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ABSTRACT: Protein cargos anchored on the lipid membrane can
be segregated by fluidic domain phase separation. Lipid
membranes at certain compositions may separate into lipid
domains to segregate cargos, and protein cargos themselves may
be involved in protein condensate domain formation with
multivalent binding proteins to segregate cargos. Recent studies
suggest that these two driving forces of phase separation closely
interact on the lipid membranes to promote codomain formation.
In this report, we studied the effect of cargo density on the
outcome of the cargo phase separation on giant unilamellar
vesicles. Proteins and lipids are connected only by the anchored
cargos, so it was originally hypothesized that higher cargo density
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would increase the degree of interaction between the lipid and protein domains, promoting more phase separation. However,
fluorescence image analysis on different cargo densities showed that the cooperative domain formation and steric pressure are at a
tug of war opposing each other. Cooperative domain formation is dominant under lower anchor density conditions, and above a
threshold density, steric pressure was dominant opposing the domain formation. The result suggests that the cargo density is a key
parameter affecting the outcome of cargo organization on the lipid membranes by phase separation.

Bl INTRODUCTION

Lipid membranes define the boundaries of cellular organelles.
The organelles, including the nucleus, endoplasmic reticulum,
mitochondria, lysosome, and plasma membranes, work as
specialized spatial platforms to perform biochemical reactions
in precisely coordinated timing. Membrane protein cargo
sorting is a process where the spatiotemporal regulation of
molecular organization is important. The process is necessary
for successful vesicular trafficking between organelles, involving
the spontaneous organization of cargo molecules, but its
mechanism remains poorly understood. Thus, understanding
the molecular mechanism of cargo protein organization on the
lipid membranes is very important.

We used the reconstitution approach with synthetic
systems.'~' Reconstitution approach is advantageous in the
sense that researchers can test physical models in a well-
defined environment that can inspire them to design and
synthesize biomimetic systems for therapeutic purposes.'*~"°
In this study, we used bottom-up reconstitution with giant
unilamellar vesicle (GUV) system, a lipid bilayer vesicle with a
typical diameter of 1—100 pgm. GUV has a relatively well-
defined lipid composition and can be readily observed by
optical microscopy. We purified proteins to anchor one of
them as cargo on the lipid membranes to study the
organizational outcomes under different conditions. Lipids
and proteins were fluorescently tagged to observe and quantify
the outcome with fluorescence microscopy. We anchored
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fluorescent cargo proteins on synthetic vesicles at different
surface densities and introduced a set of proteins capable of
forming protein condensate or domains at high enough
concentrations. The vesicles were ternary mixtures that
domain-separate at low enough temperatures; thus, both
proteins and lipids had their driving forces of domain
separations. This report aims to specifically study the
interaction between lipid and protein phase-separated domains
on the lipid membranes at different protein cargo densities.
Lipid bilayer at different compositions shows various phase
behaviors, such as gel-fluidic phase and miscibility transi-
tions.'”"* Fluidic domain separation is of particular importance
when it comes to understanding the membrane organization of
the plasma membrane."””® Ternary mixture model lipid
bilayers with unsaturated acyl chain lipids, saturated acyl
chain lipids, and cholesterol can form distinct fluidic binary
domains, namely, liquid ordered (lo) and liquid disordered
(1d) domains.'®*" Giant plasma membrane vesicles directly
detached from the living cell plasma membranes were reported
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Figure 1. Homogeneous to phase-separated transition experiment with polySUMO—SIM proteins. (A) Schematic of the lipid—protein interaction
of a 5% Ni-DGS GUV, transitioning from homogeneous to phase-separated after introducing SUMO3-GFP and polyfSUMO—SIM proteins. The
lipid composition for homogeneous 5% Ni-DGS GUVs was DOPC 40%, DPPC 19.8%, cholesterol 35%, Ni-DGS 5%, and TR-DHPE 0.2%, and
incubation conditions of the proteins were 1 M SUMO3-GFP and 1 uM SUMO10 and SIM10 each. (B) Statistical distribution of the resulting
phase behavior of GUVs. The ratio of phase-separated GUV increased after introducing 1 uM SUMO3-GFP and 1 M polySUMO—SIM proteins.
(C, D) Example images of GFP cargo fluorescence (green) overlapped with Texas Red lipid fluorescence (red), maintaining homogeneous
behavior after introducing SUMO3-GFP protein. (E, F) Example images showing phase-separated behavior after introducing polySUMO—SIM

proteins. Scale bars are S um.

