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ABSTRACT: Supramolecular self-assembly of fibrous components and liquid—liquid phase separation are at the extremes of the
order-to-disorder spectrum. They collectively play key roles in cellular organization. It is still a major challenge to design systems
where both highly ordered nanostructures and liquid—liquid phase-separated domains can coexist. We present a three-component
assembly approach that generates fibrous domains that exclusively form inside globally disordered, liquid condensates. This is
achieved by creating amphiphilic peptides that combine the features of fibrillar assembly (the amyloid domain LVFFA) and complex
coacervation (oligo-arginine and adenosine triphosphate (ATP)) in one peptide, namely, LVFFAR,. When this hybrid peptide is
mixed in different ratios with Ry and ATP, we find that conditions can be created where fibrous assembly is exclusively observed
inside liquid coacervates. Through fluorescence and atomic force microscopy characterization, we investigate the dynamic evolution
of ordered and disordered features over time. It was observed that the fibers nucleate and mature inside the droplets and that these
fiber-containing liquid droplets can also undergo fusion, showing that the droplets remain liquid-like. Our work thus generates
opportunities for the design of ordered structures within the confined environment of biomolecular condensates, which may be
useful to create supramolecular materials in defined compartments and as model systems that can enhance understanding of ordering

principles in biology.

achieved by specialized proteins.””~>* Therefore, development
of a minimalistic multicomponent system that promotes local
order in globally disordered systems such as coacervates is
warranted.”*° Besides gaining understanding of navigating
order and disorder in biological design spaces, one can foresee
applications in supramolecular materials, including those
relevant to catalysis and selective sequestration in compart-
ments.”’

In this work, we show controlled generation of supra-
molecular fiber domains in liquid condensates by combining
well-known minimalistic peptide domains. Key to our design is

B iomolecular condensates represent a growing area of
research, due to their recognized importance in subcellular
organization of biological structures, chemical origins of life, the
design of biomimetic materials, and the development of new
tools for synthetic biology.' ® In most cases, biological
condensates are multicomponent systems that bring various
components together, thereby enhancing component proximity
and flux, which results in regulation of reaction specificity.”~” A
plethora of examples in which local environments generated in
condensates lead to spatially controlled properties have been
reported, including enhanced enzyme activity, selective uptake

of reaction components, localized changes in dielectric
constants, overall control of binding events, and even noise
buffering.'*~" o

Recent evidence suggests that most biological condensates lie
in between homogeneous liquids and hetero%eneous aggregates
with a range of mixed phases observed.”'”'® Over time,
condensates can transition between states; for example, many
protein systems associated with pathological aggregation in
neurodegenerative diseases, such as FUS [RNA binding protein
FUsed in Sarcoma], can mature through a liquid-to-solid
transition.'” Similarly, short peptides that mimic amyloid
aggregation have been shown to undergo a two-stage process
involving liquid—liquid phase separation (LLPS) followed by
fiber nucleation and growth.”

Globally disordered or liquid systems that contain local
ordered domains have been traditionally difficult to design, as
they mostly, over time, lead to gels or aggregates representing
lower free-energy states.”’ To our knowledge, the existence of
ordered fiber domains inside liquid condensates has only been
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an amphiphilic peptide that combines the features of fibrillar
assembly (through the amyloid domain LVFFA) and complex
coacervation (oligo-arginine/ATP)® in one peptide, namely,
LVFFAR,. Combining LVFFAR, in varying ratios with Ry as
positively charged components and ATP as a negatively charged
counterpart forms the basis of three component condensates
(Figure la). The LVFFA motif was selected due to its self-
assembly into a p-sheet structural component in the Af
system””*” that has been extensively explored in minimalistic
supramolecular peptide assemblies.’’ >* We envisaged that Ry-
ATP interactions would give rise to a tricomponent coassembly
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Figure 1. Design of self-assembled fibers inside liquid peptide
condensates and prospective morphological outcomes dictated by
composition. (a) Molecular structures of the two positively charged
oligopeptides used to form coacervates with ATP. (b) Schematic
detailing the use of various proportions of positively charged species in
conjunction with ATP to form coacervates and the resulting
morphologies.

