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ABSTRACT:

This review describes the major experimental challenges researchers meet when attempting to
couple phase separation between membranes and condensates. Although it is well known that
phase separation in a 2D membrane should affect molecules capable of forming a 3D
condensate (and vice versa), few researchers have quantified the effects to date. The scarcity
of these measurements is not due to lack of intense interest or effort in the field. Rather, it
reflects significant experimental challenges in manipulating coupled membranes and
condensates to yield quantitative values. These challenges transcend many molecular details,
which means they impact a wide range of systems. This review highlights recent exciting
successes in the field, and it lays out a comprehensive list of tools that address potential pitfalls
for researchers who are considering coupling membranes with condensates.



INTRODUCTION:

Organelles in cells are either bounded by a 2-dimensional (2D) membrane or are
membraneless, 3-dimensional (3D) condensates. Membranes and condensates can both
organize through liquid-liquid phase separation (LLPS), which can be crucial for cell viability. For
example, during periods of nutrient stress, lipid membranes of yeast vacuoles phase separate
into 2D domains (1-3) corresponding to liquid-ordered and liquid-disordered (Lo and Ld) phases
in model membranes (2). These membrane transitions are reversible, and the domains can
merge quickly, like liquids (4, 5). Likewise, stress granules, which are condensates enriched in
RNA-binding proteins and mRNA, arise when cells experience stressors, including heat and pH
(6, 7). Condensates can also merge quickly, like liquids rather than solids (8).

In some cases, membranes and condensates interact. Wetting of membranes by molecules
found in condensates been implicated in crucial biological functions such as signal transduction
pathways in T cells (9), tight junctions in endothelial cells (10), endocytic vesicles formation (11),
and other processes (12—16). The biological importance of these phenomena has prompted
researchers to investigate thermodynamically coupled systems of phase-separating membranes
and phase-separating solutions.

Liquid-liquid phase separation has been widely reviewed for both 2D membranes (17-21) and
3D condensates (22-28). Given the rich literature about the conditions needed to achieve phase
separation in both systems, it may seem surprising that few measurements quantifying effects
of their coupling have been reported to date. This paucity is not due to researchers’ lack of
interest. Rather, it reflects significant experimental challenges that researchers have faced.

Our goal in this review is to help new researchers in the field quickly surmount challenges in
coupling membranes to condensates. We will briefly introduce relevant terminology and
theoretical concepts, then highlight recent groundbreaking measurements. We will then
describe experimental challenges that researchers have faced and conclude with a list of
techniques and molecular tools to mitigate the challenges.

SECTION I: Terminology and theoretical concepts of liquids on surfaces

Dewetting, partial wetting, and complete wetting reflect the strength of interactions between
molecules in liquid droplets and surfaces (Fig. 1A). As an example, dewetting occurs when
water beads on a hydrophobic surface. At the other extreme, wetting occurs when water
completely covers a hydrophilic surface. Partial wetting is characterized by a contact angle
between 0° (wetting) and 180° (dewetting); the “critical wetting point” occurs at the first nonzero
contact angle (29). In the absence of a macroscopic droplet, interactions may be sufficient to
create a molecularly thin film 2D surface phase of the same molecules found in liquid droplets, a
phenomenon called “prewetting” (30—34). These concepts apply equally well when the droplet is
a phase-separated fluid condensate and the surface is a membrane (Fig. 1B-C) (35, 36).
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Figure 1: Schematic of dewetting, partial wetting, and complete wetting. (A) Liquid
drops on solid surfaces. Liquid condensates (B) inside or (C) outside vesicle membranes,
both (D) with and without tethers between lipid headgroups and molecules in the
condensate.

SECTION II: Recent progress in experiment, theory, and simulation

To date, investigators have found two observables that can be used to provide insight into
coupling between liquid phases of membranes and condensates: (1) changes in morphology
and (2) shifts in phase boundaries, whether in concentration or miscibility transition temperature,
Tmix-

Membranes bend easily

When vesicle membranes are in contact with phase-separated 3D fluids, they adopt a range of
shapes (Fig. 1B—C and reviewed elsewhere (37—40)). When the membrane is also phase-
separated, coupled phase separation can occur. Coupling can be facilitated by incorporating
molecular tethers (discussed in detail in Tool 4) that link condensates to membranes (Fig. 1D).
For example, when a phase-separating solution of polyethylene glycol (PEG) and dextran is
encapsulated in a vesicle containing a small fraction of PEG-lipids (35), membrane domains
enriched in PEG-lipids coat the solution phase enriched in PEG molecules. Subsequent fission
of the vesicles results in two populations: one of which is enriched in PEG-lipids and
encapsulates PEG molecules (35).



