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Phase transition of recombinant fusion protein
assemblies in macromolecularly crowded
conditions†

Jooyong Shin, Yinhao Jia, Janani Sampath and Yeongseon Jang *

Artificial cells, synthetic analogues of living cells in both structure and function, have emerged as

valuable tools for investigating the principles of life and for advanced applications. These artificial cells

are constructed through the self-assembly of biological molecules and have been examined under

macromolecularly crowded conditions. The dense environment of the intracellular cytoplasm or

extracellular matrix is recapitulated by using macromolecules such as polyethylene glycol (PEG), with

concentrations that typically range from 10 to 40% w/v. We investigate the self-assembly of

recombinant fusion proteins composed of functionally folded globular protein and elastin-like

polypeptide (ELP) into coacervates or vesicles to develop a potential artificial cell platform. Herein, we

focus on understanding the phase transition of the recombinant fusion protein assemblies and vesicles

in PEG-rich, macromolecularly crowded conditions by experiments and molecular dynamics simulations.

It has been found that self-assembled protein vesicles undergo agglomeration in macromolecularly

crowded conditions, where individual vesicles cluster to form larger aggregates. This is followed by

the vesicle-to-coacervate transition and phase separation in the protein-rich particles. The PEG

concentrations that induce the phase transition of the protein assemblies depend on the relative

number of globular proteins at vesicle surfaces. This knowledge would be useful to provide engineering

strategies for artificial cells in cell-like macromolecularly crowded conditions.

Introduction

Artificial cell research has been actively investigated in recent
years, owing to its potential to better understand the complexity
of life,1,2 as well as its various potential applications in bio-
technology, such as biosensors,3 smart drug delivery,4 and
bioreactors.5 For biotechnical applications, investigating artifi-
cial cells in cell-like environments is crucial for understanding
cellular behavior and evaluating the adaptability of artificial
cell functions in biological conditions. Thus, researchers have
developed synthetic systems that mimic the structural and
functional properties of living cells and their environments to
investigate and predict the functions and behavior of artificial
cells in biological conditions. One of the key properties of the
cellular environment is macromolecular crowding, which
indicates high concentrations of macromolecules in limited
intracellular and extracellular space.6,7

Macromolecular crowding has been utilized to investigate
cellular behavior since it has been shown to influence diverse
biophysical and biochemical reactions, including in vitro
transcription and translation,8 enzyme kinetics,9 and protein
folding.10 This is attributed to the presence of repulsive inter-
actions within crowded environments, which induce spatial
confinement and steric hindrance, thereby affecting the
dynamics of molecular interactions.11 In natural systems,
membraneless organelles are formed by liquid–liquid phase
separation of intrinsically disordered proteins in macromole-
cular crowding conditions.12,13 Similarly, the macromolecularly
crowded conditions can also impact some structural transitions
of artificial cells, such as agglomerations14 and phase
separation,15,16 due to the excluded volume effect. The excluded
volume effect is a phenomenon in which the presence of one
molecule cannot occupy space that is already occupied by other
molecules.17 Therefore, investigation of artificial cell platforms
in macromolecularly crowded conditions is critical for advan-
cing our understanding of synthetic particles’ bio-adaptability.

To mimic in vitro macromolecularly crowding conditions,
researchers have developed several methods, such as encapsu-
lating crowding agents,18 utilizing a densely packed hydrogel19

or coacervate,20 and developing confined spaces.21 Among these

Department of Chemical Engineering, University of Florida, 1006 Center Drive,

Gainesville, Florida, 32611, USA. E-mail: y.jang@ufl.edu

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3ma01012k

Received 15th November 2023,
Accepted 30th March 2024

DOI: 10.1039/d3ma01012k

rsc.li/materials-advances

Materials
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 4

/1
6/

20
26

 1
2:

36
:0

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0001-6005-9096
https://orcid.org/0000-0003-3003-9371
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma01012k&domain=pdf&date_stamp=2024-04-05
https://doi.org/10.1039/d3ma01012k
https://doi.org/10.1039/d3ma01012k
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma01012k
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA005010


© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2024, 5, 4200–4208 |  4201

methods, encapsulating crowding agents is a widely used method
to mimic macromolecularly crowded conditions due to several
benefits, such as easy control of concentration and compatibility
with a wide range of experimental techniques. Crowding agents
are molecules that are added to a solution to mimic the effects of
macromolecular crowding. Typical crowding agents are small,
inert molecules such as dextran,22 Ficoll,23 or polyethylene
glycol (PEG)24 which do not participate in chemical reactions
with other solutes but only create excluded volume. Among
those candidates, PEG has been widely used as a crowding
agent because of its biocompatibility,25 high water solubility26

and flexible chain structure.27

Towards developing an artificial cell platform, we have
created globular protein vesicles (GPVs), self-assembled vesicles
from recombinant fusion proteins.28–31 The fusion protein
building blocks are produced through recombinant technology,
which is a powerful tool for the precise design of the protein
building units and control over their self-assembly behavior.
There are two key fusion proteins used for the self-assembly of
globular protein vesicles; globular protein fused with a gluta-
mic acid-rich leucine zipper (globule-ZE) and an arginine-rich
leucine zipper fused with elastin-like polypeptide (ZR-ELP).
These two complimentary leucine zipper pairs (ZE/ZR) show
high binding affinity, which results in the formation of a
globule-ZE/ZR-ELP fusion protein complex when these fusion
proteins are mixed. ELP is a penta-repeated polypeptide derived
from tropoelastin, Val-Pro-Gly-Xaa-Gly (VPGXG)n, where any
amino acid except proline (P) can replace Xaa.32 ELP shows a
thermally responsive inverse phase transition from hydrophilic
below transition temperature to hydrophobic above the transi-
tion temperature due to lower critical solution temperature
(LCST) behavior.33 LCST of the ELP domain makes protein
complexes behave as amphiphilic molecules above the transi-
tion temperature, composed of hydrophilic globular proteins
and hydrophobic ELP tail, which results in self-assembly into a
vesicle structure.

GPVs platforms have been considered as novel artificial cell
platforms since functional globular proteins can be incorpo-
rated into synthetic vesicles membrane in benign conditions
without chemical conjugation and the use of organic solvents,
which affect protein activity. There are various studies of
GPVs in membrane characterization,30,31,34 the uses of different
globular proteins35 and drug delivery applications.36 Previously,
Jang et al. thoroughly investigated the self-assembly mecha-
nisms,30,34 nanostructures,30 and physical properties31 of GPVs
using red fluorescent mCherry-ZE or green fluorescent eGFP-ZE,
forming amphiphilic protein complexes with ZR-ELP in water
under varying temperatures and salt concentrations. However,
the phase behavior of these recombinant protein assemblies
and vesicles in macromolecular crowding environment is
unknown and necessary for further development of advanced
biotechnical applications. Therefore, herein, we investigated
the phase behavior of pre-assembled GPVs in macromolecularly
crowded conditions by adding a high concentration of crowd-
ing agents in the vesicle solution. The effects of a model
crowding agent (PEG) concentration, the relative number and

types of bulky globular proteins at vesicle surfaces on the phase
transition of GPVs have been studied experimentally and
computationally using molecular dynamics simulation. This
work would give fundamental and practical insights into the
field of designing biomimetic materials towards artificial cells.

Experimental section
Materials

This work used two different types of recombinant fusion pro-
teins: ZR-ELP and globule-ZE. Here, we used two different types of
globular proteins, mCherry and enhanced green fluorescent
protein (eGFP) fused with a glutamic acid-rich leucine zipper,
respectively: i.e., mCherry-ZE and eGFP-ZE. ZR-ELP is composed of
an arginine-rich leucine zipper (ZR) genetically fused with an
elastin-like polypeptide (ELP, [(VPGVG)2(VPGFG)(VPGVG)2]5). The
expression and purification steps of ZR-ELP and mCherry-ZE

are described in detail in the previous works, along with the
protein sequences.28,30,31 Poly(ethylene glycol) (PEG) (hMni =
8000 g mol�1), used as a model crowding agent, are purchased
from Sigma-Aldrich. FITC-PEG (hMni = 5000 g mol�1), which are
used for observing PEG location, are purchased from nanocs.