to exhibit a similar domain separation behavior.”*~** However,
in living cells, such domain separation exists at a much smaller
scale and is more dynamic”~** with some notable exception
cases.”””” The physiological lipid domains are often referred to
as lipid rafts’"?” that are involved in various cellular
activities.”>™*° As different molecules will have different
partitioning behaviors in the raft domains,”” ™’ lipid rafts can
play the functional role as a molecular sorting platform. More
recently, another biological domain formation that has become
an important topic is liquid—liquid phase separation (LLPS) of
proteins. Proteins with multivalent binding capability or
intrinsically disordered domains at high enough concentrations
can form colloid-like droplets in solutions.**™* The droplets
can segregate cargo proteins inside,""** and it is becoming
evident that many membrane-less organelles are maintained by
forming such protein domains.**~** When such protein
domain formation occurs on the lipid membrane by one of
the protein components being a membrane protein, mem-
brane-specific protein domain formation occurs. Example
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systems include T-cell receptor, synaptic density,
nephrin,54 and tight junction.55 What requires more inves-
tigation is the outcome of coexisting driving forces of lipid-
driven and protein-driven domain formations on the
membrane. Previous studies have shown that these two driving
forces tend to work cooperatively to form coupled codomain
when the lipid bilayer and membrane protein can exhibit
domain separation behavior.”*® In most cases, proteins can
interact with lipid membranes only through membrane-
anchored proteins, so it is interesting to study the outcome
of the interaction between the two driving forces of lipid and
protein domain formations at different anchor densities. We
report a quantitative case study on the topic of anchored
protein density-dependent outcome of the interaction between
lipid and protein domains on lipid membranes, specifically
using three-component protein systems that form fluidic
protein domains with one of the three components anchored
to the lipid membrane that we call cargo proteins.
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Figure 2. Phase-separated to homogeneous transition experiment with polySUMO—SIM proteins. (a) Schematic of the lipid—protein interaction of
a 5% Ni-DGS GUV, transitioning from phase-separated to homogeneous after introducing SUMO3-GFP and polySUMO—SIM proteins. The lipid
composition of the phase-separated 5% Ni-DGS GUVs was DOPC 30%, DPPC 39.8%, cholesterol 25%, Ni-DGS 5%, and TR-DHPE 0.2%, and
incubation conditions of the proteins were 1 uM SUMO3-GFP and 1 uM SUMO10 and SIM10 each. (B) Statistical distribution of pre-existing
lipid domains transitioning into the homogeneous state. The ratio of homogeneous GUV increased after introducing 1 yuM of SUMO3-GFP and 1
UM of polySUMO—SIM proteins. (C, D) Example images of GFP cargo fluorescence (green) overlapped with Texas Red lipid fluorescence (red),
maintaining phase-separated behavior after introducing SUMO3-GFP protein. (E, F) Example images showing homogeneous behavior after

introducing polySUMO—SIM proteins. Scale bars are 5 ym.

