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Domain migration is observed on the surface of ternary giant unil-
amellar vesicles held in a temperature gradient in conditions where
they exhibit coexistence of two liquid phases. The migration local-
izes domains to the hot side of the vesicle, regardless of whether
the domain is composed of the more ordered or disordered
phase and regardless of the proximity to chamber boundaries.
The distribution of domains is explored for domains that coarsen
and for those held apart due to long-range repulsions. After
considering several potential mechanisms for the migration,
including the temperature preferences for each lipid, the favored
curvature for each phase, and the thermophoretic flow around the
vesicle, we show that observations are consistent with the general
process of minimizing the system’s line tension energy, because
of the lowering of line interface energy closer to mixing. DNA
strands, attached to the lipid bilayer with cholesterol anchors, act
as an exemplar “cargo,” demonstrating that the directed motion of
domains toward higher temperatures provides a route to relocate
species that preferentially reside in the domains.

vesicles | thermophoresis | DNA | lipid bilayers | lipid phase separation

iant unilamellar vesicles (GUVs) provide a simplified model

for studying various aspects of biological membranes.
GUVs of a saturated lipid, an unsaturated lipid, and a sterol
can form domains of coexisting liquid phases below a criti-
cal transition temperature, 7. Domains diffuse on the surface
of the vesicle with a diffusion coefficient that depends on the
domain size and the membrane viscosity (1). The domain mor-
phology is strongly linked to the temperature and composition of
the membrane (2-4) and also the membrane tension (5). GUVs
have been observed to form a range of shapes (6-9) and domain
morphologies (2, 10), including modulated phases (11). How-
ever, to minimize their edge length, liquid phase domains most
commonly form circular patches and coarsen to reduce the over-
all line energy over the membrane. “Normal” coarsening can
occur by collision and coalescence of domains because of their
diffusive motion (12, 13) or by Ostwald ripening (14). In prac-
tice, membrane curvature adds other degrees of freedom and
provides another route to minimize the free energy via domain
budding (15-17). Domains of the phase with a lower bending
modulus may dimple from the surface of the vesicle. Repulsive
interactions (associated with curvature of the membrane between
domains) keep dimpled domains apart and cause a reduction in
the rate of coalescence (“hindered” coarsening) (13, 18).

The behavior of domains in liquid-ordered (L, )/liquid-disor-
dered (Lq) phase coexistence has been explored in equilibrium
and during coarsening (12). Such studies include the fluctuations
in the domain boundary observed near 7; (19) and the depen-
dence of T; on the membrane composition (4). However, these
studieslook only at a fixed temperature across a domain. Although
osmotic gradients have been explored to induce shape changes in
vesicles (9), temperature gradients have received little attention.

In this work, we observe the behavior of domains in a thermal
gradient to visualize the effect on transport processes. Domains
migrate toward the hot side of a GUV for both normal and
hindered coarsening regimes, regardless of their phase (L4 or
Ly). The lateral transport of domains along a membrane pro-
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vides a route for tailoring the membrane composition by deliv-
ery/removal of the lipids forming these domains. Similarly, species
that preferentially locate within the domains [for example, some
integral membrane proteins prefer to reside in cholesterol-rich
regions (20)] can be moved selectively to heated regions. We
use the transport of DNA constructs with cholesterol anchors,
which preferentially locate in the cholesterol-rich L, phase (21),
to demonstrate this thermal manipulation mechanism.