Membranes shift protein threshold concentrations

Condensates are dense clusters of biomolecules with reversible, multivalent interactions.
Protein solutions demix into condensed and dilute phases when the protein concentration
surpasses a threshold, sometimes called the “saturation concentration” (Fig. 2). When at least
one protein in a condensate binds to a membrane, the concentration of condensate locally
increases, so that condensate proteins prewet the membrane at lower concentrations than
required for bulk condensates (Fig. 2) (41-43). For example, when Whi3 proteins, which are
involved in RNA transcript regulation at the endoplasmic reticulum, are tethered to membranes,
they form surface condensates at concentrations orders of magnitude lower than in solution
(16). Similarly, the protein FtsZ, which is involved in cell division in E. coli, forms small
condensates with the DNA-binding protein SImA at a lipid interface (44). FtZ:SImA surface
condensates coalesce on shorter timescales, characteristic of liquid phases (44). Future work
will undoubtedly demonstrate this concept with other proteins, where the importance of each
system will lie in its cellular role.
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Figure 2: Surface condensates form at lower protein concentrations than bulk
condensates. Top: At low concentrations, soluble proteins are in a uniform, dilute phase.
As the protein concentration linearly increases above a bulk condensate threshold, a
droplet of condensed protein phase coexists with the dilute protein solution. Bottom: If the
protein binds to a membrane, whether via a tether or not, a molecularly-thin, 2D
condensate consistent can prewet the surface at a lower concentration than the bulk
threshold. The surface condensate alters the local distribution of tethers, but not their
number. The bulk condensate threshold is unchanged by the presence of the membrane.

If condensate proteins are tethered to only one of the membrane phases, domain formation can
further concentrate the proteins (45). Wang et al. found that low concentrations of pLAT proteins
condensed on phase-separated membranes, whereas they do not form condensates on mixed
membranes (45). Similarly, charged lipids that are highly enriched in one membrane phase can
enable surface phases (46, 47). One example is the Noc condensate (a bacterial nucleoid
occlusion protein complex), which is enhanced by high surface densities of negatively charged
lipids (48).



Protein condensates shift membrane Tix

Above a characteristic temperature, Tmix, membranes are uniform, whereas below T,
membrane lipids demix into coexisting liquid ordered (Lo) and liquid disordered (Ld) phases
(Fig. 3). Given that Tnix increases when membrane components are crosslinked or accumulate
in one phase (49-53), and that lipid packing can increase in membranes wet by condensates
(54), Tmix should increase when 3D condensates couple to one membrane phase.

44

uniform membrane
(1 phase)

membrane

teth
(2 phases) — ers

" {
domain

Without Protein
4 4 Membrane T

condensate

protein

With Protein
PPPPPPPPPI

High Temperature

Low Temperature

Figure 3: Protein condensates can shift the mixing temperature, Tmix, of lipid
membranes to higher values. Top Row: At low temperatures, two liquid phases coexist
in the membrane: the liquid ordered phase (Lo) and the liquid disordered phase (Ld). At
high temperatures, the lipids mix in a single liquid phase. Bottom Row: Interactions
between a protein condensate and lipids in only one membrane phase (either the Lo or the
Ld phase) are predicted to increase the membrane’s Tmix, independent of molecular details

(33).

Indeed, Lee et al. found that more membranes phase separated when proteins were coupled to
the membrane’s Ld phase (55). Chung et al. achieved a breakthrough by quantifying a shift in
Tmix (56). They found that coupling a condensate of the proteins LAT, Grb2 and SOS with model
membranes increased Tmix (by 6°C for their specific membrane and solution conditions) (56).
Wang et al. also quantified Tmixfor a similar model system (45).