Monitoring GPVs phase behavior in macromolecularly crowded
conditions

GPVs were prepared by mixing 120 mM of ZR-ELP and 6 mM of
globule-ZE in concentrated PBS at different NaCl concentra-
tions (i.e., 0.3 M for mCherry-ZE, 0.91 M for eGFP-ZE) on ice for
15 min, followed by incubation at 25 1C for 1 hour to induce
self-assembly into vesicle structure. PEG molecules were dis-
solved in concentrated PBS, resulting in a final concentration
ranging from 1 to 40 wt%. The phase behavior of GPVs were
monitored through fluorescent and confocal microscopy (Carl
Zeiss Observer 7 and LSM900) after mixing GPVs solution and
various concentration of PEG solutions in same volume ratio.

Tuning the relative number of globular proteins on the vesicle
surface

The relative number of globular proteins displayed on the
vesicle surface can be tuned by changing the molar ratio of
globule-ZE (e.g., mCherry-ZE and eGFP-ZE) to ZR-ELP in the
vesicle formation solutions. With the fixed concentration of
ZR-ELP at 120 mM in PBS, globule-ZE at a varied concentration
from 0.6 to 6 mM were mixed to have molar ratios of globule-ZE

to ZR-ELP from 0.005 to 0.05. GPVs made with different relative
numbers of globular proteins were then mixed with PEG
solution to have final 1–40 wt% PEG concentrations in the
protein mixture solutions. The phase behavior of GPVs in the
PEG-rich macromolecularly crowded conditions was observed
through fluorescent microscopy over time.

Characterization of ZR-ELP lower critical solution temperature
(LCST) behavior in crowded conditions

To characterize hydrophobic interactions of ELP domains in
the fusion protein building blocks as a function of temperature
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in molecular crowding conditions, 100 mL of 60 mM ZR-ELP
solution with and without PEG solution was placed in micro-
plate reader (Biotek Synergy H1). The optical density of the
solutions at 400 nm was measured from 37 1C to 17 1C by
decreasing temperature at cooling rate 1 1C min�1.

Molecular dynamics simulation

All simulations were carried out using the GROMACS 2021.3
package,37 along with the PLUMED 2.7.2 plugin38 for enhanced
sampling using metadynamics. A series of unbiased simula-
tions were carried out to obtain the initial conformation of
globular proteins (mCherry, and eGFP), and ELP. After the
equilibration stage, the last frame was used for production
runs. As the surface charges play an essential role in protein–
protein interactions, (based on the preliminary simulations,
which allow proteins to interact from different directions, the
proteins prefer to interact and bind to each other according to
the opposite charge of the surface.) we employ the adaptive
Poisson–Boltzmann solver (APBS)39 method on single proteins
to obtain the electrostatic distribution of each protein surface.
Then, for the metadynamics simulations, the starting configu-
ration was generated by aligning the two proteins based on the
APBS result. The positively charged region of the first protein is
aligned to the negatively charged region of the second protein,
as shown in Fig. S4 in the ESI.† Next, one of the proteins is fixed
by applying a position restraint on the backbone atoms along
x-, y-, and z-axis, and the other protein is allowed to move only
along the x-axis, by an applying position restraint on the back-
bone atoms along the y- and z-axis. We believe that this is the
optimal configuration for generating a one-dimension free
energy profile of inter-protein interactions. Well-tempered
metadynamics (MetaD)40 is employed to study the binding free
energy between mCherr–mCherry, eGFP–eGFP, mCherry–ELP,
and ELP–ELP. Center of mass distance (COM) is used as the
collective variable (CV) to apply bias to. For each system,
the simulations were carried out at least for 200 ns, and the
convergence of the simulation is ensured by monitoring the
evolution of the free energy, as well as the average error
on the free-energy profile using block averaging methods.
The demonstration of convergence was included in the ESI.†