Results and Discussion

Domain Migration on the Surface of a Vesicle. To explore the
migration of domains on the surface of a vesicle, we used fluo-
rescence microscopy to image GUVs composed of diphytanoyl-
phosphatidylcholine (DiPhyPC)/dipalmitoylphosphatidylcholine
(DPPC)/cholestanol (chol). The inclusion of a fluorescent lipid
(which partitions preferentially into the L4 phase) allows us to
distinguish between bright domains rich in DiPhyPC and dark
domains rich in chol and DPPC. A custom-made imaging cell is
used to produce a temperature gradient across a GUV. The tem-
perature is first increased above the transition temperature, 7,
and held for 5 min to ensure that the lipids are fully mixed. The
temperature is then quenched below 7}, and domain formation
and migration is observed with (or without) a temperature gra-
dient ATy across the vesicle. A small density mismatch between
an inner solution of sucrose and outer solution of glucose is set,
to cause vesicles to sink to the cold plate and facilitate imaging.
Following quenching of the sample from above the transition
temperature, domains form on the surface of a vesicle. If no
temperature gradient is applied, the domains coalesce over time,
to form a phase-separated vesicle with one bright side (Lg) and
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one dark side (Lo). The orientation of the Ly and L, phases with
respect to the vertical direction is random.

When a vertical temperature gradient is applied across the
vesicle, the domains migrate from the cold side around to the
hot cap (Fig. 14). Fig. 1B shows an example of the Lq phase
forming the domains. Crowding of the domains on the hot cap
results in larger domains because of coalescence, which usually
eventually merge to form one large domain on the hot side. The
migration also occurs in some vesicles where the coarsening is
hindered due to curvature-mediated domain repulsion (22, 23).
The cold side is thus in all cases depleted of domains. Fig. 1C
demonstrates quantitatively the increase in the area fraction of
white domains (Aw/A,) on the hot cap, and depletion on the cold
cap, due to domain migration. The number of domains on the
cold cap decreases due to the migration; there is also a decrease
on the hot cap, due to coalescence forming fewer larger domains.
The domain migration aligns the Ly and L, phases in the fully
separated vesicle with the temperature gradient (i.e., with the
z direction). Note that if T, > Ti, domains “disappear” as they
enter the one phase region [ 7; ~ 38°C for DiPhyPC/DPPC/chol
in the ratio 27.5:27.5:45 mol% (4)]. In contrast, Ay /A, remains
constant for a vesicle with A T'= 0, as domains coalesce at a sim-
ilar rate on each cap and do not migrate.

The crowding of domains is easier to observe in vesicles with
hindered domains (Fig. 24), as the coalescence rate is signifi-
cantly reduced (13, 22, 23). Fig. 2 B and C shows the closer pack-
ing of domains on the hot cap, whereas domains on the cold side
are more spread out and are relatively fewer in number. The
migration is enhanced when a larger temperature difference is
applied across the vesicle, which results in an increase in the area
fraction of the Ly phase (which forms the circular domains in this
case) on the hot side and a decrease on the cold side at larger AT
(Fig. 2D). The hindered coarsening also shows that the migration
is not linked to differences in coalescence or coalescence rates on
the hot cap compared with the cold cap.

The crowding of domains in the hindered case is reversible
(Fig. 3). Reducing the temperature gradient (or removing it alto-
gether) allows the domains that were previously crowded onto
the hot side to migrate back to the cold side (Fig. 3, ¢ = 20 min).
Reapplying the temperature gradient returns domains to a more
clustered arrangement on the hot side of the vesicle (Fig. 3, ¢t =
40 min). However, at large AT, the barrier to coalescence is
exceeded (Fig. 3, ¢t = 50 min).

Migration of Species Carried Within Domains. In this section, we
explore the potential for relocating a species associated with the
domains of a ternary GUV. DNA constructs with two cholesterol
anchors are one such species and preferentially associate with
the cholesterol-rich L, phase domains of a vesicle (21) (Fig. 1
D and E). The cholesterol anchors partition into the membrane
(Fig. 1F), and the attached DNA is mobile across the surface of
the vesicle (along with its anchor). The degree of partitioning of
the DNA constructs depends on the cholesterol content of each
phase and is therefore linked to both the vesicle composition and
the temperature.