Tether density is a key parameter

In model membranes, increasing the coupling between condensates and membranes generally
increases-phase separation (57, 58). In simulations and theory (33, 34), coupling or tethering a
dilute solution of phase-separable molecules to a membrane expands the prewetting regime.
Rouches et al. found the prewetting regime increases further when the membrane is near a
miscibility critical point (33). Integral membrane proteins may act as obstacles, further
modulating condensate-molecule interactions and reducing effective tether densities (59).

One way to tune the coupling strength is to vary densities of molecules that tether the
membrane to the condensate. Unfortunately, limited ranges of tether densities for
measurements of Tnixare experimentally accessible. Above a certain membrane surface
density, condensate molecules experience lateral steric pressure. This density is a function of



the molecules’ molar mass (60, 61). Large molecules like PEG5000-DOPE can experience
steric pressure at membrane concentrations of only 1-2 mol% (61).

In cells, interfering with molecular linkers between condensates and membranes can disrupt
downstream signaling pathways. For example, decoupling LAT protein from membrane domains
by mutating the transmembrane domain of LAT prevents LAT condensate formation and curtails
downstream signaling events in T cells (45). Mutating LAT’s transmembrane domain changes
the partitioning of the condensate within the membrane, effectively lowering the local tether
density. However, the specific molecular mechanisms by which de-coupling condensates from
membranes domains interferes with signaling is not yet known.

SECTION llI: Experimental challenges of characterizing phase-separation of membranes
in contact with protein solutions

Four challenges that researchers encounter when attempting to measure Tmix of membranes in
contact with protein and/or RNA solutions include: [1] aggregation of free-floating vesicles, [2]
membrane tubulation, [3] difficulties in exchanging aqueous solutions, and [4] slow collective
motion of lipids in membranes on solid surfaces.

Liquid-liquid phase separation in membranes is commonly imaged in 210 uym single-walled
vesicles, in membranes on solid or polymer substrates, or in membranes spanning holes in
supports (Fig. 4). These systems are called “giant unilamellar vesicles” (GUVs) (62), “supported
lipid membranes” (SLBs) (63, 64), and “black lipid membranes” (BLMs) (65, 66), respectively.
While experiments may be possible in all these systems, each has advantages and
disadvantages.
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Figure 4: Schematics of four membrane configurations: (A) a giant unilamellar
vesicle (GUV), (B) a supported lipid membrane (SLB) on a solid support, (C) a
supported lipid membrane on a polymer support, and (D) a black lipid membrane
(BLM) spanning solid supports coated with oil (orange wedges). In all panels,
hydrophobic regions of the bilayer are light tan and lipid headgroups are dark
brown.”

For example, one feature of taut giant vesicles is that micron-sized domains can be imaged by
standard fluorescence microscopy. Moreover, when phase-separable solutions are enclosed
within vesicles, condensates are easily formed through changes in osmotic pressure (67) or pH
(68). Challenges of free-floating vesicles include aggregation and shape changes, especially
under conditions optimized for proteins.



Challenge 1: Aggregation of free-floating vesicles

Mixing vesicle solutions with condensate solutions can cause aggregation. Even simple salt-
containing buffers can cause aggregation of lipid vesicles as shown in Fig. 5. Furthermore,
when protein condensates bind to free-floating vesicles, condensates can bridge the gap
between adjacent vesicles to create aggregates. Aggregation presents three disadvantages.
First, imaging membrane domains on aggregated vesicles is difficult, especially when domains
are small. The best method for imaging aggregated vesicles is confocal microscopy; however,
these microscopes typically lack temperature control systems required to measure Tmix. Second,
proteins’ access to some membranes in the aggregate is hindered, leading to large variation in
protein concentration across membrane surfaces. Third, when membranes adhere, ordered
domains localize to the interfaces, and can appear at temperatures above Tmix of unadhered
membranes (69, 70).

Figure 5: Lipid vesicles can aggregate in buffer. Here, vesicles are composed of 98 mol%
di(18:1)PC and 2 mol% 18:1 DGS-NTA(Ni) (Avanti Polar Lipids) were produced by a standard
electroformation technique (71) and then introduced to an osmotically-matched buffer of 25 mM
HEPES and 150 mM NaCl. The image was collected by H.M.J.W. with a Nikon Eclipse MEG0OOL
upright epifluorescence microscope and a Hamamatsu C13440 camera.