Result and discussion
Macromolecular crowding-induced agglomeration of GPVs

GPVs were made through self-assembly of recombinant fusion
proteins, globule-ZE and ZR-ELP. Two fusion proteins form a
protein complex via high binding affinity of leucine zipper pairs
(ZE/ZR, Kd E 10�15 M) and self-assemble into hollow vesicle
structure at 25 1C, which is above the transition temperature of
ELP.28,30 Fluorescent globular proteins, mCherry and enhanced
green fluorescent protein (eGFP), are utilized as a hydrophilic
protein head in the globule-ZE/ZR-ELP protein building block
complex and a model functionally folded globular proteins
displayed at the self-assembled protein vesicle membranes.

To investigate the phase behavior of GPVs in macromolecular
crowded conditions that simulate the intracellular environment
in vitro, a widely used model crowding agent, PEG, was added into
the pre-assembled GPV solutions (Fig. 1A). In this work, we varied
PEG concentrations from 1 wt% to 40 wt% as typical macro-
molecular crowding agent concentration is between 200 and
400 mg mL�1.41 Without PEG in the solutions, GPVs are distrib-
uted separately over the solution (Fig. 1B). However, after adding
20 wt% of PEG into the solution, GPVs begin to form agglomera-
tion, a process where individual vesicles congregate together to
form larger clusters, due to the excluded volume effect (Fig. 1C).
This effect arises because PEG polymer chains have finite sizes
and are unable to occupy the same space with other molecules
simultaneously.42,43 PEG molecules at high concentrations are
distributed throughout the solution by taking up the solvent
volume. In this regard, the addition of PEG creates excluded
volume effect to decrease the available volume of solvents for
GPVs, thus, induces the formation of agglomeration of GPVs.
To confirm the PEG-induced excluded volume effect, we moni-
tored the location of PEG during GPV agglomeration by adding
1% of green fluorescent, fluorescein isothiocyanate-conjugated

Fig. 1 (A) A schematic illustration to show macromolecular crowding-
induced agglomeration of GPVs. GPVs were dispersed (B) in PBS solution
without PEG, (C) in PEG 20 wt% mixture solution, and (D and E) in PEG 20
wt% mixed with 1% of FITC-PEG solution monitored under red fluorescent
channel only (D) and both red and green fluorescent channels (E). Red and
green fluorescent signals come from mCherry of GPV building blocks and
FITC conjugated to PEG, respectively. Scales bars are 5 mm.
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PEG (FITC-PEG) into total PEG concentration at 20 wt% (Fig. 1D
and E). As a result, FITC-PEG was distributed outside of GPVs,
indicating that PEG only creates excluded volume effect without
having any specific interaction with fusion protein building
blocks.

The effect of depletion force on the GPV agglomeration in
macromolecular crowded conditions

The theoretical approach of GPVs agglomeration can further be
explained by the idea of depletion force, which is a concept
widely utilized in colloidal physics. Depletion force is a type
of attractive force that arises between colloidal particles in a
solution because of the existence of crowding agents nearby.44

When two GPVs get closer to each other, their excluded
volumes are overlapped, which results in the exclusion of
crowding agents from interparticle-overlapped regions. The
concentration gradient of crowding agents induces osmotic
pressure, which is thought to be a driving force of agglomera-
tion of GPVs in crowded conditions.