B RESULTS AND DISCUSSION

Membrane-Anchored Cargo Proteins Mediate Coop-
erative Cargo Domain Formation. We used the ternary
lipid mixture GUV and poly small ubiquitin-like modifier
(SUMO)—-SUMO interacting motif (SIM), polySUMO—SIM
proteins as our model system. Ternary lipid mixture
membranes with saturated acyl chain lipids, unsaturated acyl
chain lipids, and cholesterol form fluidic lo and 1d domains
under certain conditions."**"*”** polySUMO—SIM protein
system is an artificially constructed system by the Rosen group
that forms LLPS protein droplets.*”>” The system preferen-
tially recruits SUMOylated cargos inside the protein droplet
domains. We originally hypothesized that ternary lipid mixture
membranes and multicomponent protein systems with LLPS
behavior, when interacting on the lipid membrane, will always
enhance the probability of creating codomain (domains
formed as a collaborative interaction between lipid and protein
domains), and higher anchoring density of proteins on the
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membrane will further promote the codomain formation. This
hypothesis was inspired by the fact that lipids and proteins
mostly interact through the anchored proteins, and having
more anchored proteins will increase the amount of
interaction.” To test the hypothesis, we designed a serial
lipid—protein interaction experiment, as shown in Figure 1A.
Ternary mixture lipid GUVs with fluorescent lipid reporters
were prepared. The lipid composition was 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) 40%, 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) 19.8%, cholesterol 35%,
1,2-dioleoyl-sn-glycero-3-[ (N-(S-amino-1-carboxypentyl) imi-
nodiacetic acid)succinyl] (Ni-DGS) 5%, and Texas Red-1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TR-
DHPE) 0.2%. After initial characterization by fluorescence
imaging, SUMO3-green fluorescence protein (SUMO3-GFP),
a membrane cargo protein to be lipid-anchored via
coordination bonding between His-tag and Ni-DGS lipids
(5% by mol composition), was introduced. Enough incubation
time allowed cargo proteins to fully anchor to the lipid
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Figure 3. Statistical distribution for protein density sweeping experiments at various lipid composition GUVs. (A—C) Statistical distribution of the
states for initially homogeneous GUVs with 2.5% (A), 5% (B), and 10% (C) Ni-DGS concentrations, respectively. Ni-DGS replaced DOPC to
match the acyl chain property. In 2.5 and 5% Ni-DGS concentrations, an increase in phase-separated GUVs was observed after introducing
polySUMO—SIM proteins. Vesicles remained homogeneous in all conditions in 10% Ni-DGS concentration. (D—F) Statistical distribution for
initially phase-separated GUVs with 2.5% (D), 5% (E), and 10% (F) Ni-DGS concentrations. Ni-DGS replaced DOPC to match the acyl chain
property. In 2.5 and 5% concentrations, a small increase in homogeneous GUVs was observed after introducing SUMO3-GFP and polySUMO—
SIM proteins. In 10% Ni-DGS concentration, a substantial increase was observed after introducing SUMO3-GFP and polySUMO—SIM proteins.

membranes at 1 uM concentration. After imaging the protein-
bound vesicles, two additional polySUMO—SIM proteins,
SUMOI10 and SIM10, 1 uM each, were added, triggering
multivalent interactions between proteins. Fluorescence images
were statistically analyzed to count the ratio of vesicles with
clearly visible domains on the membranes.

As shown in Figure 1B, ternary lipid vesicles at mostly
homogeneous or uniform states maintained their state after
binding the SUMO3-GFP cargo proteins at 100% by
population distribution of vesicles. When a full set of
polySUMO—SIM proteins were introduced, the state distri-
bution was shifted toward the phase separation or domain
formation, decreasing the population of the homogeneous
vesicles to 20%. Figure 1C—F shows example fluorescence
images of SUMO3-GFP distribution at different states. It
suggests that the polySUMO—SIM protein caused membrane
protein cargos to be segregated into domains. It further
validates the previous experimental observations in other
protein systems that lipid membranes with phase separation
properties and proteins with phase separation properties tend
to cooperatively form coupled domains.”*® GUVs with no
functional lipids do not interact with the proteins (Supporting
Materials Figure S1), which suggests that the interaction is
mediated by the anchored cargo SUMO3-GFP.
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High Surface Density of Protein Domains Reverses
the Pre-Existing Domains. To test our original hypothesis
of higher lipid-anchored cargo density further promoting more
domain formation on the lipid membrane, we performed
related experiments to Figure 1 with higher densities of lipid
anchors. However, the outcome was inconsistent with the
original hypothesis. Instead, we learned that higher anchor
density resulted in the opposite effect of reversing the even
pre-existing lipid domains into the homogeneous state. Figure
2 shows the similar schematic, statistical analysis, and example
images to Figure 1 for the experiments on ternary mixture
membrane with a composition of pre-existing phase separation
(DOPC 30%, DPPC 39.8%, cholesterol 25%, and -DHPE 0.2%
with the same 5% Ni-DGS anchor mol composition). SUMO3-
GFP and polySUMO—SIM proteins were added sequentially
in the same concentration and incubation conditions used in
Figure 1.

