pits.

MATERIALS AND METHODS

This article incorporates a diverse collection of experimental and computa-
tional methods that are detailed in the supporting material. The formation of
giant unilamellar vesicles (GUVs), SLBs, and nanoengineered substrates
are detailed in supporting materials and methods S1 and S2. To maintain
the large-scale phase separation in the SLBs like as observed on the
GUVs, required precise temperature control of the sample and substrate
was required during SLB formation (supporting materials and methods
S3). The diffraction-limited imaging (supporting materials and methods
S4) and single-molecule localizations (supporting materials and methods
S5) occurred with precise sample temperature control (supporting materials
and methods S6). Data analysis included spatial mapping of the lipid phases
(supporting materials and methods S7), membrane curvature (supporting
materials and methods S8), SPT (supporting materials and methods S9),
and diffusion coefficient calculations (supporting materials and methods
S10). Considerations of the effects of the fluorophore (supporting materials
and methods S11) and the substrate (supporting materials and methods S12)
on the lipid dynamics are presented. Computational approaches include the
continuum simulations with explicit phase-curvature coupling (supporting
materials and methods S13) and coarse-grained (CG) molecular dynamics
simulations (supporting materials and methods S14).

RESULTS

Phase separation in planar SLBs

To assess the lipid phases within the membranes, we added
fluorescence tracer lipids to ternary mixtures of DiPhyPC,
DPPC, and cholesterol. Phase-separated GUVs were burst
upon microscopy coverslips to create SLB patches with
distinct lipid phases of similar size as present on the
GUVs, i.e., >5-mm-wide domains. Bright domains on the
membranes indicated the Ly phase, dim domains indicated
the L, phase, and black regions indicated the lack of an
SLB over the coverslip (Fig. 2). Substrate-membrane inter-
actions prevented the diffusion of domains in the SLB and
the coalescence of optically resolvable lipid phases in
SLBs that were created by small vesicle fusion. The fluores-
cence contrast between the L, and L4 phases reflects the
partition coefficient of the fluorescent lipid and the length
of the tie line that separated the two phases. The L, and Ly
phases were more similar in brightness at higher choles-terol
concentrations and at higher temperatures.

The observed T,,x varies between SLB patches similar
to the variation between GUVs in a sample (39). The Tpx
for planar SLBs with a molar ratio of 1:1:2

Biophysical Journal 122, 2203-2215, June 6, 2023 2205



Woodward et al.

rg T e Nanoparticle
Supported ; ‘
Lipid Bilayer : -4
1 2 3 4/ Coverslip 50 nm

Multicolor

DPPE-Texas Red fiducal marker

Bare
coverglass

50-nm radius nanoparticles

1055
(@)
&
<
o
104 S
o
(]
=]
7}
32’
10 =
2
102

FIGURE 2 Phase-separated SLBs were created with nanoscale membrane curvature. (A) The lipids used include 1) DiPhyPC, 2) DPPC, 3) cholesterol, and 4)
DPPE-Texas Red. (B) The lipid phases and single-lipid diffusion were experimentally measured relative to the engineered, nanoparticle-induced mem-brane
curvature. (C—H) 1:1:2-M ratio of DiPhyPC:DPPC:cholesterol and 0.1 mol % DPPE-Texas Red is shown over 50-nm-radius nanoparticles. Multicol-ored,
diffraction-limited fluorescence images include those of (C) DPPE-Texas Red, (D) the 100-nm diameter fluorescent nanoparticles, (E) the multicolored

(legend continued on next page)
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DiPhyPC:DPPC:cholesterol was between 28C and 37C, as
evident by the stable phase separation at 28C and the phase
mixing at 37C (Fig. S1). The Tjix  for planar 2:2:1 SLBs was
greater than 37C, as evident by the consistently sharp phase
boundaries. All samples were equilibrated for >30 min prior
to measuring the phase separation or lipid diffusion. The slow

large-scale mixing of SLBs resulted in some of the largest do-

mains (>10-mm diameter) remaining evident with blurred
phase boundaries after equilibration at a temperature greater
than T y;x, as described previously (34,40).