Aggregation of vesicles is frequently mitigated by adding charged lipids or surfactants (72).
However, at high salt concentrations the Debye length is shorter, reducing electrostatic
repulsion between charged lipids. Adding a hydrophilic polymer such as PEG to lipid
headgroups confers some steric repulsion, albeit at molecular length scales(73). If experiments
can be completed quickly, it may be sufficient for vesicles to aggregate slowly, as when they are
dilute in solution. Tactics to avoid membrane aggregation include immobilizing vesicles or
directly assembling membranes on supports; advantages and caveats of which are discussed in
Section IV.



Challenge 2: Membrane bending and tubulation

Tubules are common in membranes (Fig. 6), especially in vesicles with excess area (more
membrane than necessary to enclose their volume) (74, 75), in supported membranes with area
changes (76, 77), and in membranes that bind proteins (57, 78, 79). Tubules can also form in
vesicles during gentle hydration (80) and electroformation (71, 80). In experiments that couple
membranes to condensates, tubules complicate quantitative measurements. First, membrane
phase separation is difficult to identify when domains nucleate in thin, undulating tubules.
Second, tubulation can cause nonuniform lipid compositions (81). Third, confounding variables
arise. For example, Ld phases appear in highly curved membranes of vesicles (82) and
supported bilayers (83). Similarly, some proteins (e.g., the I-BAR protein IRSp53 (84))
preferentially partition onto tubules. Therefore, if condensate proteins interact with tubules of
only one membrane phase, it is unclear if the interaction arises from the membrane’s lipid
composition or its shape.
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Figure 6: Membrane tubules can form at vesicle surfaces, complicating
quantitative measurements of coupling between protein condensates and
membranes. Fluorescence micrograph of thin, white, Ld-phase tubules protruding from a
broad area at the top of the vesicle. The vesicle contains 31:31:35 mol% di(18:1)PC:
di(16:0)PC:cholesterol with 2.2 mol% 18:0-PEG5000 PE (Avanti Polar Lipids) and 0.8%
Texas Red PE (Thermo Fisher Scientific), in a hypertonic solution of sucrose at 33°C.
The image was collected by H.M.J.W. on instrumentation described elsewhere (85).
Contrast was enhanced to make dim tubules visible.

Membrane tubulation can be mitigated by membrane tension, typically applied through osmotic
pressure gradients. However, tension can shift the membrane’s miscibility temperature (86—89).
Unfortunately, membrane tubulation can be increased by factors as benign as making
membranes with different types of molecules (e.g., noncylindrical lipids (78, 90), charged lipids
(91), or block copolymers (92)), applying gradients in temperature (93) or pH (94), introducing a
plastic microbead (95), or establishing asymmetry in aqueous salt or sugar concentrations (96,
97). When vesicles encapsulate immiscible solutions, inward tubules can coat the interface
between the two solutions, whether the solutions have few components (e.g., dextran and PEG
(98)) or many (e.g., tonoplasts of A. thaliana) (38).

Tubulation is also driven by membrane asymmetry (74) in lipids (e.g., GM1 (99), DHA (100),
cholesterol, or DOPC (76)), fatty acids (101), DNA origami (102, 103), peptides (104, 105), or
proteins (78, 79, 106). Polypeptides with attractive domains, like FUSLC, generate inward
tubules in vesicles, whereas repulsive protein domains generate outward tubules (107). Some
proteins interact directly with membranes (e.g., N-BAR domains (79, 106)). Others may be
tethered to the membrane and interact via steric crowding; smaller proteins produce membrane



tubes more frequently (78). Some tethered condensate proteins (the RGG domain of LAF-1, the
low-complexity domain of FUS, and the low complexity domain of hnRNPA2) form molecularly
thin, liquid domains on membranes and cause tubulation (57). Higher densities of tethers cause
more tubules (57, 78). Testing prewetting theories (33) by varying tether densities becomes
challenging when broad ranges of tether densities become inaccessible due to tubulation.