By combining the migration of domains in a temperature gra-
dient with the association of DNA constructs with those domains,
we show that the DNA constructs can be redistributed on the
surface of the vesicle. If the circular domains are formed from
the cholesterol-rich L, phase, then the DNA constructs asso-
ciate with the domains and migrate toward the hot cap of the
GUV (Fig. 4 Left). However, if the composition of the vesicle is
such that the circular domains are formed from the cholesterol-
poor L4 phase, then the majority of DNA constructs are left
behind on the cold side of the vesicle as the Ly domains migrate
to the hot cap (Fig. 4 Right). Hence, by tailoring the composi-
tion of the vesicle, the species associated with the L, phase can
be directed toward high or low temperatures along a thermal
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Fig. 1. Lipid domains migrate to the hot cap of a GUV in a tempera-
ture gradient and can carry associated cholesterol-anchored DNA constructs.
(A) Schematic side view of the process of domain migration and coalescence.
Coalescence increases the size of domains crowded on the hot cap to form one
large domain, aligned with the temperature gradient. (B) Migration affects
domains over all of the GUV; shown here are the hot and cold caps of the
same GUV at three time points. AT,=2.1 K across the vesicle. The domain
number, nq, and mean separation of nearest neighbors (center to center), X4,
are shown for each cap. (C) Mean ny (o) normalized by initial domain num-
ber, ng9, and area fraction of white Ly domains to vesicle area, ¢ ((J), normal-
ized by the initial fraction ¢ with respect to time for the cold caps (open,
blue) and hot caps (closed, red). Data are in excess of 50 vesicles. Error bars
are SEs on the mean. For comparison (A; closed for the hot side and open
for the cold side), the area fractions of Ly domains for a vesicle with AT =0.
(D and E) Images show 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanol-
amine, triethylammonium salt (TX-DHPE) partitioning into the L4 phase (the
circular domains, in this case) (D) and DNA-rich L, regions (E). (F) Schematic of
DNA construct anchored to the bilayer. Constructs are assembled from three
single-stranded sequences (indicated by red, green, and blue). (Scale bars:
10 um.)

gradient. DNA constructs have the added potential for modifi-
cation and/or attachment.

Domain Migration Mechanisms. In this section, we discuss poten-
tial mechanisms for the migration. The first possible mechanism
relies on the preference of one lipid species for the hot side over
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Fig. 2. Domain spacing can be controlled on a GUV with hindered
coarsening. Here, membrane-mediated long-range repulsions greatly
reduce the coalescence rate. Migration increases the number of domains,
ng, on the hot cap relative to the cold and increases the mean separa-
tion of nearest neighbor domains (center to center), X4, on the cold cap.
(A) Domains on the hot and cold caps of the same GUV with time. (Scale
bars: 10 um.) AT, = 1.4 K. (B) Mean number of domains on the cold side, n.,
normalized by the number on the hot side, ny,, with time (closed). (C) Mean
domain spacing on the cold side, d., normalized by the spacing on the hot
side, dj, (H). Data are in excess of 10 vesicles. Also shown is an example vesi-
cle with AT =0 (0). Error bars are SEs on the mean. (D) Mean area fraction
of white domains (ll at hot; J at cold), relative to total vesicle area, 10 min
after initialization of the temperature gradient.

the other lipid, then that lipid would migrate toward higher tem-
peratures. We have already noted that domains formed from
the Ly phase (i.e., predominantly DiPhyPC) migrate toward the
hot cap (e.g., Fig. 1). To determine whether there is a prefer-
ence of DiPhyPC for the hot side, we observed domain migra-
tion on a vesicle where the domains were instead composed of
the L, phase (i.e., predominantly DPPC). Fig. 5 shows that the
L, domains also migrate to the hot side, indicating that there
is no thermal preference for one lipid over the other. Domains
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Fig. 3. Domain migration on a GUV with hindered domains is reversible.

For larger AT,, domains are depleted from the cold cap. Once AT, is
decreased, domains move back onto the cold cap (t = 20 min). The cold
plate was held at 285 K and AT, decreased then increased. Reapplying the
temperature gradient returned domains to a crowded state on the hot cap
(t = 40 min). For AT = 3.8 K, the barrier to coalescence was exceeded (t =
50 min). (Scale bars: 10 um.) The number of domains, nq, and the mean sep-
aration of nearest neighbor domains (center to center), x4, are indicated for
each cap of the same GUV.

always migrate toward the higher temperature, independent of
their composition.