Ly-preferring lipids sort to curvature

To measure if nanoscale membrane curvature preferentially
recruited lipid phases, we engineered curvature in SLBs by
bursting phase-separated GUVs over 50-nm-radius nanopar-
ticles and glass coverslips (Fig. 2 B). Multicolor imaging
provided tracking of the Lg-preferring tracer lipid density
(Fig. 2 C); the fluorescent, 50-nm-radius, membrane-curva-
ture-generating nanoparticles (Fig. 2 D); and the multicolor
fiducial mark (Fig. 2 E) to ensure chromatic alignment and
confirmation membrane bud locations. This setup provided a
nanoengineered membrane shape while allowing individ-ual
lipids to diffuse freely within the SLB. The connectivity of
the membrane between the planar SLB and the membrane bud
over the nanoparticle was demonstrated both with fluo-
rescence recovery after photobleaching and the presence of
uninterrupted single-lipid trajectories (Fig. S2) (26,41).

Lipid sorting was induced by membrane curvature with
disorder-preferring fluorescent lipids concentrating on the
curvature (Fig. 3). Quasi-single-component POPC and
DiPhyPC membranes served as a control and normalization
for the phase-independent increase in membrane area per
pixel, brightness, and single-molecule sorting to curvature
(Eq. S4). In all quasi-single-component membranes, no
apparent sorting of the fluorescent lipids to the curvature
was observed; the local increase in membrane brightness at
the bud was consistent with an increase in membrane area
projected onto the xy-imaging plane (37).

In mixed-composition membranes, the lipid phase on the
curved membrane (Pc) was compared with the phase of the
flat membrane (Pr) immediately surrounding each nanopar-
ticle-supported membrane bud (Eqs. S3 and S4). P¢ and Pg
were measured for varying membrane compositions and
temperatures. In SLBs with phase separation, lower temper-
atures provide a greater range in Pg values, which is consis-
tent with lower temperatures yielding longer tie lines and a
wider variety in the fluorescent lipid density across the
membrane (Fig. 3 A). The phase on membrane buds was
highly correlated with the phase surrounding the bud

Membrane curvature, phases, and diffusion

(Fig. 3 B), but the phase on the bud was consistently more
disordered than the surrounding phase (Fig. 3 C). The sort-
ing of the L4 phase to the curved membrane is evident by Pc
being greater than Py, i.e., with the disorder-preferring probe
localizing at curved regions. The ratio of Pc/Pf is analogous
to a curvature-dependent partition coefficient and a previ-
ously used quantification of phase sorting (15).

The Pc/Pr ratio versus Pg for different phase-separating
lipid mixtures and temperatures show no clear change in
P/Pr ratio versus temperature. The Pc/Pr ratio was greater
than one for all temperatures and all values of P, which in-
dicates that the curved membrane was consistently more
concentrated in the disorder-preferring fluorescent lipid
than the surrounding flat membrane (Fig. 3 C). Interestingly,
the P/Py ratio was larger when P was lower, which reveals
that the curvature-induced sorting of lipid phases was stron-
gest when the surrounding phase was more ordered. This is
further shown by characterizing the lipid phase sorting for
varying temperatures (Fig. 3 D). At all temperatures, the
buds surrounded by the L, phase showed more curvature-
induced sorting than the buds surrounded by the L4 phase,
and this is most clear at lower temperatures.

Continuum simulations demonstrate curvature-
induced lipid domains

To validate the experimental sorting results, we performed
computational simulations of a curved membrane with a
local phase governed by the continuum Landau theory and
an explicit phase-curvature coupling constant (g) (Eq. S9).
The membrane was modeled to have a topography consis-
tent with the experimental, 50-nm-radius, nanoparticle-sup-
ported SLBs and divided into 3861 distinct cells each with
an area of 9 nm? (Fig. S5). Landau phase constants and
effective temperatures were chosen to provide two phases
with realistic fluctuations in the local composition and phase
boundaries, as described in the supporting material.
Gaussian noise in the phase was added to each cell with
each time step to model thermal fluctuations; a larger stan-
dard deviation (s) in this noise represented higher-tempera-
ture simulations.