Challenge 3: Difficulties in exchanging solutions

Condensate proteins are typically added to phase-separated membranes by solution exchange.
However, fluid flow can push free-floating giant (>10 um) vesicles out of the field of view, even
when they have sunk in lower density solutions. To address this problem, membranes can be
tethered to surfaces, discussed further in Tool 3. Vesicles can also be deposited in flow cells,
captured in microfluidic wells, or trapped behind partitions (53, 75, 108, 109). One caveat is that
trapped vesicles often touch a solid surface, which can cause phase-separated domains to
reorganize, even when the surface is passivated with BSA proteins or when the membrane’s
temperature is above its miscibility transition (69, 110, 111). An alternative trapping method
places neutrally buoyant vesicles in a dead-end microfluidic channel while a solution flows past
the channel’s entrance (112).

Challenge 4: Slow collective motion of lipids in membranes on solid surfaces

Depositing lipid membranes on surfaces solves many challenges, especially if the surface fits
inside a low-volume flow cell. However, hydrodynamic theory suggests that if the aqueous layer
between the membrane and surface is too thin, then lipid domains cannot form (or grow by
colliding and coalescing (113)) on experimental timescales (114). As a result, the domains are
typically noncircular and can be too small to resolve by fluorescence microscopy (115, 116).
Although circular, micron-scale liquid domains sometimes form in membranes deposited directly
on clean glass, they are immobile, and their thermal history may be important (116, 117).

SECTION IV. TOOLS AND METHODS
Tool 1: Black Lipid Membranes

Black lipid membranes (BLMs, Fig. 4D), which span holes in supports, have several advantages
for coupling condensates to membranes. Because both sides of the membrane are in contact
with thick water layers, round, micron-scale liquid domains form on experimental timescales.
BLMs are compatible with fluid exchange. When proteins are introduced to both sides of the
membrane, transmembrane coupling of proteins is possible (41). Even when proteins are
introduced to only one side, membrane tension prevents tubulation (41).

BLMs that span large (micron-scale) distances are typically formed by one of four methods:

1) An oil droplet containing lipids is “painted” over a hole in a plastic sheet or microfluidic
device(118, 119). A lipid bilayer forms as oil drains to the hole’s perimeter, where oil
bridges the molecular thickness of the membrane and the macroscopic thickness of the
plastic.



2) A Transmission Electron Microscopy (TEM) grid with an array of holes is coated with an
oil layer containing lipids by moving the grid from an oily solution into an aqueous solution
(66). Bilayers form as oil drains to the perimeters of the holes. A challenge is that the
volume of oil must be optimized for each lipid composition (66).

3) In the Montal-Mueller technique (65), lipid monolayers at air-water interfaces are passed
over a hole in a hydrophobic, plastic sheet pre-coated with long-chain oils. The oil at the
perimeter of the bilayer and any oil molecules that persist within the bilayer do not alter its
miscibility transition temperature or the areas of the two phases (120). An advantage of
Montal-Mueller membranes is that each monolayer leaflet can contain a different ratio of
lipids: these asymmetric bilayers have opened new avenues for probing transbilayer
coupling of liquid phases (120). Disadvantages are that the method is challenging and that
volumes are large (~1 mL), so temperature changes slowly.

4) In modified Montal-Mueller techniques, lipid monolayers at two oil-water interfaces
assemble into a bilayer. These bilayers are called various names (including contacting
monolayers (121) and droplet interface bilayers (122)), and they may contain nm-scale
decane inclusions (123). In one technique (124), phase-separating membranes can span
very large areas (~1 mm?, Fig. 7).

residual “5Ld
oil o
5§

Figure 7: Coexisting Lo and Ld phases can be imaged in black lipid membranes. (A)
Custom chamber of laser-cut acrylic by Dave Richmond and Dan Fletcher (125). Vertical
black lipid membranes form across the gap between the rectangular and circular wells. (B)
Fluorescence micrograph of a membrane spanning ~1 mm (the image width). The
membrane contains the lipids di(18:1)PC, di(16:0)PC, and cholesterol, and was imaged by
Dave Richmond and S.L.K. (C) Schematic of Panel B, identifying Lo/Ld membrane phases.
In the micrograph, excess oil has not entirely drained to the hole’s perimeter.

Tool 2: Stacked and cushioned membranes

Membranes can be offset from solid supports by stacking membranes or assembling them on
polymer cushions. Controls may be needed to account for higher transition temperatures in
SLBs (126), especially on inhomogeneous surfaces (127), with respect to vesicles.