The second potential migration mechanism is the preference
of one of the phases for regions of higher/lower curvature. The
mismatch in the density of the sugar solutions inside and outside
of the vesicle causes the vesicle to rest on the lower (cold) plate
(see Materials and Methods). The solid surface causes deforma-
tion, resulting in a curvature difference between the hot and cold
sides of the vesicle (as illustrated in the Fig. 14 schematic). Previ-
ously, Lq domains have shown a preference for regions of higher
curvature (24). For GUVs resting on the lower cold plate, Lq
domain migration was toward the hotter side, which had a higher
curvature because it was not compressed flat by the substrate. To
ensure that the migration was to regions of higher temperature
and not higher curvature, the density mismatch of the sugar solu-
tion inside and outside the vesicle was reversed: GUVs now rise
to the hot plate and are compressed on their hot side. Domain
migration remained in the direction of the higher temperature,
and hence migration was independent of the vesicle curvature,
or other terms of affinity for the imaging chamber window.

The third potential mechanism is the difference in the line ten-
sion across a domain because of the temperature gradient across
the vesicle. Migration toward hotter temperatures provides a
route to minimize the line interface energy of the domains. The
line tension, A, of DiPhyPC/DPPC/chol vesicles decreases lin-
early over a range of at least 10°C, with increasing tempera-
ture close to Tt (19), and hence A\ across the domain does not
depend on the absolute temperature. There is, however, an effec-
tive force due to translating the domain interface toward higher
temperature (closer to mixing) because this lowers the line inter-
face energy, E. The magnitude of the force due to translating a
domain of radius r along the thermal gradient in the z direction
is

oF 2rroA
=9 oz 11

This force is resisted by the drag force, F', and results in a drift
velocity

F

; [2]
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Domains and DNA constructs are colocalized and transported in the temperature gradient. Images show hot and cold caps of the same GUV

(Left, DiPhyPC/DPPC/chol 23:47:30 mol%; Right, DiPhyPC/DPPC/chol 1:1:1 mol%). DNA constructs partition preferentially into the L, phase. (Left) L, circular
domains migrate toward higher temperatures, depleting the cold cap and leaving it rich in the Ly phase. DNA constructs are transported with the L, domains
to enrich the hot cap of the GUV. (Right) DNA cargo is left behind on the cold cap as Ly domains migrate to the hot cap (Scale bars: 10 um.) AT, = 2.3 K

(Left) and 2.6 K (Right).

where ( is the drag coefficient, in general related to the diffusion
coefficient of a domain, D, by

ks T
(=—"p [3]
where kg is the Boltzmann constant and T is the absolute
temperature.

The form of the drag coefficient is dependent on the domain
size (1, 25). For small domains (r <7" /ny), the drag coefficient
has the Saffman-Delbruck form and is also dependent on the

membrane viscosity:

1

47
[in(Z3) = v +3]
where 7'’ is the 2D membrane viscosity [~ 1078 Nsm™" (1)], 1w
is the 3D bulk viscosity (of water, ~ 10~2 Pa s), and y=0.5772 is
Euler’s constant. For larger domains (r > 0"’ /nw, ~7 > 10 um in

this case), the drag coefficient is independent of the membrane
viscosity,

¢(r) = [4]

¢(r) = 16mwr. [5]

In our case, we consider only domains with < 10 pm, and there-
fore use Eq. 4 for our calculations.