At low temperature (s % 0.07, T % 15C), stable domains
formed with fluctuations at the phase boundaries (Fig. 4 A).
At a high temperature (s % 0.08, T % 35C), rapid fluctua-
tions resulted in no large or stable phases present on the
planar membrane (Fig. 4 B). The supporting material in-
cludes videos of these simulations and images of the
average phase across the membrane during the simulation
with varying temperature and phase—curvature coupling
(Video SI1; Fig. S6). The L4 phase was sorted to the

nanoparticle fiducial markers, and (F) therr merged 1image. (C) The phase-separated membrane contamed a micron-scale Ly domain (bright, bottom) and L,
domain (dim, middle) while surrounded by bare coverslip (black, top). (G) Diffraction-limited and (H) super-resolution images of the membrane with en-
gineered curvature revealed the sorting and diffusion of lipids from outlined region of (C). Scale bars represent (C—F) 2 mm or (G-H) 200 nm. To see this

figure in color, go online.
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FIGURE 3 Curvature-induced phase sorting was observed in SLBs by assessing the phase on the curved and the surrounding flat membrane. Each data point
here represents a single membrane bud in a membrane with an average 1:1:2-M ratio of DiPhyPC:DPPC:cholesterol. (A) A greater range of phases on the flat
membrane (Pr) were observed at colder temperatures, consistent with colder temperatures providing longer tie lines; the black data represent the mean and the
standard deviation of observations at each temperature. (B) The phase of the curved membrane (Pc) was more likely to be disordered if the surround-ing flat area
was more disordered; the dotted line represents Pc % Pr to guide the eye. (C) The normalized ratio of curved to flat phases reveals that greater phase sorting is
observed when the surrounding membrane was more ordered, shown as larger P/Pr ratio values when Pr is smaller. Here, the black data represent the mean
and standard error of Pc/Py for all temperatures as binned by P . (D) Grouping the data based on the P¢ <0.9 for L, and Pr >1.1 for Lqreveals that the L4 phase
sorted to the curvature at all temperatures; the black data represent the mean and standard error for each condition. To see this figure in color, go online.

curvature in a s- and g-dependent manner. At low temper-
atures, even weak phase-curvature coupling resulted in
significant sorting of the Ly phase to the membrane bud
(Fig. 4 C). The phase sorting propagated onto the flat mem-
brane surrounding the bud, which resulted in the planar
membrane close to the curvature being more likely to be
disordered than the planar membrane far from the curvature.
The L4 phase was also sorted to the curved membrane even at
elevated temperatures when no large phases were
observed on the planar membrane if g RO.1 (black arrow,
Fig. 4 D).

This approach does not ensure consistent composition of
the membrane during the simulation, i.e., the fraction of the
membrane that is Ly may change versus time. Further, this
method does not reproduce phase fluctuation dynamics.
This approach does allow for convergence of system to
equilibrated membrane phase distribution. Accordingly,
these simulations are used for revealing phase sorting rela-
tive to the curvature and not for diffusion of the lipids.
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Because the phase-curvature coupling is explicitly included
within Eq. S9, the sorting of the Ly is expected. However,
consequences of varying temperature and the propagation
of the phase sorting to the surrounding planar membrane
provided valuable cross-validation of the experimental and
molecular dynamics results that were well represented by
the applied Hamiltonian with only a first-order, linear
phase-curvature coupling.

Molecular dynamics simulations demonstrate
spontaneous phase-curvature coupling

To further validate these results, CG molecular dynamics
simulations were performed with nanoscale membrane
curvature maintained by dummy particles (42). CG simula-
tions provide single-molecule dynamics from a particular
leaflet of the membrane of known shape without perturba-
tions from fluorescent labels. CG simulations included a 5-
nm-radius hemispherical bud connected to a planar
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second-order phase transition was coupled with an effective temperature of (A and C) 15C or (B and D) 35C. (C) When bulk phase separation is stable, the
curvature acts as a nucleation site with the L4 phase concentrating at the curvature and propagating on to the surrounding planar membrane (white arrow). (D)
When a higher temperature prevents bulk phase separation, a phase-curvature coupling may still induce the sorting of a disordered phase to the membrane bud
(black arrow). The boundary of r R 150 nm (dashed arrow) was renormalized every frame to have equal Ly and L, representation (i.e., < phase > r> 150% 0) to
avoid the entire simulation from converging to a single phase. (C and D) The plotted data represents the mean and standard error of the equilibrated

simulations. To see this figure in color, go online.

bilayer with a membrane neck of 5-nm minimum radius of
curvature (Fig. 5; Video S2). The membranes had positive
Gaussian curvature on the hemispherical bud top and nega-
tive curvature on the neck (Fig. S8 A). The simulated lipids
diffused and sorted spontancously relative with to the con-
stant membrane shape according to the Martini force
field (43).