+

(Ry + LVFFAR, + ATP) where local proximity of the LVFFA
motif would lead to amyloid formation exclusively inside the
droplets, with the Ry moiety stabilizing the amyloid-coacervate
interface. Furthermore, since the mole percentage of LVFFAR,
can be controlled, this is expected to lead to control over
aggregated domain formation in a globally disordered liquid of
R, and ATP (Figure 1b).

We combined Ry and LVFFAR, in various proportions such
that the overall net positive charge concentration in solution is
always 10 mM (based on nine charge equivalents per Ry
molecule). This is countered by 10 mM negatively charged
counterions provided by ATP (four charge equivalents). The
mixture of Ry/LVFFAR, was added to the solution containing
ATP, which resulted in coacervation as evidenced by
instantaneous generation of an inhomogeneous solution. The
pH of the mixture was maintained at 8.0 buffered by 10 mM
Tris-HCl containing 15 mM KCI, 0.5 mM MgCl,, and 0.2% (w/
v) NaNj;. To understand the effect of the different components
and phase separation on LVFFAR, fibril formation, we
measured the critical aggregation concentration (CAC) of
LVFFAR; in the presence of Ry and ATP alone (no coacervates
formed) and compared this with the CAC in Ry-ATP
coacervates (Supporting Information Figure S1). We found
that, while Ry alone has no significant impact on the CAC, the
presence of ATP in equivalent charge concentration reduced the
CAC by more than twofold (from 1.37 to 0.56 mM), due to
minimization of charge repulsion. The confinement of the
LVFFA motif within liquid droplets further reduced its CAC by
more than 4 times to 0.12 mM (12% in respect to Ry in the three
component droplets). Atomic force microscopy (AFM) showed
that the morphology of LVFFAR, assemblies changes
significantly in the presence of ATP and Ry-ATP coacervates
forming aggregates and short fibers, entangled fibers, and
bundled densely packed fibers, respectively (Supporting
Information Figure S2).

To visualize the formation of peptide fibers inside coacervates
by confocal microscopy, we used Alexa-fluor 488 functionalized
peptide LVFFAR,-[C]-AF488 (f-LVFFAR,) and Alexa-fluor
647 functionalized ATP (f-ATP) that can be readily observed
through separate channels (Each dye concentration = 2.5 yM).

Coacervates consisting of various percentages of LVFFAR, were
formed, below and above the CAC (0%—100%) in R, with ATP
(Figure 2a). The samples were imaged through sandwiched,
surface-functionalized (with N-(triethoxysilylpropyl)-O-poly-
(ethylene oxide) urethane, details in the Methods section of
the Supporting Information) coverslips using a confocal
microscope. Surface functionalization was done to reduce
coalescence of droplets on glass surface.” We observed
heterogeneous condensed phases at 20% LVFFAR, as a
stabilized phase (up to one week) between homogeneous
coacervates (at 0—5% LVFFAR,) and aggregates (at >50%
LVFFAR,) (Figure 2a, Supporting Information Figure S3). The
colocalization of ATP and amyloids suggests interactions across
the multicomponent system stabilizing the interface of the
fibrillar structures and the condensate. An orthogonal sectioning
of these droplets showed well-dispersed fibers inside, pointing to
a coexistence of fibers inside droplets (Supporting Information
Figure S4, Supporting Information Videos S1 & S2). Cryo-
transmission electron microscopy (Cryo-TEM) also confirmed
the presence of fibrillar structures, 10—20 nm in width, within
the droplets with 20% LVFFAR, (Supporting Information
Figure SS) indicating that the fibers observed by confocal
microscopy are composed of bundles of nanofibers. These were
obtained from samples where the coacervates had been
dissolved by increasing the salt concentration in the system
(addition of 3 M NaCl) after 10 h of maturation. This is because
the size of the droplets (18 um® on average) is too thick for
electron penetration and imaging by TEM and cryo-EM. The
micrographs however clearly show the confinement of fibrillar
networks inside the perimeter of spherical shapes corresponding
to the perimeter of the dissolved droplets.