Let us estimate the drift velocity of a domain of 5 um diam-
eter. The temperature gradient is 97 /9z=0.1 K um™"'. The
change in line tension with temperature is d\/dT = 0.1 pN K™,
Thus, considering the domain perimeter, following the argument
above, the force is 0.15 pN. The drag coefficient of domains on
the cold side of a 30 pm diameter GUV (T =299 K, ATy ~3 K)
can thus be estimated ( ~9 x 1078 N s m~! for domains with
a radius of 2.5 um using Eq. 4. Therefore, the correspond-
ing drift velocity (from Eq. 2) is 1.5 um s~'. This number
can be compared with the experimentally observed drift, keep-
ing in mind that this estimate is only expected to hold as an
order of magnitude because of (i) the uncertainty on the pre-
cise value of membrane viscosity (and its change across the
vesicle) and (i) the fact that we do not observe domain dis-
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placements purely along the temperature gradient axis. Track-
ing approximately 20 domains of mean radius 7 ~ 2.5 um on the
surface of a 30 um GUV provides a measure of the domain
drift velocity of v~0.4um s~! for AT, ~ 3 K. This estimate
is of the same order as what we estimated from the line ten-
sion argument and suggests that this is indeed the mechanism
for the migration of domains toward the hot cap of a vesi-
cle. A further corroboration comes from comparing measure-
ments of the mean squared displacement (msd) of domains
with/without an applied temperature gradient. When no ther-
mal gradient is applied, domains follow diffusive motion (Fig. 6).

na=11
Xd =13 pm

na=9

ng=4
Xd =24 um

Nni=6
Xd=20 um

Ng=6
Xd=19 um

Fig. 5. Domain migration to the hot cap is independent of lipid species.
Circular domains of the L, phase also migrate toward the hot cap, indi-
cating that there is no preference of one lipid over the other for the hot
side. Domains in a GUV with hindered coarsening are shown on the hot and
cold caps; time is measured from the quench below T; (AT, = 1.4 K). (Scale
bars: 10 um.) The number of domains, ny, increases on the hot cap, and the
mean center-to-center distance of nearest neighbor domains, x4, decreases
relative to the cold cap.
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However, on applying a thermal gradient, domains begin to move
with a drift velocity (dependent on the domain radius and tem-
perature) toward the hot side of the GUV. This drift velocity
is predicted well by the line tension mechanism using Eqs. 1-4
(Fig. 6B).

The membrane viscosity has a strong temperature depen-
dence, decreasing at higher temperatures (1), which would in
turn progressively lower the drag coefficient (and thus increase
the msd) of domains migrating to the hot side. This could con-
tribute to a higher-than-linear dependence of the msd on time,
as the domain moves to hot, but does not seem to us sufficient
to explain the driven migration, and neither the magnitude of
the observed msd: for a domain radius = 1.25 pum, with a tem-
perature on the cold cap of 288 K and on the hot cap of 291 K,
membrane viscosity ~ 2 x 107 Nsm™* at 291 K, then based on
diffusion the msd (80 s) ~ 7 um?. This msd (80 s) is lower than
the observed msd in the thermal gradient (~15 um?), which we
attribute to thermal drift.

It is worth noting that the variation in line tension with tem-
perature is dependent on the chain length of the saturated lipid.
In addition, the chain length of the saturated lipid influences
the membrane viscosity. For small domain sizes (r < 71" /nw), the
drag coefficient is dependent on the membrane viscosity, and as
such the chain length of the lipid will also influence the drift
velocity in this manner.

An additional mechanism to consider is that the temperature-
dependent interactions between the GUV and the surrounding
solvent could generate a thermophoretic flow field around the
vesicle (26). For a thermophobic vesicle, the flow across the sur-
face of the vesicle is toward the hot cap. We explore whether the
magnitude of this flow is significant enough to drag domains on
the surface of the vesicle toward the hot side. Note that a ther-
mal Marangoni flow in the membrane would be directed toward
colder regions, where the surface tension would be higher, and as

msd / pm?

