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This study investigated the localization of artificial peptide supra-
molecular fibers in liquid—liquid phase separation (LLPS). Hierarchical
organization led to the localization of supramolecules in LLPS droplets.
Moreover, proteins were recruited into confined droplets by the
physical adsorption of proteins on the supramolecules, enabling an
enhanced cascade reaction.

Intracellular environments contain millions of biomolecules,
resulting in crowded conditions." To achieve highly regulated
intracellular chemical reactions in such a crowded cellular
environment, each component must encounter the corres-
ponding partner, such as enzymes and substrates, with appro-
priate timing and location.>® Recent studies have shown that
cells utilize liquid-liquid phase separation (LLPS) to dynamically
form liquid droplets that confine specific biomolecules, which
regulates intracellular reactions for gene expression, metabolic
regulation, signal transmission, and stress adaptation.*® This
regulation is considered to be enabled not only by increased local
biomolecule concentrations, but also by changes in the surround-
ing local environment of biomolecules in droplets, which affects
the biophysical properties and/or interactions of biomolecules.
In addition to improving the understanding of naturally
formed droplets, recent attempts to construct droplets that can
localize specific biomolecules in cells have focused on controlling
cellular functions.”® The formation of these droplets is driven by
the association of biomolecules through oligomerization or
coiled-coil interactions by introducing these associative motifs
to biomolecules, and controlled recruitment and/or release of
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client biomolecules has been demonstrated.”*® In parallel, the
phase selectivity of biomolecules has been studied in vitro in
LLPS systems using natural/synthetic polymers, such as polyethy-
lene glycol (PEG) and dextran (Dex), to form cell-free droplets."*?
In addition to the physicochemical properties, supramolecule
formation by biomolecules, such as the polymerization of actin
proteins and duplex formation of DNA, has been reported to
affect the phase selectivity of biomolecules in LLPS, with higher-
order structures, such as filamented actins and duplexed DNAs,
favoring the Dex-rich phase over the PEG-rich phase.>'* This
suggests the possibility of controlling biomolecule localization by
changing their organization and properties. However, whether
this phenomenon is limited to biological supramolecules with
defined structures and regulated organizations remains to be
determined.

This study used artificial supramolecules based on peptide
amphiphiles (PAs) to demonstrate that control of the phase
selectivity through supramolecule formation can also be applied
to an artificial system. Although the formation of LLPS at the
very initial stage of peptide supramolecular polymerization," or
the co-existence of peptide supramolecular fibers in LLPS
droplets,'® has recently been reported using artificial peptides
as a droplet component, this research uses macromolecular
droplets formed by PEG and Dex to study the supramolecular
organization and phase selectivity of artificial supramolecules
independently from droplet formation. For this purpose, we
used supramolecules formed by co-assembly of cyanuric acid
(Cya)-introduced PAs (Cya-PAs) and melamine (Mel)-modified
fluorescent molecule nitrobenzofurazan (Mel-NBD)."” Supra-
molecular formation is initiated by the 3:3 complementary
hydrogen bond network between Cya and Mel, called a rosette,
which leads to a hierarchical assembly to form supramolecular
polymers.'® We previously reported that the sizes of the supra-
molecules were controlled by the number of C4 alkyl chains of
Cya-PAs."” Therefore, we studied the formation of supramolecules
and size-dependent control of supramolecular localization in the
LLPS system. In addition, the recruitment of native proteins into

This journal is © The Royal Society of Chemistry 2023
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Fig.1 Chemical structures of Cya-PA and Mel-NBD, and a schematic
representation of this study. A supramolecular polymer formed by com-
plementary interaction and hierarchical assembly shows droplet-selectivity
in the PEG/Dex liquid-liquid phase separation. Proteins adsorbed on the
supramolecule are recruited to the droplets.

droplets was demonstrated through the physical adsorption of
proteins on the supramolecules (Fig. 1).

