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Many intracellular membraneless organelles (MLOs) appear to adapt a hierarchical multicompartment
organization for efficient coordination of highly complex reaction networks. Recapitulating such an
internal architecture in biomimetic platforms is, therefore, an important step to facilitate the functional
understanding of MLOs and to enable the design of advanced microreactors. Herein, we present
a modular bottom-up approach for building synthetic multiphasic condensates using a set of engineered
multivalent polymer—oligopeptide hybrids. These hybrid constructs exhibit dynamic phase separation
behaviour generating membraneless droplets with a subdivided interior featuring distinct chemical and

physical properties, whereby a range of functional biomolecules can be spontaneously enriched and
Received 29th September 2022 tiall ted. Th atf | ttai ted i t of t ioti dt lati
Accepted 29th Novernber 2022 spatially segregated. The platform also attains separated confinement of transcription and translation
reactions in proximal compartments, while allowing inter-compartment communication via a directional

DOI: 10.1039/d25c05438h flow of reactants. With advanced structural and functional features attained, this system can be of great
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Introduction

In recent years, membraneless organelles (MLOs) have emerged
as a new class of compartments that coordinate complex
intracellular biochemistry in a spatiotemporal manner." They
are recognized as the functional core of many cellular functions,
such as stress response,>* regulation of gene expression*” and
chemical signaling.®®

These dense liquid-like assemblies are formed via liquid-
liquid phase separation (LLPS) of multivalent scaffold
molecules.” Scaffolds are mainly represented by intrinsically
disordered proteins (IDPs) and sometimes, RNAs, where the
low-complexity (LC)-, RNA-binding (RB)-domains of IDPs,'"*?
and the charged backbone and aromatic bases of RNAs"
contribute to multivalent interactions. Normally, multiple IDPs
coexist together with nucleic acids within one condensate, and
oftentimes such heterogenous nature engenders complex
internal structuration. As such, mixtures of IDPs and RNAs were
found to produce core-shell architectures in stress granules,™
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value as a MLO model and as a cell-free system for multiplex chemical biosynthesis.

P-bodies” and paraspeckles,'® multiple micro-phases in
the nucleolus,"” distinct RNA-enriched cores in mitochondrial
RNA-granules' and internal vacuolization.” Recent studies
suggest that sub-structures in many cases can arise from
spontaneous processes alone, exhibiting distinct morphological
and Dbiophysical characteristics®®** and correspondingly
different functional properties.”*** For example, by spatially
clustering a set of different processing factors, distinct
nucleolus phases appear to sequentially host and direct
multiple steps of ribosome biogenesis reactions.””* While
more concrete functional roles of such internal architecture are

yet to be revealed, the analysis of activities within
other condensates® hints at the importance of sub-
compartmentalization in achieving optimal spatial and

temporal regulation of highly sophisticated intracellular
reactions.

Recapitulating complex architectural organization of MLOs
in vitro is of high interest towards building an experimental
model platform for exploring the mechanistic and functional
aspects of multiphase condensates, and as next generation
multicompartment microreactors. A number of artificial
hierarchical membraneless structures have recently been
designed using a set of synthetic polyelectrolytes,*>* RNA and
proteins/peptides,®=* and a mixture of synthetic IDPs'*?
serving as a starting point to understand the underlying
mechanism and characteristics of multiphasic phase
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separation, while other aspects still remain unexplored,
necessitating the advancement of MLO-mimetic platforms. To
date, reported multi-compartmentalization strategies have been
utilized for sequential chemical transfer reactions,”® cascade
enzymatic reactions,* and spatial segregation of incompatible
components.** Nevertheless, more sophisticated bioprocessing
reactions observed in living cells have rarely been demonstrated
in vitro in conjunction with structurally complex membraneless
systems.

In the present study, we demonstrate the construction of
a novel artificial MLO system that recapitulates both the
multiphasic organization and functional complexity of
intracellular condensates. We use IDP-mimicking polymer—
oligopeptide hybrid (IPH) constructs, as scaffold mimetics to
form complex membraneless condensates in vitro. An IPH,
recently reported by our group,* is an engineered multivalent
self-interacting hybrid scaffold with well-defined IDP-inspired
interaction modules, which demonstrates capability to phase
separate and form micro-sized liquid droplets resembling
natural MLOs, with the ability to selectively enrich multiple
biomolecules®” and host biochemical reactions.*® Mimicking
the structural features of fused in sarcoma (FUS) protein,
a prototypical IDP and a major scaffolding molecule of
intracellular MLOs,***° the IPH consists of a flexible charge-
neutral polymer chain, recapitulating the disordered and
flexible random-coil like nature of IDPs, grafted with FUS-
derived short oligopeptide motifs responsible for weak
and reversible interactions, essential for LLPS (Fig. 1). Such
a minimalist and modular design offers flexibility to finely
modulate various molecular and structural parameters,
allowing the engineering of multiple IPH variants with tunable
intermolecular interactions. The IPH therefore appears as
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a promising platform for recreating the heterogeneous
composition of native condensates and constructing a well-
defined multi-compartment model MLO.