Fig. 6. Domains drift in a thermal gradient toward the hot cap, and fol-
low diffusive motion for AT = 0. (A) Domain tracks for a typical GUV (tem-
perature cold side, T, =288K) with AT =0 (diffusive motion only) and
AT = 15K (combined diffusive and directed motion) over a 40-s period,
superposed to initial positions of domains (segmented, in white) on the
cold side of a GUV (diameter ~30 um). The blue circle indicates the GUV
perimeter, and red lines show domain boundaries. (Scale bars: 10 pm.)
(B) msd for AT =0 (blue data, solid fits) and AT = 15 K (black data, dashed
fits) at 7.=288 K (o) and T, =299 K (A). Curves show msd assuming diffu-
sive motion with the Saffman-Delbruck form of the drag coefficient (blue);
thermal drift driven by the variation in line tension across a domain (red);
and a thermophoretic mechanism (green). B, Inset shows the linearity of
drift velocity, v, against temperature difference across a domain, ATy (mean
domain radius 1.25 um and mean GUV radius 14 um).

850 | www.pnas.org/cgi/doi/10.1073/pnas.1613525114

such it is not a viable mechanism for domain migration to the hot
cap. For large particles, the thermophoretic force can be approx-
imated as in ref. 26, by

Fr=—-5tTkgVT, [6]

where St is the Soret coefficient. In response to the ther-
mophoretic force, an equal opposite reaction in the surrounding
solvent generates a flow around the surface of the vesicle. Bal-
ancing Fr against Stokes’ drag allows an estimate of the velocity
in the z-direction to be calculated, from

v, = _STTIcBVT7 (7]

6T Nw a

where a is the radius of the vesicle.

A proportionality relationship has been established between
the radius of a particle, a, and the magnitude of the Soret coef-
ficient, St, for polystyrene beads (27). On the basis of this rela-
tionship, a polystyrene bead with a =15 um, has Sr~90 K~ *.
We have found the Soret coefficients of 1 um vesicles to be an
order of magnitude less than polystyrene particles of the same
size and therefore use an upper estimate of the Soret coefficient
for vesicles (a = 15 um) of 9 K~ *. For a temperature gradient of
0.1 Kum™", an upper estimate of the velocity on the cold side of
the vesicle (T =299 K) is v, ~ 0.01 um s~ !, which corresponds
to a thermophoretic force of Fr ~ 4 x 10~% pN. This velocity
is much smaller than the observed drift velocity of the domains
(Fig. 6B). Furthermore, the drift velocity varies linearly with the
temperature difference across a domain.

Last, an observation: The noninterface (bulk) parts of the vesi-
cle membrane coexist at different temperatures. To get a sense
of what this implies requires thinking of a specific model for the
bulk free energy, e.g., a regular solution theory for a binary mix-
ture. If one thinks of a “regular solution” binary mixture and
assumes the enthalpic term to be athermal, then it can be shown
that the bulk free energies are temperature dependent. How-
ever, for each “parcel” of membrane of one phase that migrates
from hot to cold, there is one of the other phase that goes the
other way. Each of these parcels equilibrates concentrations (fol-
lowing temperature equilibration) with its new surroundings. So,
for a perfectly symmetric free energy functional, like the one
of a regular binary mixture, the changes in bulk free energy of
the two parcels will exactly cancel out in the swap, and the net
bulk free energy change would be zero. If the bulk free energy
functional were substantially asymmetric, then one specific phase
would prefer the hot, and the other the cold. However, this is
not compatible with the experimental observation that the small
domains are systematically driven toward the hot, regardless of
their phase.

Conclusion

When a temperature gradient is applied across a GUV, domains
migrate across the surface of the vesicle toward higher temper-
atures. Migration occurs independent of whether the domains
are formed predominantly from the liquid-ordered or -disordered
phase. For vesicles that experience normal coarsening, the
domains migrate toward the side of the vesicle at a higher temper-
ature because of the mismatch in line tension across a domain. By
moving toward hotter temperatures, the domains minimize their
line interface energy. The domains also coalesce, resulting in a
phase-separated vesicle with a single liquid-ordered domain and
a single liquid-disordered domain aligned with the direction of
the temperature gradient. For hindered coarsening regimes, the
domain coalescence rate is slowed. In this case, the domain spac-
ing may be reversibly altered by applying or removing the temper-
ature gradient. Domains on the cold side are further apart than
on the hot side when the thermal gradient is applied.