We further characterized droplets with various percentages of
LVFFAR, with fluorescence recovery after photobleaching
(FRAP) (Dye: 0.5% f-LVFFAR,, Figure 2b). While 0%
LVFFAR, containing condensates showed nearly complete
recovery, confirming their liquid-like nature, the extent of
recovery decreased with increasing percentages of the
LVFFAR,. The progressive decrease in mobile fraction with
increasing amyloid percentage is consistent with an increase in
the solid fraction of the system. Snapshots of FRAP on
condensates containing 20% LVFFAR, over time also
demonstrate the lack of recovery in the amyloid parts of the
droplet (Figure 2c, Supporting Information Figure S6,
Supporting Information Video S3). We further characterized
the heterogeneous condensates with 20% LVFFAR, using
traditional -sheet staining dyes, Thioflavin-T, and Congo Red
(Supporting Information Figure S7). We observed staining and
fluorescence enhancement in samples containing the amyloid
forming domains, further confirming that the structures are
indeed p-sheets formed due to LVFFA motif aggregation.
Further evidence showing that these fibers are confined in a
liquid medium comes during the investigation of fiber dynamics.
We show that fiber-containing droplets merge to form bigger
droplets, with aspect ratio going from 2.1 (separate droplets) to
1.0 (completely merged droplets) in 41 s (droplets are pre-aged
for 2 h, Figure 2d, Supporting Information Video S4).
Furthermore, to demonstrate the coexistence of ordered and
disordered phases we treated the droplets with a 3 M NaCl
solution, which we expected to dissolve the liquid phase
(Supporting Information Video SS & S$6, Supporting
Information Figure S8). On the one hand, droplets with 0%
LVFFAR, dissolved completely as the ionic strength of the
resultant solution increased. On the other hand, a residual
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Figure 2. Formation and characterization of supramolecular fibers inside condensates. (a) A series of confocal images taken of coacervates formed with
various percentages of LVFFAR,. Scale bar = S yym. Dyes = 0.5% f-LVFFAR, and 0.5% f-ATP excited at 488 and 647 nm, respectively. (b) FRAP traces
of coacervates formed with various percentages of LVFFAR,. Dye = 0.5% f-LVFFAR,. (c) Confocal images corresponding to FRAP in coacervates
formed with 20% LVFFAR, over time. Scale bar = S ym. (d) Confocal images showing droplet merger over time (indicated by a white arrow) formed
with 20% LVFFAR,. Figure also indicates the aspect ratio (AR) of the droplets over time. A = 2.68 h, dye = 0.5% f-LVFFAR, (Incubation time for all

samples discussed here is 2 h).

amyloidal network (albeit modified due to hydrophobic
collapse) can be seen to sustain the salt concentration, while
the liquid Ry + ATP component disappears in tricomponent
condensates formed with 20% LVFFAR,,.

To analyze the nature of fibrilization, we studied the
condensates formed with 20% LVFFAR, over time (up to 6
h) (Figure 3). Starting from the fluorescence profile of
coacervates, we could see generation of amyloid fibers in
individual liquid droplets. These fibers can be seen elongating in
intermediate maturation times. The nucleation starts within 1.5
h, leading to maturation by 6 h (Figure 3ab, Supporting
Information Figure S9). The amount of LVFFAR, in the
supernatant and condensate phases were quantified by liquid

chromatography-mass spectrometry (LC-MS) (Supporting
Information Figure S10). In the droplets, the concentration of
the amyloid peptide increased over time, reaching the CAC
threshold (0.12 mM) between 1 and 2 h, while the
concentration in the supernatant decreased and remained
considerably lower (more than S times) than the fibril forming
concentration range (above 0.56 mM in absence of droplets).
The growth of fibers had no significant effect on the partitioning
of Ry and ATP in the condensates (Supporting Information
Figure S11). A FRAP analysis over time showed that the mobile
component of the droplets retains its liquid-like recovery (Dye:
0.5% f-LVFFAR,, Figure 3¢, Supporting Information Videos S7
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Figure 3. Dynamics of fiber growth inside condensates. (a, b) Confocal images of coacervates with 20% LVFFAR, over 1 and 6 h, respectively. Dye =
0.5% f-LVFFAR,), Scale bar = S ym. (c) FRAP traces of coacervates over time formed with 20% LVFFAR,. Dye = 0.5% f-LVFFAR,,. (d, e) Force maps
showing Young’s modulus (E in MPa) of coacervates with 20% LVFFAR, over 1 and 6 h, respectively. (f) Bar graph showing the average Young’s
modulus of condensates with various percentages of LVFFAR, over time. (g, h) Height and force maps, respectively, from AFM analysis of fibers
formed by dried sample of 20% LVFFAR, condensates. Scale bar = 600 nm. Inset in (h) shows the variation of Young’s modulus (E in GPa) over the