According to the data in Figure 2, the originally phase-
separated GUVs slightly increased in the ratio of vesicles with a
homogeneous state from 0 to 5% after binding the SUMO3-
GFP cargo proteins. When the complete set of polySUMO—
SIM proteins was introduced, more vesicles became homoge-
neous, losing the pre-existing domains and increasing the
homogeneous vesicle ratio up to about 15%. Even though most

https://doi.org/10.1021/acs.langmuir.2c00247
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Figure 4. Time-lapse images of GUVs changing states from homogeneous to phase-separated and phase-separated to homogeneous. (a) GUVs
changing from homogeneous to phase-separated in a time lapse of +10, 20, 30, and 40 min. Images were collected in the GFP fluorescence channel
represented in green and Texas Red fluorescence channel represented in red. (b) GUVs change from phase-separated to homogeneous in a time
lapse of +10, 20, 30, and 40 min. Images were collected in the GFP fluorescence channel represented in green and Texas Red fluorescence channel

represented in red. Scale bars are set to 5 ym.

vesicles remained phase-separated toward the end, the
increased homogeneous population could not be missed. It
means that the high lipid anchor density opposed the
cooperative domain formation and pushed the state population
toward the homogeneous state instead of promoting phase
separation. It suggests that cooperative interaction between the
driving forces of lipid and protein domain formations on the
lipid membranes does not simply increase as a function of
anchoring density, and there is another opposing force against
the domain formation that becomes dominant at higher
anchoring density.®”®!

Cargo Density Dependence Study Suggests a Tug of
War between Cooperative Domain Formation and
Steric Pressure of Membrane Protein Cargo Crowding.
We conducted a systematic anchor density sweeping study on
ternary mixture lipid vesicles with mostly phase-separated and
homogeneous states to rationalize the trend. GUVs with
different lipid anchor densities of 2.5, 5, and 10% mol
compositions of Ni-DGS were serially incubated with
SUMOB3-GFP cargo followed by a set of polySUMO-SIM
proteins. To ensure the same ratio of saturated and
unsaturated lipids, the difference in Ni-DGS was replaced by
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the DOPC, identical acyl chain lipids. Fluorescence images of
many samples were taken at each stage, and statistical analysis
was performed to quantify the phase separation state.

As shown in Figure 3A—C, initially homogeneous lipid
vesicles (similar to Figure 1) all retained the state after binding
to the SUMO3-GFP cargo proteins. When the full set of
polySUMO—SIM proteins was added, the population dis-
tribution shifted toward phase separation, reversing the major
population for lipid anchor density of 2.5 and 5%, suggesting
the effect of cooperative domain formation between lipids and
proteins. When the anchor density was as high as 10%, this
cooperative domain formation was no longer observed, and the
vesicles remained mostly homogeneous even after introducing
the polyfSUMO-SIM proteins. As shown in Figure 3D,E,
initially phase-separated lipid vesicles (similar to Figure 2)
slightly increased the population of homogeneous vesicles
when SUMO3-GFP cargos and polySUMO—SIM were added
for anchor densities of 2.5 and 5%, while most vesicles
remained phase-separated. This was dramatically different
when the anchor density was as high as 10%, as shown in
Figure 3F. Most vesicles became homogeneous after binding to

the SUMO3-GFP cargo proteins, and adding polySUMO-—

https://doi.org/10.1021/acs.langmuir.2c00247
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GUV. After introducing LATpept, GRB2, and SOSI proteins, an increase in phase-separated GUV was observed. (B) Statistical distribution of pre-
existing lipid domains into a homogeneous state of 5% Ni-DGS GUV. After introducing LATpept, GRB2, and SOS1 proteins, an increase in the
homogeneous GUV was observed. (C) Example images of 2% Ni-DGS and 5% Ni-DGS GUVs transitioning phase states after introducing
LATpept, GRBI1, and SOS1. LATpept was labeled with Alexa488 (green), and Texas Red was used for lipids (red). Scale bars are S ym.