We first confirmed the formation of supramolecules in the
absence of LLPS. Three Cya-PAs with different numbers of
Ce alkyl chains between Cya and peptide (FEFEGRGD) were
prepared (Cya-PAn: n = 1-3) and mixed with Mel-NBD (Fig. 1).
Cya-PA1/Mel-NBD formed rods of several hundreds of nan-
ometers long, while Cya-PA2/Mel-NBD and Cya-PA3/Mel-NBD
formed micron-scale fibrous assemblies (Fig. S1, ESIt). Com-
pared with Cya-PA2/Mel-NBD, Cya-PA3/Mel-NBD formed larger-
sized, bundled assembles, which was evidenced by confocal
laser scanning microscopy (CLSM) observation (Fig. S1i, ESIT).

We then investigated the formation and localization of
supramolecules in the LLPS system using CLSM. Cya-PA and
Mel-NBD were added to an LLPS solution containing 5 wt%
PEG and Dex to form Dex-rich droplets and a PEG-rich con-
tinuous phase, and the solutions were incubated at 37 °C. After
5 d, homogeneous green fluorescence was observed in both the
PEG and Dex phases, with a higher relative intensity in the PEG
phase, for Mel-NBD alone and co-assemblies with Cya-PA1 and
Cya-PA2 (Fig. 2a). When partition measurement using liquid
chromatography was applied to the mixture of Cya-PA1 and
Mel-NBD, an approx. 1:1 molar ratio of Cya-PA1 and Mel-NBD
was detected in both the PEG and Dex phases, indicating the
formation of a Cya-PA1/Mel-NBD co-assembly (Fig. S2, ESIT).
Therefore, the homogeneous green fluorescence might stem
from the smaller supramolecule size, which was difficult to
observe by CLSM (Fig. S1g, ESIt). In contrast, fibrous assem-
blies of Cya-PA3/Mel-NBD were clearly localized in Dex droplets

This journal is © The Royal Society of Chemistry 2023

View Article Online

ChemComm

a Mel-NBD alone

Cya-PA1/Mel-NBD

Cya-PA2/Mel-NBD  Cya-PA3/Mel-NBD

without droplets

2
°
a
o
S
£
H

Fig. 2 (a) Phase selectivity of Mel-NBD alone and co-assemblies with
Cya-PA. Mel-NBD alone, Cya-PAl/Mel-NBD, and Cya-PA2/Mel-NBD
show relatively high accumulation in the PEG phase, while bundled fibers
of Cya-PA3/Mel-NBD are localized in Dex droplets. (b) Time-dependent
co-assembly formation with or without LLPS droplets formed using 5 wt%
PEG and Dex. [Cya-PA/Mel-NBD] = 1.5 mM. Bars: 10 um. White arrows
denote Cya-PA3/Mel-NBD fibers in Dex droplets.

(Fig. 2a and Fig. S3, ESIT), regardless of the molecular weights
of PEG/Dex (Fig. S4, ESIt). These results suggest that not the
formation of fibrous structures but larger-sized, bundled
assembly formation might lead to localization in the Dex phase.
To support this hypothesis, we examined the correlation between
the formation of well-developed fibrous structures and the phase
selectivity through time-dependent observation. In our co-
assembly system, the complementary interaction between Cya
and Mel occurred at the initial stage of co-assembly, while
hierarchical fibrous assembly formation occurred with aging
(Fig. S5, ESIT). After 4 h, when the assembly was at the initial
stage, little fibrous objects were detected in the absence of LLPS
(Fig. 2b, top) and relatively high green fluorescence was observed
in the PEG phase in the presence of LLPS (Fig. 2b, bottom).
Assemblies of Cya-PA3/Mel-NBD started to be detected in PBS
solution after 1 d and continued to grow with aging. Interestingly,
localization of the fibrous structures in Dex droplets was also
detected after 1 d. These results suggested that the formation of
large assemblies was necessary for localization in the Dex phase.