Here, using a set of different IPH constructs, in combination
with RNA, we generate structurally complex synthetic
membraneless organelles with two immiscible
subcompartments. We find that coexisting phases display
distinct chemical composition and material properties, which
dictate the construct's phase-specific partitioning behaviour
towards a range of molecules. We then accomplish the coupling
of in vitro transcription and translation (IVTT) to demonstrate
the functional aspects of the artificial multiphasic assemblies.
Altogether, our findings indicate that the IPH platform provides
new opportunities for spontaneous construction of hierarchical
membraneless condensates in vitro with substantial mimicry of
native MLOs for spatial and temporal orchestration of
bioreactions.

Results and discussion
Internal organization of heterogeneous condensates

Previous in vitro observations and molecular simulations
suggest that the interplay of multiple factors gives rise to an
internal hierarchy of MLOs. The immiscibility of components
can potentially be induced by the imbalance of intermolecular
interactions within the network of competing binding partners,
associated with differences in the charge density and
valency,®®” mixture stoichiometry,’ rate of formation/
dissociation of complexes,* and presence of substrate
specificity,"” while the relative rank of organization of two or
more immiscible phases is dictated by the interfacial tension
between phases.”
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Fig.1 Schematic representation of the structural design and chemical composition of IDP-mimicking polymer—oligopeptide hybrid constructs.
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With the IPH-derived platform,® we utilized the difference in
the valency of scaffold molecules and the presence of a common
binding partner for competitive interactions. The IPH is
composed of vinyl-sulfone (VS) functionalized dextran (Dex-VS)
and a set of -cysteine-terminated ‘sticker’-oligopeptides:
CGGSYSGYS and CGGRGG, where peptides are grafted on the
dextran backbone via a click reaction between the sulfhydryl
group of cysteine residues and the VS groups of Dex.***°
Such a design enables easy modulation of the construct's
valency by changing the density of ‘sticker’-sequences on the
polymer chain, that is, by altering the degree of modification
(DM) of the construct. Variability in interaction parameters was
explored in two IPH variants with a DM of 38% and 92% (Fig. 1).
Hereafter, the first variant with a low density of interacting
“sticker”-oligopeptides is referred to as LD-IPH, while the latter
high-density hybrid as HD-IPH.

In the biological context, the majority of multiphasic MLOs
contain RNA molecules as central scaffold components that
initiate and modulate their phase separation. Moreover,
serving as a common binding element of multiple scaffold
proteins, under different molecular stoichiometry and
interaction scenarios, RNA is known to induce the
immiscibility of components, mediating both the formation of
subcompartments and their organization within MLOs.?*3>*
To recapitulate this aspect of MLO composition, synthetic
homopolymeric RNA, polyU was included as a model RNA
component in our artificial construct and as a common binding
component for LD- and HD-IPHs. Here, both of them are
expected to interact with the model RNA primarily through
CGGRGG-stickers, via long-range electrostatic attraction
between positively charged Arg-residues and the negatively
charged phosphate backbone of RNA, as well as short-range
cation-m interaction and m-m stacking between arginine's
guanidinium group and uracil rings.** CGGSYSGYS-stickers can
also engage in - stacking with RNA via aromatic residues Tyr.
Thus, HD- and LD-IPHs would appear as competitive binding
partners of polyU RNA in this mixing scenario.

In the absence of RNA, a mixture of LD- and HD-IPH
constructs engenders homogeneously mixed droplets
containing both IPHs, in addition to droplets containing
only LD-IPH or HD-IPH coexisting in a solution (Fig. 2A). The
addition of polyU into the LD/HD mixture induced the
reorganization of the droplet components and the formation of
biphasic droplets with a partial engulfment morphology (Fig. 2B
and C). PolyU preferentially associates with HD-IPH, forming an
inner compartment, while displacing LD-IPH to the surface, as
demonstrated by fluorescence intensity profiles across
these heterogeneous condensates as shown in Fig. 2D. More
specifically, LD-IPH was concentrated primarily in the outer
layer of the condensate with a partitioning coefficient, K;, of 20
=+ 1.83, while showing only slight localization in the inner layer
(K, = 4.7 £ 0.98). Here, K is defined as the ratio of fluorescence
intensity within the corresponding layer of the condensate and
the external dilute phase. Both polyU and HD-IPH were 2-times
more enriched in the inner core part compared to the outer
layer (Table 1). Such patterning was driven by competing IPH-
RNA interactions and difference in surface tension, following

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the rules governing intra-droplet organization in biological
condensates. HD-IPH, owing to the higher availability of Tyr
and Arg side chains, can more effectively compete for available
polyU, forming multiple modes of interactions via ion pairing
with RNA's phosphate backbone and aromatic interactions
with nucleobases. A fully saturated HD-IPH/polyU complex
demonstrates more dense and more hydrophobic assemblies,
both parameters associated with a higher surface tension,”*
forcing it to be buried in the inner phase. Concurrently, LD-IPH
with lower valency was positioned between a dilute water phase
and inner HD-IPH/polyU complex, due to its interaction
potential with both inner phase components, and to minimize
the interfacial free energy of this multiphase condensate,
consistent with the simulation studies of multivalent protein
species.**

This pattern was observed for different mixing protocols,
both when (1) LD-IPH was premixed with polyU at a charge-
matching ratio, with the subsequent addition of HD-IPH
(Fig. S1Af), and (2) HD-IPH was complexed with polyU at
a charge-matching ratio, followed by the addition of LD-IPH
(Fig. S1Bt). Notably, instances with more than one inner
phase appearance within one droplet could also be observed;
however these locally nucleated subcompartments eventually
coalescence reaching an equilibrium biphasic droplet state (ESI
Video 11). Droplets with their equilibrium morphology can be
preserved for over 24 h (Fig. S27).