By including a species that preferentially associates with the
domains of a ternary GUV, that species can be selectively

Talbot et al.
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moved and even localized on the surface of a vesicle. DNA con-
structs with cholesterol anchors preferentially locate within the
cholesterol-rich L, phase. Domain migration relocates the DNA
constructs to the cold side of the vesicle if domains are the L4
phase. If the Lq and L, phases are switched, then the DNA con-
structs (which are now associated with the L, domains) instead
locate to the hot side of the vesicle. DNA constructs provide
an easy route for modification or attachment of other species,
which could then be distributed over the vesicle. The same prin-
ciple could be applied to proteins that have a composition prefer-
ence. Similarly, local heating of a supported bilayer with mobile
domains could enable directed motion of species associated with
the domains.

Materials and Methods

Ternary GUVs. Vesicles were prepared via electroformation (28, 29) from
DPPC (chain melting temperature 41°C), DiPhyPC (chain melting tem-
perature <—120°C), and cholestanol (chol). Lipids were purchased from
Avanti Polar Lipids in chloroform and used in the molar ratio 27.5:27.5:45
(DPPC:DiPhyPC:chol). Chol (Sigma-Aldrich) was used in place of cholesterol
to reduce photooxidation. A fluorescent lipid labeled with Texas Red dye,
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium
salt (TX-DHPE), was purchased from Invitrogen and included at 0.8 mol%.
The fluorescent lipid partitions preferentially into the L4 phase. GUVs were
prepared to include an inner solution of 197 mM sucrose (Sigma-Aldrich)
and an outer solution of 200 mM glucose (Sigma-Aldrich) to ensure that the
vesicles rested on the bottom surface.

DNA Constructs. Cholesterol anchors on DNA constructs provide a hydro-
phobic modification sufficient to allow spontaneous insertion into the
bilayer. Such constructs show a compositional preference when associating
with the phase domains of a vesicle. The constructs are self-assembled from
the following single-stranded DNA sequences: 5'-CGTGCGCTGGCGTCTGAAA-
GTCGATTGCGAAAA-3'-cholesterol-TEG (Integrated DNA Technologies),
Cholesteryl-TEG-5'-TTTTCGCAATCGACTTT-3’ (Eurogentec), and 5'-CAGACGC-
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ATTO488 dye enables fluorescence microscopy of the DNA constructs. GUVs
containing 300 mM sucrose were prepared via electroformation (to ensure
vesicles were denser than the surrounding solution) and were functionalized
by mixing 2 uL of the GUV sample with 90 ulL iso-osmolar TE buffer solu-
tion containing 87 mM glucose, 100 mM NaCl, and DNA constructs. The final
concentration of DNA constructs was 0.15 M. DNA-coated vesicles were left
under rotation at room temperature overnight to enable DNA binding. The
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vial for use in the experiments. Further details on the DNA preparation and
vesicle coating can be found in ref. 30.

Imaging. A custom-made imaging cell was prepared consisting of a 200 um
thick silicone spacer (possessing a hole to contain the vesicle suspension),
sandwiched between two sapphire windows. The windows were placed on
a cooled metal plate connected to a water bath and held on top by a heated
metal plate. A central hole was cut into the plates to enable imaging of
the vesicles. Thermocouples were used to measure the temperature of the
plates. The temperature of the hot plate, Ty, was held fixed by using a
custom-built temperature controller with a feedback loop. The applied lin-
ear temperature gradient (AT) was vertical, with a hotter upper surface, to
avoid convection. For imaging DNA-coated vesicles, bovine serum albumin
(Sigma-Aldrich; rehydrated in water to form a 1% solution) was used to pas-
sivate glass cover slips, which were “stuck” to the sapphire windows with
a little water so that the DNA/vesicle suspension was not directly in contact
with the sapphire.

Fluorescence imaging of the vesicles was carried out by using a Nikon
Eclipse Ti-E inverted microscope equipped with a 40 x objective lens (Nikon;
S Plan Fluor, ELWD 2.8-3.6 mm, NA 0.6) and a camera (Point Gray Research;
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