1) Stacked membranes

Membranes can be stacked by bursting a GUV on a membrane supported on a solid substrate.
The upper membrane may be separated from the lower membrane by a uniformly thin layer of
water or by a thick water pocket (115); both present advantages and disadvantages. If the upper
membrane lies flat, binding of proteins can cause it to roll and delaminate; similar changes in
spontaneous curvature cause tubulation(128). Affixing the upper membrane to the lower
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membrane (e.g., via DNA binding) leads to other problems: the upper membrane can
disintegrate within hours unless it contains high ratios of saturated lipids(129, 130). If there is a
water pocket, domains in the upper membrane may diffuse or may be immobilized by
membrane deformations, which are enhanced by protein binding(131).

An alternative method of generating membrane stacks is to spin-coat lipids on a substrate such
as mica(63) and erode the resulting multilayer with a jet of water(132). In regions where only
two stacked membranes remain, domains in the upper membrane have some attributes of GUV
domains: liquid domains deform due to fluid flow, become round in tens of seconds, grow to be
tens of microns by Ostwald ripening, and occasionally coalesce(132). Stacks of phase-
separating membranes are also made by hydrating dry lipids on a silicon substrate(133).

2) Membranes cushioned by polymer headgroups and/or substrates

Lipopolymers (lipids with polymer head groups) can offset membranes in which they reside from
solid substrates. Because polymer lengths can be varied, the distance and interaction between
the membrane and support can be tuned. Membranes separated from glass supports by
PEGylated fatty acids can grow to be micron-scale but are thereafter stationary and/or
noncircular on experimental timescales(134). Other headgroup modifications include poly(2-
oxazoline) polymers(135) and oligopeptides(136).

Another strategy is to coat supports with polymers before depositing membranes. For example,
polydimethylsiloxane (PDMS) is easily patterned with microstructures to test the impact of
curvature on domain formation(83, 137). The PDMS surface must be hydrophilic; otherwise,
cholesterol can leach into it from the membrane(138). Membrane domains on PDMS or other
stiff cushions (e.g., cellulose) can be stationary on experimental timescales(139).

When the two strategies are combined (membranes contain lipopolymer headgroups and rest
on PDMS surfaces), micron-scale, circular, liquid domains form in membranes cooled very
slowly through Tmix, at ~0.04 °C/min(140). A challenge is that these domains are also stationary
on experimental timescales(140).

Tool 3: Membrane-substrate tethers

To mitigate aggregation of free-floating vesicles and their displacement by fluid flow, vesicles
can be attached to substrates via molecular tethers. A typical approach is to coat the substrate
with a functionalized polymer such as PEG-biotin, followed by the addition of an avidin, which
binds biotinylated lipids anchored in the membrane(141-143). Optimizing the tether
concentration is important: giant vesicles with high tether densities deform such that large areas
are in contact with the substrate, leading to domain reorganization(110). This adhesion can be
reduced by incorporating a co-polymer like PEG-silane or PLL-g-PEG at the interface(144, 145).

Alternative tethers use DNA-lipids(146), which are well suited for ~100 nm vesicles. However,
as with other tethers, high concentrations of DNA-lipids cause giant vesicles to rupture, forming
patches on glass and SLB supports(130). However, when too few tethers are deployed, lipid
anchors pull out of giant vesicles when flow is introduced. Another alternative is to use
electroformed vesicles that are still tethered to their conductive substrates by tubules that
withstand slow exchange of solutions(147). However, these vesicles often touch, and
quantification of the total membrane area is difficult.
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Tool 4: Tethers to couple condensates to membranes

To couple phase separation in condensates and membranes, the two systems must be in
contact. One option is to link condensates to membranes via tethers (Fig. 1D), which include
histidine-binding lipids, phosphoinositide lipids, polymer-based linkers, lipid-DNA linkers, and
biotinylated lipids.