topology marked in blue.

& S$8) with no noticeable change in droplet size (Supporting
Information Figure S$12).

We hypothesized that the growth and maturation of amyloid
fibers, inside condensates, should result in an increase in
stiffness. To investigate this aspect, we performed solution-state
AFM on the droplets over time (Figure 3d,e, Supporting
Information Figure S13). The force maps show the distribution
of Young’s moduli (E) of these droplets over time, with average
stiffness increasing from 2.5 to 12.5 MPa over 6 h, while
nonamyloid containing droplets (5% LVFFAR,) only reach an
average stiffness of 0.3 MPa (Figure 3f). The Young’s modulus
of LVFFAR, amyloid fibers formed in condensates (measured
on dried samples of 20% LVFFAR, condensates) (Figure 3gh,
Supporting Information Figures S14 & S15) is in the range of S—
8 GPa, which is orders of magnitude higher than the matured
condensates. While it was not possible to directly measure
Young’s modulus of individual fibers inside droplets, this
observation underscores how the droplets’ mechanical stiffness
is affected by the growth of fibers over time inside these droplets,
while still retaining their liquid-like properties.

In conclusion, we show that a multicomponent assembly with
designed components to generate amyloid-like fibers inside
coacervates gives rise to local domains of ordered structures in
liquid droplets. We further investigate these systems through a
detailed microscopic analysis showing fibril maturation inside
condensates. We note that peptide amphiphiles are known to
form amyloid fibers in oil and water emulsions, where they have
the tendency to accumulate at the interface.”””* The key
challenge that our design overcomes is that the amyloid
assembly remains dispersed inside the liquid droplets, which
opens up opportunities to study the properties and functions of
supramolecular fibers inside liquid compartments. This is of
significant consequence as a design feature for functional,

15005

multicomponent condensates inside cellular environments that
take advantage of their heterogeneity to drive a plethora of
metabolic modifications. Additionally, this work lends insight
into potential mechanisms for curbing uncontrolled amyloid
growth associated with disease in living systems. We thus
provide a first set of design principles to generate such systems

synthetically.
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Confocal image Z stacks of condensates formed with 20%
LVFFAR,. Overlap channels of dyes f-LVFFAR, and f-
ATP (MP4)

3D visualization of Z stacks presented in Video 1
processed by Imaris 9.7 (Oxford instruments, Zurich,
Switzerland) (MP4)

FRAP of condensates formed with 20% LVFFAR,. Dye:
0.5% f-LVFFAR,. Video speed: 5X (AVI)

Fusion kinetics of pre-aged (2 hrs) of condensates formed
with 20% LVFFAR,. Fusion event marked by white
arrow. Dye: 0.5% f-LVFFAR,. Video speed: 4X (MP4)
Aged (6 hrs) condensates formed with 20% LVFFAR,
after addition of 3M NaCl. Dye: 0.5% f-LVFFAR,. Video
speed: 6.3X (AVI)

Aged (6 hrs) condensates formed with 0% LVFFAR, after
addition of 3M NaCl. Dye: 0.5% f-LVFFAR,. Video
speed: 7X (AVI)

FRAP of aged (3 hrs) condensates formed with 20%
LVFFAR, Dye: 0.5% f-LVFFAR,. Video speed: 5X (AVI)
FRAP of aged (6 hrs) condensates formed with 20%
LVFFAR, Dye: 0.5% f-LVFFAR,. Video speed: 5X (AVI)
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