Agglomeration of GPVs, regardless of globular protein types,
either mCherry or eGFP, was observed in macromolecular
crowded conditions (Fig. 2). Interestingly, we found the critical
PEG concentration, which is defined as the concentration at
that GPVs agglomeration begins, would slightly defer by the
types of globular proteins. It is reported that the strength of
depletion forces increases with increasing concentration of
crowding agents because the high concentration of crowding
agents can induce a stronger concentration gradient between
the interparticle region and surrounding.44 Below the critical
PEG concentration, depletion force is not enough to induce
GPVs agglomeration; thus, it is observed that GPVs exist
individually in dilute PEG solutions. As the PEG concentra-
tion increases in solutions, mCherry–GPVs start to form

agglomeration above 6 wt% PEG, while eGFP–GPVs agglomera-
tions are formed at 2 wt% PEG. At PEG concentrations higher
than the critical point, no significant difference in GPVs
agglomeration made of mCherry and eGFP fusion proteins
was observed. mCherry proteins present electrostatic repulsive
forces with each other due to slightly negative charged surface
potential, while eGFP have attractive forces with each other due
to dimerization preference.28 Thus, eGFP–GPVs are easy to
present agglomeration behavior in lower PEG critical concen-
trations than mCherry–GPVs.

The effect of depletion force on the GPV agglomeration in
macromolecular crowded conditions was further studied by
altering molar ratios of globule-ZE to ZR-ELP fusion proteins
to tune the relative number of displayed globular proteins on
the vesicle surface. GPVs made with the lower ratio of globule-
ZE to fixed ZR-ELP proteins have fewer globular proteins
exposed on the surface. We hypothesized the decrease in the
relative number of globular proteins on the vesicle membrane
would reduce the excluded volume of the vesicle surface,
resulting in mitigation of agglomerating GPVs in macromole-
cularly crowded conditions (Scheme 1).

To test this hypothesis, we prepared GPVs at three different
molar ratios of globule-ZE to ZR-ELP (i.e., 0.005, 0.01, 0.05) and
monitored critical PEG concentration that starts to induce
agglomeration of GPVs through fluorescent microscopy.
As shown in Fig. 3, the smaller relative number of mCherry
proteins displayed on the GPV surface requires a higher PEG
concentration to form agglomeration. For example, GPVs made
with mCherry-ZE protein at 0.005 molar ratio to ZR-ELP do not
form agglomeration even in a 40 wt% PEG solution. This result
indicates that the lower mCherry protein on the GPVs surface
mitigates the tendency of agglomeration due to the decreased
excluded volume on the surface.

Fig. 2 Two different types of GPVs in PEG solutions at varied concentrations. All scale bars are 5 mm.
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To confirm this phenomenon with other types of globular
protein, mCherry protein was replaced by eGFP (Fig. 4). The
eGFP–GPVs showed a similar trend to the mCherry–GPVs. The
lower relative number of eGFPs on the vesicle surface requires
higher PEG concentrations to form agglomeration. This result
suggests engineering strategies to mitigate GPVs agglomeration
in macromolecularly crowding conditions by tuning depletion
force on the vesicle surface, which can be utilized in various
types of GPVs for diverse potential applications.

By utilizing metadynamics calculations, we find that the
binding free energy between eGFP and eGFP is approximately
�19.8 kJ mol�1, higher than that of mCherry and mCherry,
which is approximately �10.6 kJ mol�1 (Fig. 5). This finding

suggests a greater propensity for eGFP molecules to interact
with one another and form stable dimer structures when
situated at close distances. This result is in agreement with
experimental observations, wherein eGFP–GPVs exhibit a lower
critical PEG concentration than mCherry–GPVs for triggering
agglomeration under the same low molar ratio of globular
protein-ZE to ZR-ELP.

Kinetics in the phase transition and separation of protein
assemblies in the macromolecular crowding-induced
concentrated conditions

GPVs agglomeration was observed within minutes upon addi-
tion of a high concentration of PEG solution. However, after a
few hours, the agglomerated GPVs changed into particulates
that show sub-domain phase separation (Fig. 6A). The phase
separation was characterized by observing the sub-domains
formation of distinct mCherry-rich and mCherry-poor regions
in protein particulates, which were stable over a week.