In the literature, “tethers” include molecules that bind membranes to substrates (see Tool 3).
Some molecules can be used for both purposes, although membrane-substrate tethers are
often designed to bind irreversibly under experimental conditions, whereas membrane-
condensate interactions should be reversible. One clever approach is to tether only one protein
of a multi-component condensate to the membrane and then introduce remaining proteins in
solution(55, 56). Tethers enable strong controls that distinguish effects of localizing a protein on
a membrane and adding more proteins to form a condensate(55, 56) or that distinguish effects
of attaching condensate molecules to immobile versus mobile tethers(16). In turn, new controls
are warranted. For example, Cans et al.(67) attribute increases in membrane Trix to the addition
of PEG-lipid tethers and to encapsulation of a solution of PEG and dextran in vesicles. Similarly,
membrane Tmix can shift when tethers bind multiple lipids (as streptavidin with biotinylated lipids,
or choleratoxin with GM1-lipids)(49). Most tethers strongly partition into either the Lo or Ld
membrane phase, which likely also shifts Trix.

Histidine-binding lipids

Polyhistidine tags (His-tags) are sequences of 2-6 histidines attached to proteins, commonly
used to purify them via affinity chromatography(148). The tags can also link proteins to
membranes via phospholipids with nickel- or copper-chelating headgroups (e.g., NTA(Ni) or
IDA(Cu)). Metal-chelating tethers have two advantages. First, binding of his-tagged proteins to
lipids is reversible upon addition of EDTA at low concentrations(149). Second, the tethers can
preferentially partition to the Lo or Ld phase of membranes, depending on the length and
saturation of their lipid tails(85).

A disadvantage of metal-chelating lipid tethers is their high melting temperatures. For instance,
lipids with IDA (iminodiacetic acid) headgroups and 16:0 carbon chains melt at 55°C (73°C in
the presence of Cu?*). As a result, binary membranes of this lipid and a low melting lipid (e.g.,
POPC) demix into gel and liquid phases at room temperature(78, 149). Also, metal-chelating
tethers are incompatible with thiol compounds, which disrupt links between His-tagged proteins
and NTA(Ni) lipids(150). This impedes super-resolution imaging techniques, which frequently
use thiols to enable fluorophore photoswitching. Similarly, if aqueous solutions require oxygen
scavenging systems with glucose, it is important to run controls that measure how glucose
affects phase separation of condensates(150).

Phosphoinositides

Negatively charged phosphoinositide (PI) lipids are found in membranes of eukaryotic cells,
including the endoplasmic reticulum, endosomes, and plasma membranes. Although PI-lipids
are low abundance, they are important because of the specificity with which several proteins
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bind to them(151), making Pls a convenient tether to protein condensates. One such protein, N-
WASP, has been used to anchor actin networks to membranes containing a fluorescently
labeled PIP2-lipid (di(16:0)-TMR-PIP-) that preferentially partitioned to the Ld phase (53).
Challenges of Pl-lipids are that they may cluster if buffers contain divalent cations(152, 153),
they are difficult to incorporate in model membranes at concentrations above a few mole
percent(152), and they can leach from membranes to form micelles in solution(154).

PEG-lipids

Pegylated lipids (PEG-lipids) can directly couple membranes to phase-separating solutions of
PEG and dextran(35, 67, 155) or can behave as a tether when modified with functional groups
like biotin. At low concentrations of PEG-lipids, their partitioning between membrane phases is
influenced by the lipid tails, the length of the polymer, and the hydrophobicity of the functional
group™. At higher concentrations set by the PEG-lipids' molar mass, steric interactions can drive
PEG-lipids from domains(61). At membrane concentrations of PEG(2000)-lipid above ~10
mol%, vesicles break up into membrane discs(157).

DNA-lipids

Liquid-liquid phase separation has been implicated in organization(158, 159) and repair of
DNA(160, 161). DNA strands attached to lipid headgroups can interact with biocondensates by
binding to complement strands, interacting with DNA-binding proteins, or folding into aptamers
that bind other molecules. For short strands, hybridization can be reversed by increasing
temperature. DNA strands are typically anchored to the membrane by one or more sterols. By
modifying the number of sterols, replacing cholesterol with tocopherol, or replacing model
membranes with giant plasma membrane vesicles, the partitioning of DNA-lipids can be tuned
between the Lo and Ld phases(162—-164).