The local concentrations of the individual lipid types
were azimuthally averaged and displayed as 2D histograms
(Fig. 5, C-F) or computed as the on-surface densities to
show the relationship between membrane curvature and
leaflet compositions (Fig. S8 B). Pure POPC bilayers, which
are not capable of inducing a lipid phase separation, demon-
strated no significant molecular-scale changes in lipid
density with curvature (Fig. 5 F). However, for the
commonly used phase-separating mixture of DPPC,
DLIiPC, and cholesterol, the membrane curvature recruited
and concentrated the disorder-preferring DLiPC lipids while
repelling the order-preferring DPPC and cholesterol. In both
leaflets, DLiPC was concentrated on the hemispherical bud
and the neck, consistent with experimental and continuum
simulation results. The degree of phase separation of the in-
dividual leaflets was distinct, with the upper leaflet inducing a
more pronounced sorting (Figs. 5 and S8), with a greater

discussion of leaflet asymmetry being the focus of a future
study.

Single-lipid diffusion demonstrates the phase-
curvature coupling

To test the effects of the phase-curvature coupling on lipid
diffusion, experimental and computational SPT was per-
formed to correlate the single-lipid dynamics with the mem-
brane topography. The single-lipid trajectories were
experimentally observed in SLBs with engineered membrane
buds of 50-nm radius. The lipid phase, curvature, and temper-
ature-dependent diffusion of DPPE-Texas Red was measured
(Fig. 6). Diffusion was studied for SLBs 0f 1:0:0-, 1:1:2-, and
2:2:1-M ratios of DiPhyPC:DPPC:cholesterol. Each single-
lipid step length through the xy plane was binned based on
the radial lateral distance from the center of the membrane
bud (r). Rayleigh distribution fitting of the single-step lengths
in each bin provided a spatially mapped diffusion coefficient
across the topographically varying SLB (37,41,44) (Eq. S5).
This SPT analysis method provides greater spatial resolution
of lipid diffusion than the conventional fluorescence recovery
after photobleaching or mean-squared displacement versus

Biophysical Journal 122, 2203-2215, June 6, 2023 2209
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lag time (Dt) analysis (45). Fluorescence recovery after pho-
tobleaching typically reports the mean diffusion over a
diffraction-limited region of interest, and mean-squared
displacement versus Dt typically averages together the dif-
fusers’ entire >1-mm trajectories (Fig. S7) (45).

The radially dependent diffusion through the xy plane
(Dyy) varied with membrane topography due to both the cur-
vature-dependent lipid mobility and the geometrical effects
of projecting the 3D lipid trajectories into the imaging plane.
Without correction, the Dy, is smaller on the membrane bud
because the lipid diffuses significantly in the Z-direction,
which is not detected. It is critical to remove this geometrical
consideration from the observed Dy, prior to analyzing the
diffusion on the curved versus flat membrane. The contribu-
tion due to projecting the curved membrane on to the xy-im-
aging plane was estimated from Monte Carlo simulations and
subtracted to reveal an effective diffusion rate of the lipids on
the curved (D¢) and flat membrane (Dy), as described in the
supporting material (Egs. S7 and S8). As the temperature
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FIGURE 5 Coarse-grained molecular dynamics
simulations spontaneously demonstrated phase-cur-
vature coupling through lipid sorting and diffusion.
(A and B) Coarse-grained simulations of a mixture
of DLiPC, DPPC, and cholesterol revealed the
coupling of phase separation to membrane curvature.
Normalized 2D histograms show the azimuthally
averaged density of lipid beads for each lipid type
with (C) the Lg-preferring DLiPC concentrating on
the bud with the L,-preferring (D) DPPC and (E)
cholesterol concentrating on the flat membrane. (F)
POPC-only simulations reveal near uniform lipid
densities throughout the simulation. To see this
figure in color, go online.
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increased, D increased, as expected (37,46-48), showing
that hotter membranes display faster diffusion.

To measure the phase- and curvature-dependent lipid diffu-
sion, membrane buds were grouped based on the membrane
composition, temperature, and surrounding phase. The indi-
vidual curvature events were deemed L4 or L, phase if Pg
was greater than 1.1 or less than 0.9, respectively. The curva-
ture-dependent effects on diffusion were calculated through
the projection-corrected ratios of Dc/Dg. All values of the
D¢/Dr ratios for ternary mixtures were greater than or equal
to one; the lipids in phase-separated membranes diffuse faster
if the membrane is curved (Fig. 6 D). The greatest D/Dr ratio

was observed in 20C SLBs with a 2:2:1-M ratio of Di-
PhyPC:DPPC:cholesterol when the buds were surrounded
by L, phase when Dc/Dr % 2.3 5 1. The D/Dr. ratios were
larger at colder temperatures, consistent with the Lg-preferring
lipids sorting to the curvature more when the tie line separating
the phases was longer, as also seen in the continuum
models (Fig. 4).
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certainty levels for each data point are given in Table S1. To see this figure in color, go online.