Previously, we found that the agglomeration of GPVs is
ultimately confined by the PEG crowding agent nearby. This
will result in the increase of local concentrations of fusion
proteins in the limited space. When local concentrations of the
amphiphilic globule-ZE/ZR-ELP fusion proteins are bigger than
disorder–order transition concentrations, we anticipate the
collapse of vesicle structure and phase separation between
the globular proteins-rich domain and ELP-rich domain, as
shown in Fig. 6A. The intensity profiles of mCherry in the
droplets assembled from the fusion proteins in PEG-rich solu-
tions clearly demonstrate the phase separation between ELP
and mCherry domains (Fig. S1, ESI†). This phase transition
occurs in 6 hours after addition of PEG in the GPV solutions.
We used FITC-PEG to find the location of PEG molecules
during the vesicle-to-coacervate phase transition as well as

Scheme 1 Illustration of decrease in the number of globular proteins on
the vesicle surface. High number of globular proteins induce stronger
depletion force to form GPVs agglomeration.

Fig. 3 Phase behavior of GPVs with different relative number of mCherry proteins on the vesicle surfaces (i.e., molar ratios of mCherry-ZE to ZR-ELP are
0.005 (low; upper row), 0.01 (middle row), and 0.05 (high; bottom row)) in various PEG concentrations. All scale bars are 5 mm.

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 4

/1
6/

20
26

 1
2:

36
:0

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma01012k


© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2024, 5, 4200–4208 |  4205

the phase separation of mCherry and ELP domains in the
protein-rich coacervate particles. PEG crowding agents are
located outside the phase-separated particles (Fig. 6B), which
indicates that the increase in the local concentration of fusion
proteins inside the protein-rich droplets results in phase
separation between mCherry and ELP domains due to the
desolvation of ELP domains and the discrepancy of attraction
forces between mCherry and ELP. Similarly, it is reported that
mCherry–ELP fusion proteins formed ordered nanostructure
in concentrated conditions above the disorder–order concen-
tration.45 The size of the droplets exhibits a wide dispersity and
is larger than that of GPVs, since numerous GPVs cluster
together to form agglomerations that coalesce into protein
droplets (Fig. S2, ESI†).

The main driving force behind the transition of agglomer-
ated GPVs into phase-separated protein assemblies is thought
to be the increased hydrophobic interaction between ELPs in
highly concentrated solutions, a result of macromolecular
crowding. Fig. 6C shows the optical density of ELP solutions
in dilute and concentrated PEG conditions as a function of

Fig. 4 Phase behavior of GPVs with different relative number of eGFP on the vesicle surface (i.e., molar ratio of eGFP-ZE to ZR-ELP are 0.005 (low; upper
row), 0.01 (middle row) and 0.05 (high; bottom row)) in various PEG concentrations. All scale bars are 5 mm.

Fig. 5 Free-energy profile as a function of center-of-mass (COM) dis-
tance between eGFP–eGFP, and mCherry–mCherry.

Fig. 6 (A) Phase separation of mCherry and ELP domains observed in a
protein-rich assemblies, made from PEG-induced agglomeration and the
vesicle-to-coacervate transitions. (B) Green fluorescent signal from FITC-
PEG surrounding phase-separated protein assemblies. (C) The turbidity
changes of ELP fusion protein solutions in dilute and concentrated PEG
conditions. All scale bars are 5 mm.
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temperature. In dilute solutions (e.g., no macromolecular
crowded conditions, 10–120 mM ZR-ELP solutions), the soluble
to insoluble transition of ELPs due to their LCST behavior was
clearly observed with the increasing turbidity profiles upon
heating, indicating that the increased ELP hydrophobic inter-
actions in water formed two phases at the temperatures above
transition temperatures.30 We also confirmed that the ELP
phase transition is reversible to return to soluble phase upon
cooling in no PEG conditions. However, ELP in macromolecu-
lar crowding solutions (20 and 40 wt%) did not show a decrease
in optical density with the decrease in temperature. This result
implies that macromolecular crowded conditions prevent the
ELP chain from stretching out to be dissolved in aqueous
solution due to excluded volume effect, leading to the
enhanced hydrophobic interaction between ELP fusion pro-
teins. As the local concentration of fusion proteins is increased
during the GPV agglomeration-induced protein-rich droplet
formations by PEG molecules surrounding, the hydrophobic
interaction of ELP is increased and ELP proteins become
immiscible with hydrophilic mCherry. More detailed investiga-
tion of the phase separation at the nanometer scale warrants
future investigation by using scattering techniques, which is
beyond the current study.