Biotinylated lipids

Biotin and avidin proteins bind with high affinity (Kq~10""°M)(165). Biotin conjugated to the
headgroup of phospholipids is frequently used to facilitate protein-membrane interactions. A
caveat is that vesicles that contain biotinylated lipids can be crosslinked by avidin (which
contains four binding sites for biotin) and form multi-vesicle aggregates. Vesicles can be
redispersed by adding soluble biotin, which has a higher affinity than biotinylated lipids for
avidin(166, 167). Some researchers incorporate a third molecule that reversibly interacts with a
membrane or condensate, such as a biotinylated DNA oligonucleotide(16).

If proximity between a lipid and its biotin label is a concern, polyethylene glycol can be inserted
as a spacer, as in biotin-PEG-lipids. A caveat is that the spacer length (and the mole fraction of
biotin-PEG-lipid in the membrane) affects the partitioning of biotin-PEG-lipids between
membrane phases(168).
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Tool 5: Compatible proteins

Tools 1-4 focused on membrane components. Which corresponding protein systems should
researchers choose? The PhaSepBD database contains thousands of entries(169), but will any
protein system that undergoes phase separation suffice?

The phase behavior and molecular interactions of condensates are reviewed elsewhere(22, 39,
170). In brief, condensate molecules that are primarily polar and charged are described by
Flory-Huggins theory for enthalpically driven phase separation. Above an upper critical
temperature or upon addition of salt, entropic forces overcome chain-chain interactions and the
system ceases to phase separate. In contrast, condensate molecules that are primarily
hydrophobic, such as elastin-like polypeptides, have lower critical temperatures above which
interactions between the peptides and solvent are disfavored, and the system phase
separates(170).

The ideal choice of proteins depends on the experimental design. For example, if salt will be
added to affect protein phase separation, the proteins should be charged and potential effects of
salt on membrane phase separation should also be considered(46, 47). Similarly, if temperature
will be varied to affect membrane phase separation, the potential effects of protein interactions
and denaturation should be considered (Fig. 8). Molecules that may tolerate higher
temperatures include engineered peptides(171) or a polymeric systems(172). An alternative
tactic is to choose membranes that demix at lower temperatures(45).

Figure 8. Condensates can destabilize as temperature increases. Representative
fluorescence micrographs of solutions of 25 yM MBP-(SHzs)s.-His, 37.5 yM (PRM)s, 25 mM
HEPES, and 150 mM NaCl after mixing 2 hr at room temperature. At low temperatures,
the condensates form spherical droplets with sharp edges, characteristic of liquid-liquid
phase separation (20°C and 40°C). At higher temperatures, the edges of the condensates
blur, their shapes become nonspherical, and bright puncta appear throughout the solution
(54°C and 70°C). This behavior cannot be explained by shape fluctuations near a critical
point and may reflect protein denaturation. The proteins were produced and purified by
Michael Cotten and Michael Rosen; solutions were mixed and imaged by H.M.J.W.

Several researchers have leveraged protein systems known to cluster on membranes. For
example, condensates of the linker for the activation of T cells (LAT) and its binding partners
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(Grb2 and Sos1) have been employed to shift membrane miscibility temperatures(45, 56).
Another protein system in use is Nephrin and its cytoplasmic binding partners (Nck and N-
WASP)(42, 171).

CONCLUSION

In conclusion, quantitative experiments that couple lipid membranes and protein condensates
require clever design choices. Here, we have reviewed several challenges that arise in the
experiments, as well as several tools that mitigate the challenges. Using these tools,
researchers have made recent, exciting successes in observing thermodynamic changes in
coupled systems, including shifts in membrane transition temperatures and the formation of
surface condensates. We expect to see additional advances in the future, especially in research
that combines theory and modelling to support quantitative experiments that characterize
surface phases under prewetting conditions.

ABBREVIATIONS

2D = 2-dimensional

3D = 3-dimensional

BLM = black lipid membrane

GUV = giant unilamellar vesicle

IDA = iminodiacetic acid

NTA = nitrilotriacetic acid

LLPS = liquid-liquid phase separation

PDMS = polydimethylsiloxane

PEG = polyethylene glycol

PI = phosphatidylinositol

PIP, = phosphatidylinositol 4,5-bisphosphate
PIP3 = phosphatidylinositol 3,4,5-trisphosphate
SLB = supported lipid bilayer

Tmix = miscibility transition temperature

TEM = transmission electron microscopy
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