SIM protein only promoted the trend toward the homoge-
neous state further by a few percent instead of phase-separating
it. Overall, for the polySUMO—SIM system interacting with
the ternary mixture lipid membrane system at two different
compositions with different initial states, 10% Ni-DGS was the
threshold anchor density, below which the driving force of
cooperative domain formation*° and steric pressure of
membrane cargo molecules®”®' were in balance mostly
favoring the phase-separated state. Steric pressure means the
repulsion of crowded cargo molecules, and the Stachowiak
group characterized the effect of steric pressure on pre-existing
lipid domains.®”~* At the threshold composition of 10% Ni-
DGS, the system largely favored the homogeneous state even
after binding the SUMO3-GFP cargo, and adding polySU-
MO-SIM proteins did not reverse the trend, as is the case for
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lower anchor density vesicles. This trend shows that there is a
threshold anchor density, above which the steric pressure-
driven homogeneous state is largely favored and below which
the cooperative coupled domain formation is favored.
Dynamic Aspect of the State Change. After fully
incubating the systems to stabilize the state, all statistical
analysis for the domain separation state was performed for the
end results before making a quantitative observation so far. We
also conducted time lapse of the state changes to monitor how
the changes occur in real time for vesicles going through the
transition. Figure 4A shows example time-lapse images of a
vesicle with an initially homogeneous state changing from
SUMO3-GFP cargo-bound homogeneous state to a phase-
separated state after the full addition of polySUMO—-SIM
proteins. As shown in the example, the homogeneous

https://doi.org/10.1021/acs.langmuir.2c00247
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distribution of cargo proteins goes through a gradual
decomoposition of fluidic phase separation as a function of
time.*”**>* Separated domains eventually matured and
coarsened to show nearly complete binary segregation on the
membranes. This is an expected behavior for fluidic domain
formation on the membranes.”*** When we simultaneously
analyzed the matching fluorescence from the lipid fluorescence,
it was learned that the lipid channel in most cases did not
exhibit enough contrast via TR-DHPE between two domains
when domain separation occurred. Previous studies on related
systems showed that lipid and protein domains showed enough
contrasts to be distinguished by the confocal fluorescence
intensity difference in the case of cooperative domain
formation."”*® It possibly suggests that lipid partitioning
behavior into cooperatively separated codomain may not be
identical in all membrane protein systems, and codomain
formation does not necessarily recreate the identical
partitioning preferences observed in pure lipid-driven
domains.”>>*

Figure 4B shows an example time-lapse image for the case of
initially phase-separated vesicles after binding to SUMO3-GFP
cargo protein transitioning into a homogeneous state after
adding polySUMO—SIM proteins. As shown in the time-lapse
image, domains grew in the original cargo protein sparse
(dark) region maintaining the cargo protein-rich domain
(bright), suggesting that the steric pressure of additional
interaction enlarged the domain coverage area. When matching
fluorescence images of the lipid channel were analyzed, it was
evident that lipid fluorescence closely followed the growth of
the protein domain, suggesting coupled codomain growth.
When the colocalization of the three participating proteins,
SUMO3-GFP, SUMO10, and SIM10, was studied using the
three-color label experiments, these proteins showed complete
colocalization in both homogeneous and domain-separated
states (Supporting Materials Figure S3).

Tug of War Is a Common Property of a Three-
Component Protein System with Liquid-like Domain
Formation. As more research reports are published on the
topic of LLPS or colloidal droplet domain formation of
proteins, it is becoming evident that there is a general group of
proteins that can form droplets, such as multivalent binding
proteins and intrinsically disordered proteins. What is also
becoming clear is that each protein droplet system has its
physical properties that is different from other systems. For
example, some protein droplets behave like fluidic phases but
some are like relatively rigid gels or complete solids.”> The
same protein system may be at various states depending on the
physical condition necessitating characterization of the phase
diagram as a function of various physical parameters.”*** To
avoid jumping into the unjustified generalization of the
phenomenon, we also performed the experiments with a
similar protein system, specifically linker for activating T-cell
peptide (LATpept)—growth factor receptor-bound protein 2
(GRB2)—Son of sevenless 1(SOS1) protein system.*”’ ™' This
is a very similar system to the SUMO3-GFP and polySIM—
SUMO system™ because both are three-component systems
with one of three that is mostly responsible for mediating the
lipid—protein interaction by being anchored to the membranes
and three at a sufficiently high protein concentration that can
form protein droplet with liquid-like fluidity.