Molecular dynamics simulation to estimate the interaction
between mCherry–mCherry, ELP–ELP, and mCherry–ELP in
protein assemblies.

To gain a deeper understanding of the driving forces behind
the sub-domain phase separation of mCherry and ELP complex
assemblies after GPV agglomeration by PEG addition, we
employed metadynamics to calculate the binding free energy
as a function of the center-of-mass (COM) distance between
mCherry–ELP protein pairs (Fig. 7). All simulation details,
including simulation setup for well-tempered metadynamics

(Table S1, ESI†), convergence assessment showing last 40 ns
free energy profile changes (Fig. S3, ESI†) and average error on
free-energy profiles with varying block size (Fig. S4, ESI†) for
each protein components, and simulation initial conformation
alignment (Fig. S5, ESI†) are summarized in more detail in
ESI.† As a result, among all the protein–protein interactions
analyzed, ELP–ELP demonstrated the highest binding free
energy of �10.1 kJ mol�1, followed by mCherry–mCherry with
a free energy of �7.5 kJ mol�1, and finally mCherry–ELP
exhibited the weakest interaction of �5.7 kJ mol�1.

This MD simulation result suggests that ELPs have a preference
for interacting with other ELPs at close proximity, while mCherrys
show an inclination towards binding with other mCherrys. Given
the preferential nature of these interactions, the weaker interaction
between mCherry and ELP contributes to the phase separation
between mCherry and ELP aggregates. This ultimately supports the
observed phase separation under crowded conditions.

Conclusion

We investigated the phase behavior of recombinant fusion protein
vesicles and assemblies in macromolecularly crowded conditions,
which were created by adding high concentrated model crowding
agents, PEG. We found that excluded volume effect of crowding
agents induced the agglomeration and phase transition of GPVs, in
which the relative number of bulky globular proteins at the vesicle
membranes plays a critical role due to the depletion effect. When
PEG concentration is high enough to induce depletion force
between vesicles, GPVs agglomerate, which can be mitigated by
reducing the relative number of globular proteins on vesicle sur-
faces. Altering globular protein types from mCherry to eGFP exhib-
ited similar trends, which demonstrated that we could apply the
same engineering strategies on different globular protein vesicles to
mitigate the agglomeration. When the local concentration of fusion
proteins in the confined space, such as protein-rich coacervate
droplets, increases more than the disorder–order transition concen-
tration, the agglomerated GPVs undergo further phase-separation.
The phase separation inside the fusion protein assemblies at high
local concentrations is based on the increased immiscibility
between mCherry and ELP in macromolecularly crowded condi-
tions. Our experimental and computational simulations confirmed
that hydrophobic interaction of ELP fusion proteins is enforced in
macromolecularly crowded conditions. This work to investigate
the phase behavior of recombinant fusion proteins and their
assembly in cell-like crowded conditions, including agglomeration,
coacervate-to-vesicle transition, and phase separation between pro-
tein domains would provide novel insights and engineering strate-
gies for developing highly potential protein-displaying vesicles
towards artificial cell and biotechnical applications.
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Fig. 7 Free-energy profile as a function of center-of-mass (COM)
distance between mCherry–mCherry, mCherry–ELP, and ELP–ELP.
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