To further investigate the localization mechanism of
Cya-PA3/Mel-NBD co-assembly in the droplets, we observed
co-assembly formation in the presence of either PEG or Dex
polymer. After 1 d, when assemblies started to be detected in
PBS, fibrous objects were observed both in 5 wt% PEG and Dex
solutions (Fig. S6, ESIt). The assembly size continued increas-
ing in PBS and 5 wt% PEG until day 5. In contrast, in 5 wt% Dex
solution, almost complete growth was observed after 1 d. These
results suggested that the formation of hierarchical assemblies
was accelerated in 5 wt% Dex. However, the presence of 5 wt%
PEG neither inhibited the formation nor co-existence of hier-
archical assemblies, suggesting that accelerated fibrous for-
mation in the Dex phase was not the direct reason for their
localization in Dex droplets. Next, we checked the phase
selectivity of the pre-formed Cya-PA3/Mel-NBD co-assembly in
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the two-phase system. When imaged soon after mixing the
co-assembly and LLPS solutions, complete localization of the
fibers in the droplets was observed (Fig. S7, ESIt). Furthermore,
the partition of each assembly component (Cya-PA3 or Mel-
NBD) showed either non-selectivity (Cya-PA3) or selectivity for
the PEG phase (Mel-NBD) (Fig. S8, ESIt), indicating the lower
possibility of selective co-assembly formation in the Dex phase.
Altogether, the droplet localization of Cya-PA3/Mel-NBD supra-
molecules was due to the higher order organization of the
assemblies. Similar droplet selectivity depending on assembly
maturation has been reported for intracellular supramolecular
protein polymers formed with actin or FtsZ, as explained by the
high affinity of the developed supramolecular structures for the
coarser structure of Dex phase than for the PEG phase.”***

Intracellular supramolecular cytoskeletons like actin fibers
have been reported to exhibit non-covalent adsorption of bio-
molecules on their surface to regulate biological processes.'
Similarly, some synthetic supramolecular polymers composed
of simple peptides physically adsorb proteins.?°? If our novel
synthetic supramolecular polymers also showed a protein-
binding property, they would become useful materials to recruit
proteins into a compartmentalized space, namely droplets,
without modification of the proteins.

To verify the feasibility of this concept, we examined the
interaction between proteins and the co-assemblies. Various
proteins, including fluorescent protein mDsRed, and cationic
(lysozyme) and anionic (ovalbumin) proteins, interacted with
the Cya-PA3/Mel-NBD co-assembly as evidenced by the over-
lapped red (proteins) and green (NBD) fluorescence observed by
CLSM (Fig. S9, ESIT). We also examined whether the simulta-
neous adsorption of two proteins on the supramolecule could
be achieved. Glucose oxidase (GOx) and horseradish peroxidase
(HRP), which are representative cascade enzymes, were used for
this purpose. CLSM observation of the Cya-PA3/Mel-NBD
co-assembly after mixing with labeled TAMRA-GOx and
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Dy405-HRP showed overlapped green (NBD), red (TAMRA-GOx),
and blue (Dy405-HRP) fluorescence, indicating simultaneous
retention of the two proteins on the supramolecular polymers
(Fig. 3, top). Since both the Cya-PA3/Mel-NBD co-assembly and
proteins are negatively charged (Fig. S10, ESIt) and protein
adsorption was not inhibited when 0.5 M NaCl was added
(Fig. S11, ESIT), non-covalent interactions other than electrostatic
interaction should be operating. Bio-layer interferometry measure-
ments showed that co-assembly formation was necessary to adsorb
proteins because their components (Cya-PA3 or Mel-NBD alone)
did not show apparent adsorptions (Fig. S12, ESI{).