Interestingly, Dy, decreased as r increased from 125 to
400 nm in ternary mixtures with clear phase separation
(i.e., at lower temperatures and higher cholesterol content)
(Fig. 6 B). The noise in the data made this trend subtle,
but the Dy, values for r % 150-200 nm were consistently
higher than the data points for r % 350400 nm. This trend is
most obvious for the 1:1:2 composition at 18.5C data.

This decreasing Dy, on the flat membrane near the curva-
ture may be due to curvature-seeded Ly phase propagation
onto the planar SLB surrounding the nanoparticle, as was
also seen in both the continuum and CG computational sim-
ulations (Figs. 4C, 5C, and 7B).

The CG simulations were also analyzed with single-lipid
tracking analogously to how the experimental data was
analyzed. CG simulations enable analysis with submicro-
second Dt and with no localization imprecision (s.).
When analyzed with Dt % 100 ns, the POPC lipids displayed
minimal difference in diffusion on the hemispherical bud
versus the planar bilayer (i.e., r < 3 versus r > 13 nm),
which shows that diffusion rates are unchanged by curvature

in the absence of phase separation (Fig. 7 A). The lower Dy,
for the POPC lipids at r % 8 nm is attributed to the effects of
projecting the 3D lipid locations into the xy plane, while
motion along the z axis was not incorporated. However,
upon the incorporation of phase-separated lipid mixtures,
all lipid types experienced faster diffusion on the membrane
bud with Dt % 100 ns, correlated with the curvature-sorted
L4 phase. The curvature-associated Ly phase provided a
lower effective membrane viscosity such that all lipids in
the phase-separated membrane diffused faster on the bud.
Analysis of the CG simulations was also performed with
conditions mimicking those achieved experimentally (Fig. 7
B). These computationally feasible, 5-nm-bud CG simulations
were analyzed with larger s, and Dt values so that similar
spatial and temporal blurring was incorporated into both the
CG and experimental data. To make the 5-nm CG buds mimic
the 50-nm experimental buds, the CG lipid locations were
blurred with s, applied at 10% of the experimental conditions
(2 and 20 nm, respectively). The Dt used for the mimicking CG
analysis was 0.1% of that used experimentally (2 ms and 2 ms,
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mean-squared displacement analysis included Dt % 100 ns and no artificially added localization uncertainty (sr % 0), diffusion was faster on the curved
membrane for all lipid types, consistent with the L4 phase sorting to the curvature. (B) But with analysis conditions that mimic the experimental conditions and
incorporate greater spatial averaging (Dt % 2 ms;sr % 2 nm), then D,, showed lipid-type dependencies. Here, the Lg-partitioning DLiPC and POPC show great
qualitative diffusion similarities to the Lg-partitioning DPPE-TR observed experimentally (Fig. 6). (C) Molecular dynamics results were additionally
subjected to a diffusion analysis with geodesic distance-based algorithms (CurD) to reveal the in-membrane diffusion separate from any pro-jection effects.
Here, the consistent curvature of the membrane bud had uniform diffusion rate without projection effects. Plotted data represents the mean and standard error of

the equilibrated simulations. To see this figure in color, go online.

respectively) to account for the quadratic dependence of the
lag time with the expected step length and the 10faster diffu-
sion observed in CG simulations versus experimental mea-
surements (49). These analysis conditions resulted in
consistent ratios of the localization uncertainty and mean
step length to the curvature radius for both the CG simulations
and experimental conditions. Additionally, the D, results pre-
sented from CG simulations were corrected with Eq. S6, as
done experimentally.