Figure 5 shows the sequential incubation experiments on the
ternary mixture membrane system with LATpept—GRB2—
SOSI1. GUVs with the initial condition of homogeneous state
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and phase-separated state each were incubated with a
fluorescently tagged (Alexa488) LAT peptide followed by a
full set of GRB2 and SOSI1 proteins. At a low anchoring
density of 2% Ni-DGS, initially homogeneous vesicles became
phase-separated when all proteins interacted, reversing the
major population. At a higher anchoring density of 5% Ni-
DGS, initially phase-separated vesicles became gradually
homogeneous as more proteins were added sequentially.
This shows that the observation of tug of war between
cooperative domain formation and steric pressure applies to
this similar but unrelated system, proving that the same driving
force governs similar systems. What is notable is that the
threshold mol % composition for LAT—GRB2—SOS1 was only
5%, while it was 10% for the polySUMO—SIM system, possibly
due to the higher steric pressure of bigger cargo proteins.
Additionally, a gradual increase in the homogeneous state
vesicles in sequential addition is more obvious in LAT—
GRB2—-SOS1 experiments. It shows that the protein domain
formation can further contribute to the increased cargo
crowding on the membranes. Dynamic state change of the
LAT—GRB2—-SOS1 systems showed a similar behavior to the
polySUMO—SIM system of Figure 4(Supporting Materials
Figure S2).

Descriptive Model of the Cargo Density Dependence.
For the systems we studied in this report, we did not find a
single case where lipid membrane and membrane-anchored
protein domains formed independently on the membrane
space, such as the mismatched location of two domains on the
same vesicle. Therefore, we categorized the outcome of our
observation as cargo homogeneous state and cargo domain-
separated state. Qur observation can be described by a tug of
war between two contributions of cooperative domain
formation, favoring the cargo phase-separated state, 179
and steric pressure of cargo proteins on the membranes,
favoring the cargo homogeneous state,>®! as shown in Figure
6. The driving force of codomain formation promotes a cargo
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Figure 6. Schematic illustration of the interaction between the driving
forces of domain separation and opposing steric pressure. (A) When
cooperative domain separation dominates, the cargo proteins are
phase-separated from the original homogeneous state. (B) When
molecular steric pressure dominates, originally phase-separated cargo
molecules become homogeneously distributed.

phase-separated state, and the driving force of steric pressure
promotes a cargo homogeneous state, thus competing for the
final outcome. The influence of codomain formation is
expected to increase as a function of anchoring density
because the anchoring lipid is the mediator between the
proteins and lipids. However, the absolute magnitude of the
steric pressure also increases as a function of anchoring density
because the degree of molecular crowding increases when
there is a higher density of proteins in the limited space on the
membranes.””®" When we treat these two contributions
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independently, our observation suggests that the contribution
of the steric pressure increases more sharply above a certain
protein cargo density on the membrane, making the steric
pressure dominant at densities above the threshold density.
This trend can never be reversed by the contribution of the
codomain formation even though its absolute magnitude will
presumably also increase at a higher protein density. This is a
relatively simple rationalization based on the observation, but it
concisely summarizes our experiments based on two well-
known driving forces of the system.

What is lacking in the simple descriptive model is molecular
detail. Our previous report suggested a double-layered Ising
model as a simulation model to explain the cooperative domain
formation between lipid membranes and anchored proteins.'
Lattice model proteins anchored to the Ising model capture
further details of expected behavior in various cases of proteins
wetting the lipid membranes where the proteins closely
interact with the membranes.”” Introducing steric disadvantage
between membrane protein cargos (anchors) in the double-
layered two-dimensional (2D) Ising model reproduced our
observation to some degree (Supporting Materials Figure S4).
Still, the model is limited to the capacity of explaining the
observed ensemble outcome based on the interaction of binary
domains. The driving force of binary domain separation in our
experiment is a result of at least three molecules interacting
with each other in both lipid’® and protein domains. Thus,
details of the molecular interaction leading to the close
interaction between lipid and protein domains deserve more
investigation.

Another important point to consider is that regardless of the
driving forces that led to the formation of the membrane-
specific protein condensate domains, our experiments techni-
cally cannot distinguish the cargo homogeneous state by
completely dissolved cargo proteins (noncondensate state) and
cargo homogeneous state by domain area expanded to cover
the entire membrane surface (maintained condensate state).
Considering that the maximum 10 mol % anchoring lipid was
used, complete coverage by the protein condensate means the
significant area covered by the condensate structure. However,
due to the lack of such measures on the condensate’s molecular
area occupied on the membrane, we cannot conclude
definitely. Future studies on molecular details using atomic
force microscopy may distinguish the molecular state of the
final outcome.