We then evaluated the recruitment of proteins into droplets
using our supramolecules. The localization of proteins is
dependent on their physicochemical properties and the LLPS
conditions. Under the LLPS conditions in the present study,
mDsRed, ovalbumin, and GOx were localized in Dex droplets,
while lysozyme and HRP were in the PEG phase. However,
protein localization was influenced by the Cya-PA3/Mel-NBD
assemblies and supramolecules in the droplets adsorbing the
proteins, regardless of their original localizations (Fig. 3, bot-
tom, Fig. S13 and S14, ESIt). This result suggested that the two
properties of the co-assemblies, namely, adsorption of proteins
and droplet-selectivity, did not mutually affect and enable the
recruitment of proteins across phases. Furthermore, it was
suggested that the non-covalent adsorption was strong enough
to convert the phase-selectivity of the proteins.

The recruitment of cascade enzymes into a confined space
enables proximate positioning of the enzymes, which would
accelerate the reaction rate. Our supramolecule was able to bind
and bring several types of enzymes into the droplets, making it a
great candidate material for non-covalent compartmentalization
of cascade enzymes. The enzymatic cascade activity was evaluated
using the production rate of a final product of the GOx-HRP
catalytic system, the ABTS diradical, using glucose and
ABTS as substrates for GOx and HRP, respectively. When

Line Profile NBD —~GOx ~——HRP
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Fig. 3 CLSM observation of localization of labeled enzymes and the Cya-PA3/Mel-NBD co-assembly without and with LLPS. [Cya-PA3] = [Mel-NBD] =
0.45 mM, [Dy405-HRP] = 88 ng mL™%, [TAMRA-GOX] = 64 ug mL™%, [PEG] = [Dex] = 5 wt%. Bars: 5 um. Line profiles alongside red arrows in merged

images indicate the adsorption of GOx and HRP on the co-assemblies.
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Fig. 4 Cascade reaction rates in LLPS/supramolecular systems. [Cya-PA3] =
[Mel-NBD] = 0.38 mM, [PEG] = [Dex] = 5 wt%, [GOx] = 0.08 ug mL ™%, [HRP] =
0.22 ug mL~% [ABTS] = 2.0 mM, [glucose] = 40 mM. N = 3, mean + SE,
*p < 0.05, *p < 0.01, ***p < 0.0001
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Cya-PA3/Mel-NBD co-existed in the absence of droplets, the
production rate was not increased (Fig. 4 and Fig. S15, ESIY).
However, under LLPS conditions, the co-existence of the
co-assembly significantly increased the cascade reaction. As
the presence of LLPS intrinsically decreases the reaction rate,
presumably owing to the separated localizations of GOx and
HRP, the increased cascade reaction rate in the presence of both
droplets and the co-assembly should result from the recruit-
ment of both enzymes onto the structures in the droplets (Fig. 3,
bottom and Fig. S16, ESIT). This was also supported by the little
increase in the reaction rate when a Cya-PA1/Mel-NBD
co-assembly showing little localization in the droplets was
added (Fig. S17, ESI}). Further investigation of the influence
of the local environment around the co-assembly, and inter-
action of the macromolecular polymers with enzymes, sub-
strates, and co-assemblies, will provide deeper insight into the
mechanism of change in the cascade reaction and provide a
better supramolecule design.

In summary, we have demonstrated that artificial supra-
molecular polymers show localization in a specific phase in an
LLPS system depending on the hierarchical organization of
supramolecules, where highly developed supramolecules
showed localization in Dex droplets. The co-assembly non-
covalently adsorbed proteins on the structure, leading to the
recruitment of proteins into the droplets without modification.
Furthermore, these features of the co-assembly enabled the
confinement of several enzymes in droplets, as demonstrated by
the increased cascade reaction rate. The significant achievements
of the present study were as follows: (i) the unique supramole-
cular system, which allowed the controlled organization that
enabled the relationship between hierarchical organizations of
supramolecules and phase selectivity in LLPS to be investigated;
and (ii) achieving artificial manipulation of the spatial control of
biomolecules without modification. This study not only provides
a fundamental understanding of supramolecule behavior in an

This journal is © The Royal Society of Chemistry 2023
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LLPS system, but also expands the potential utilization of LLPS/
supramolecular systems in the bioengineering field.
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