When analyzing the POPC diffusion with longer time
steps (Dt % 2 ms) and incorporating a localization uncer-
tainty (s, % 2 nm) to mimic the spatial blurring observed
experimentally, Dy, versus r for CG POPC closely resem-
bles experimental results for nanoscale buds in quasi-sin-
gle-component SLBs (Figs. 6 A and 7 B) with the changes in
Dy, dominated by geometrical projection effects (Fig. 7 C)
(37,45). With Dt %4 2 msand s, % 2 nm, the diffusion of CG
DLiPC resembles that of the CG POPC and experi-mental
DPPE-Texas Red results, but the DPPC and choles-terol
diffusion shows a significant increase in Dy, on the bud versus
the surrounding planar membrane. This result further
supports the observation of curvature-phase coupling and
motivates the incorporation of an order-preferring fluores-
cent lipid in future experimental studies.

CG simulations provide the full 3D trajectory of each lipid,
which enables resolving leaflet differences and removing the
influence projecting lipids onto an imaging plane via the use
of a geodesic distance-based analysis of the CG simulations
(50). While the nuances of lipid diffusivity in spatially varying
mean and Gaussian curvature are the focus of an upcoming
article, here we present the key results of the geodesic dis-
tance-based analysis, named CurD. To gain insight into the
detailed lipid dynamics, the averaging effect of measurement
time was mitigated by extracting the diffusion coefficients for
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displacements Dt % 1 (Fig. S8 C) and 100 ns (Fig. 7 C). Both
leaflets provided faster diffusion on the bud for phase-sepa-
rated membranes. However, the use of geodesic distances
demonstrated that the experimentally apparent slowing of
lipids at 7 nm from the bud center is indeed due to the 2D pro-
jection of the 3D trajectories rather than a reflection of effec-
tive local membrane viscosity changes. Furthermore, it was
revealed that the observed increase in lipid mobility correlated
with the mean curvature. For a given lipid type, diffusion rates
in the planar membrane region converged to a single value
across both leaflets. Hydrodynamics dictates that the effective
viscosity in a single phase should be the same for all lipid types
(51). Here, the ratio of diffusion for DLiPC and DPPC lipids
was closer to 0.5, which matched the ratio of diffusion coeffi-
cients in Martini simulations of planar phase-separating sys-
tems (52). This finding agrees with the observation that the
lipid phases propagated along the flat membrane and spanned
the simulation box.

DISCUSSION

This study provides a quantitative analysis of the phase-curva-
ture coupling in membranes with shapes that are reminiscent
of nanoscopic endocytic pits and viral buds. The membrane
composition, temperature, and curvature were varied for
experimental and simulated membranes. The phase-curvature
coupling was revealed by the lateral heterogeneity in both the
local density and the diffusion rates of disorder-preferring
lipids by both experimental and computational methods.
The curvature influenced the lipids more under conditions
that provided a longer tie line separating the coexisting phases,
i.e., lower temperature and less cholesterol. This may be ex-
plained by the correlation that the more ordered the surround-
ing phase, the higher its bending modulus. Thus, in mixtures



where the ordered phase has a low concentration of DiPhyPC,
the energetic penalty for placing the ordered phase in the
curved regions is high, leading to a more significant curva-
ture-regulated sorting of the lipid phases.

The effects of curvature were still present in lipid mix-
tures when no phase separation was observed on the planar
membrane, which suggests that the curvature was able to
induce a phase separation and demonstrates the strength of
our techniques to reveal nanoscopic lipid phases. This is
consistent with a curvature-induced phase separation and
that Ty is dependent on the membrane shape. While
pushing the limits of experimental and computational feasi-
bility, these diverse methods provided broad agreement to
provide cross-validation between the four complementary
approaches employed. These results suggest that the dy-
namic curvature and composition of native biological mem-
branes may couple to drive complex membrane processes in
membrane signaling, shape changes, and pathophysiology.

Membrane brightness at curvature sites

The 1:1:2 SLB phase sorting result indicated that the exper-
imental ratio of P/Pr was greater than one for all values of
P (Figs. 3 and S4); the disorder-preferring fluorescent lipid
density was higher on curved membranes. The sorting was
presumably due to the differences in the phase bending
rigidity because the leaflets seemed to maintain phase regis-
tration, and we do not anticipate that the molecular shape
(e.g., the lipid packing parameter) of the fluorescent lipid
was sufficient to induce significant single-molecule,
phase-independent sorting (18,25,53). This 1is further
supported by our observation that quasi-one-component
membranes of POPC were not able to induce a curvature-
dependent sorting of fluorescent lipids experimentally or
alter the POPC density in CG simulations (Fig. 5 F) (37).