In our experiment, we varied the mol % of the
functionalization lipid, Ni-DGS, to vary the surface density of
the protein cargo molecules, but it is possible that the mol % of
the functionalization lipid is not linearly proportional to the
final amount of cargo proteins anchored. To systematically
quantify the amount of proteins anchored at different
functionalization lipid concentrations, we conducted fluores-
cence intensity quantification at different mol % of the
functionalization lipid (Supporting Materials Figure SS). The
data show a significant difference in the amount of cargo
protein anchored between the mol % of 2.5, 5.0, and 10.0% of
Ni-DGS we used in the experiments, suggesting that the
general trend observed was truly the outcome of the difference
in membrane cargo density.

B CONCLUSIONS

We studied protein cargo density-dependent phase separation
state change on GUVs by bottom-up reconstitution and
fluorescence imaging. Ternary mixture GUVs and three-
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component protein systems with known domain separation
properties were used to study their cooperative phase behavior
when cargo protein was anchored to the membrane bridging
the driving forces of lipid-driven and protein-driven phase
separations. Our observation suggests that proteolipid systems
tend to cooperatively form cargo domains when anchor density
is below certain threshold values, but the lipid—protein
interaction reverses the domain separation behavior to make
the cargo distribution homogeneous at anchor density higher
than the threshold value. We conclude that the cooperative
phase separation and cargo crowding-induced steric pressure
are at a tug of war, and at a high enough cargo protein density
on the membranes, steric pressure is dominant, far out-
weighing the contribution from the interaction for cooperative
phase separation. Future studies may include more rigorous
theoretical studies on our hypothetical model, comparative
studies of protein systems with different phase behaviors, such
as proteins forming nonfluidic domains, and structural study
on the final outcome of cargo molecules under different
conditions.

B MATERIALS AND METHODS

GUV Preparation. Individual lipid mixtures were prepared by
gentle hydration for each experiment’s variation,”" both homogeneous
and phase-separated at 2.5, S, and 10% concentrations of Ni-DGS and
more. These mixtures were stored at —20 °C until needed.
Approximately 100 uL of the lipid mixture of ~2 mg/mL
concentration was deposited in a round-bottom flask. Clean nitrogen
gas was used for S min to remove the chloroform. The round-bottom
flask was placed in a vacuum chamber for 1 hour to further dry the
sample at room temperature. One milliliter of sucrose solution, with a
concentration of 340 mM, was added to the round-bottom flask. The
sample was incubated overnight at 38 °C. After the incubation, the
newly formed GUVs were centrifuged for 15 min at 12,000g at room
temperature. The supernatant was collected and stored at 4 °C for the
experiment. Lipids were purchased from Avanti Polar Lipids Inc.
(Birmingham, AL).

GUV-Protein Sample Preparation for Imaging. A stainless
steel chamber was used to contain the sample for the experiment. The
pieces from the assembling unit were cleaned by bath sonication for
30 min in a 1% detergent solution (Alconox, White Plains, NY),
rinsed with ion-exchange filtered water, and cleaned one more time by
sonication in a 1:1 solution of isopropyl alcohol and water for 30 min.
Circular cover glass slides (Thermo Fisher Scientific, Waltham, MA)
were cleaned by sonication in a 1:1 solution of isopropyl alcohol and
water for 15 min. The pieces were assembled, and excess moisture was
dried with clean nitrogen gas. A circular silicone spacer was used to
narrow the sample space when needed. A bovine serum albumin
solution consisting of 1 mg/mL was added for 30 min to block the
glass surface. After incubation, the chamber was washed thrice with
Hepes buffer solution (20 mM Hepes, 150 mM NaCl, pH 7.4).

Buffer solution and ~1 uL of the GUV solution were added to the
chamber to analyze the sample. Several z-stack images were acquired
to assess the integrity of the GUV. Proteins were added and incubated
sequentially to reach the concentration specified for each experiment,
typically about 1 uM. The sample was left incubating for 1 h while a
time lapse was collected to monitor the change for each step. The
sample was closely monitored to ensure that the vesicles were intact
and that proteins evenly interacted. After the incubation time, several
z-stack images were acquired to analyze the end results assuming
equilibrium was reached.

Fluorescence Imaging Conditions. A Nikon Ti2E-based
inverted epifluorescence microscope system (Nikon, Japan) was
used for imaging. A light-emitting diode (LED) white light excitation
source (Lumencor, Beaverton, OR) was optically filtered with
multiple optical filters and dichroic mirrors to excite and collect
fluorescence emission from Atto488/GFP and Texas Red, respec-
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tively. The Nikon Apo 100X TIRF oil objective with a numerical
aperture of 1.49 was used for imaging. Single-molecule sensitivity with
a high quantum yield sCMOS camera was used for data collection
(Hamamatsu ORCA Flash 4.0, Hamamatsu, Japan). Automatic z
position control was used for precise z-stack acquisition, and x, y were
controlled manually. Micromanager was used to control the devices,
and FIJI (Image]) was used for image analysis. All data collection was
performed on a vibration isolation table.

Protein Purification. Most proteins used in this research were
purified by Escherichia coli overexpression following the suggested
overexpression condition from the original manuscript that each
contract was developed. Centrifugally harvested E. coli were
homogenized using the French press (Glen Mills, Clifton, NJ).
After further centrifugal cleaning of heavy debris, a series of
chromatography were performed, including Ni-NTA or GST affinity
purification and gel filtration (Superdex 200, GE Healthcare, Chicago,
IL) at 4 °C using the automated, fast chromatography system. For
proteins that required removing the affinity tag, such as polyPRM,
overnight enzymatic digestion at 4 °C was followed by another round
of column purification. Purified proteins were characterized by SDS-
PAGE (Biorad) and Nanodrop (Thermo Fisher Scientific, Waltham,
MA) spectrophotometer for the 280 nm UV absorption measure-
ment. Michael Rosen gave the polySIM—SUMO protein plasmids
(Addgene plasmid #127093, #126946, and #127093)," and GRB2
and SOSI protein plasmids were given by Ron Vale (Addgene
plasmid #XSB363, #XSB364).>" GST tag of the GRB2 in this report
was not removed, which did not frustrate the property of LLPS. GST
tag of SOS1 was enzymatically cleaved. LAT peptide was synthesized
by Biomatik (Wilmington, DE). Its sequence is given in the previous
report.’ Two phosphate groups were introduced as part of the
synthesis process. OregonGrenn488-malemide (Thermo Fisher
Scientific, Waltham, MA) was labeled by a cysteine residue with
high concentration dye incubation followed by desalting column
purification (GE Healthcare, Chicago, IL). Proteins and peptides were
all frozen at —80 °C until used.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.Jangmuir.2c00247.

Additional fluorescence images, Ising model simulation
results (Figures S1—SS), and supporting method for
additional experimental details and simulation method
(PDF)

B AUTHOR INFORMATION

Corresponding Author
Il-Hyung Lee — Department of Chemistry and Biochemistry,
Montclair State University, Montclair, New Jersey 07043,
United States; ® orcid.org/0000-0001-6755-3257;
Email: leei@montclair.edu

Authors
Juan Urena — Department of Chemistry and Biochemistry,
Montclair State University, Montclair, New Jersey 07043,
United States
Ashlynn Knight — Department of Biology, Montclair State
University, Montclair, New Jersey 07043, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.langmuir.2c00247

Author Contributions

Conceptualization and design of the project, I-H.L;
experimental data collection, J.U. and A.K,; data analysis, J.U.
and A.K.; writing the original manuscript, I.-H.L. and J.U.; and
reviewing and editing the manuscript, I.-H.L., J.U., and A.K.

Funding

The study was supported by the startup fund from the College
of Science and Mathematics, Montclair State University. The
study was also supported by the Garden State-Louis Stokes
Alliance for Minority Participation (GS-LSAMP) scholar
award program (NSF 1909824) and Student Faculty Scholar-
ship program by the Montclair State University.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors would like to thank Dr. Laying Wu of the
Microscopy and Microanalysis Research Laboratory at
Montclair State University for the microscope training and
facility maintenance. AK. acknowledges the support from the
GS-LSAMP scholar awards.

Bl ABBREVIATIONS

DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine

DPPC: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

GFP: green fluorescence protein

GUV: giant unilamellar vesicle

LAT: linker for activation of T-cells

LLPS: liquid—liquid phase separation

GRB2: growth factor receptor-bound protein 2

SOSI: son of sevenless 1
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carboxypentyl)iminodiacetic acid)succinyl]

SIM: SUMO interacting motif

SUMO: small ubiquitin-like modifier

TR-DHPE: Texas Red-1,2-dihexadecanoyl-sn-glycero-3-
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