Diffusion reveals the coupling of phases and
curvature

The ratio of diffusion on curved versus flat membranes (D¢/
Dr) was larger when phase separation was present (Fig. 6).
Quasi-one component Ly membranes of DiPhyPC displayed
no significant difference between D¢ and Dr, whereas mix-
tures of DiPhyPC, DPPC, and cholesterol displayed faster
diffusion at curved surfaces regardless of if phase separation
was observed on the planar membrane. This result is consis-
tent with sorting studies where P/Pr values were above one
for all Pg (Fig. 3 C) and the CG simulations (Figs. 7 and S8).
We hypothesize that this demonstrates the capability of cur-
vature to induce phase separation that was not present on flat
membranes by effectively increasing the local Tp,x.

We did not observe a difference in the diffusion ratio D¢/
D for membranes of varying surrounding phases, which
was likely due to the intrinsic noise in the determination
of the membrane phase surrounding each membrane bud.

Membrane curvature, phases, and diffusion

These diffusion studies were practically limited in the num-
ber of membrane buds able to be measured, the uncertainty
of the phase at 400-nm away from each bud, and the single-
lipid diffusion rates measured at each radial distance.

Curvature-seeded phase separation propagates
onto the surrounding flat membrane

A subtle but consistent decrease in Dy, was observed on the
flat membrane propagating away from the engineered curva-
ture sites (Fig. 6 B). This demonstrates that the effective
membrane viscosity and the composition of the flat mem-
brane varied with distance from the nanoparticle as if the
curvature seeded a phase separation that propagated onto
the surrounding flat membrane. This phenomenon was
also observed in continuum and CG simulations of phase
separation, with the Ly phase more likely to be present on
the flat membrane that is near the curvature versus far
from the curvature. (Figs. 4 and 5). This seeding effect
may prove to provide a longer-rate attraction of membrane
components to the curvature sites. If the curvature sites
can seed a phase separation and an extended gradient of
the curvature-preferring phase onto the surrounding planar
membrane, then the curvature site may more affectively re-
cruit membrane-bound molecules into the membrane bud
for selective endocytosis and trafficking.

Conclusions

Nanoscale membrane curvature was engineered in phase-
separated SLBs. The sorting and dynamics of lipids were
measured to reveal the curvature-induced phase separation
and the phase-curvature coupling at physiological length
scales. The fluorescence intensity ratio of curvature versus
surrounding planar bilayer from diffraction-limited images
show the Lg-preferring lipids sorted to the engineered curva-
ture. The single-lipid diffusion rates were measured versus
the lateral distance away from the center of curvature to
further support the curvature-induced sorting of disordered
lipids. Unlike quasi-one-component liquid DiPhyPC or
POPC bilayers, SLBs with ternary mixtures of lipids
showed a faster diffusion on the curved versus flat mem-
branes. The effects of curvature on lipid diffusion and sort-
ing were more pronounced under conditions in which the
phase-separating tie lines were longer, including lower tem-
peratures and less cholesterol, and when the local surround-
ing planar membrane was more ordered. These results
indicate that the strong preference of disorder-preferring
lipids to membranes curved at physiological scales.

These results demonstrate that the interplay between lipid
phases and membrane shape may contribute to the cellular
needs for lateral sorting on the membrane. Whereas sin-
gle-molecule sorting to membrane buds may be too weak
for a significant change in the membrane composition due
to the curvature, the collective behavior of the lipids through
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phase separation may induce substantial changes to the
membrane composition and behavior. For example, the sort-
ing of lipid phases relative to membrane curvature would
both induce changes to the local membrane protein compo-
sition and affect further membrane shape changes, such as
by altering the local membrane bending stiffness and leaflet
asymmetry. In symmetric model membranes, the L4 phase is
concentrated on more curved membranes due to the lower
bending stiffness of the L4 phase relative to the L, phase,
but live cell membranes frequently have membrane buds
correlated with L, phases. This difference may come from
the leaflet asymmetry in live cells, which induces a phase-
dependent intrinsic curvature, i.e., the L, phase may have
an energy minimum in a curved geometry, while the Ly
phase may prefer to be planar. The interplay between lipid
phase and membrane shape is potentially of fundamental
importance for essential plasma membrane and organelle
functions. The experimental and computational results pre-
sented here reveal ability and limitations of <100-nm mem-
brane buds to induce and sort lipid phases.
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