The removal of polyU with the addition of RNase A caused
the droplets to change back to a uniformly mixed state (Fig. 2E),
signifying the importance of RNA molecules in driving spatial
organization inside LD-IPH/HD-IPH droplets. In repeated
experiments with other single-stranded RNAs (ssRNAs) of
different compositions and lengths, the same internal droplet
rearrangement of LD- and HD-IPH took place (Fig. S37), hinting
towards the generic nature of RNA-associated driving forces for
internal compartmentalization of condensates.

Multiphasic organelles display distinct biophysical properties

Reconstructed multiphasic droplets possess liquid-like
characteristics, as both outer and inner compartments
undergo complete fusion and adapt spherical shapes, indicated
by a final aspect ratio (major axis/minor axis of coalescing
droplets) of 1.0 (Fig. 3A). However, the fusion of the LD-IPH-
enriched outer phase occurs faster than the fusion of the
inner compartment implying different bulk material properties
of each phase. To further investigate their material
characteristics, we separately evaluated the linear viscoelastic
properties of each domain, using the passive microrheology
technique with optical tweezers.*” Two phases were shown to
exhibit the properties of complex Maxwell fluids (Fig. 3C and D),
reminiscent of other in vitro condensate systems,**® each with
a distinct terminal relaxation time (tg) corresponding to the
average rearrangement time of the interacting network. For the
HD-IPH/polyU enriched core, the characteristic 7z was 1.13 £
0.88 s compared to 0.50 & 0.12 s for the LD-IPH enriched outer
domain, signifying that the inner compartment displays elastic-
like (G') behaviour over a longer timescale than the shell part.
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Fig. 2 Structural characteristics of heterogeneous droplets. (A) Confocal fluorescence images of droplets formed from the mixture of FITC-
labelled LD-IPH (green) and RhoB-labelled HD-IPH (red), with orange indicating the merging of LD-IPH and HD-IPH. (B) Droplets formed upon
the addition of polyU RNA to LD- and HD-IPH, with purple indicating the merging of methylene blue-stained polyU RNA and RhoB-HD-IPH.
Scale bar = 10 pm. (C) Schematic illustration of the spatial arrangement of IPH components under different mixture compositions. (D)
Corresponding fluorescence intensity profile of fluorescently labelled components across the multiphase IPH-droplet structure. (E) Effect of
RNase A on the spatial organization of droplets’ components. Green refers to FITC-LD-IPH. Scale bar = 10 um.

Table 1 Estimated partitioning coefficient (K) of scaffold molecules
between the condensed phase and external dilute phase. There are
two condensed phases within the multicompartmental droplet

Outer condensed phase® Inner condensed phase®

(K1) (K2)
LD-IPH 20 + 1.83 4.71 + 0.98
HD-IPH 8.5+ 1.13 20.7 + 5.8
polyU RNA 8.57 + 1.32 17.1 + 1.36

“ Denotes partitioning coefficients calculated by dividing the mean
fluorescence intensities of labelled components inside either the
outer (I,) or the inner (;) compartment of the condensed phase by the
mean intensities in the external dilute phase (I4), as K3 = I/I4 and
K, = Lillqj-

Consistently, the characteristic viscosity (n) of the inner phase
was relatively higher than that of the outer phase, with an
estimated n of 23.3 £ 12.1 Pas and 11.8 £ 5.12 Pa s, respectively.
The dissimilar viscosity of subcompartments is a hallmark of
native multiphase condensates,*>*>*” for which the values range
from 0.7 to 10° Pa s.

804 | Chem. Sci, 2023, 14, 801-811

In addition, the two phases exhibited different diffusivities
of its component (Fig. 3B). The outer phase showed faster
molecular dynamics with a characteristic recovery half-time,
t1/2, of 26.21 £ 6.71 s, while the inner HD-IPH/polyU-rich phase
exhibited relatively stalled dynamics (¢t;,, = 38.15 + 5.28 s).
Overall, combined with the fusion characteristics and
frequency-dependent viscoelastic response, the artificial
multiphase MLO reconstruction with LD-IPH/HD-IPH/polyU
recapitulates the inhomogeneous dynamics of stress
granules® and L-bodies,*® with a dense core and more dynamic
shell.

Partitioning behavior of multiphase organelles

Besides scaffold molecules, there are also a substantial portion
of “client” molecules that are dispensable for MLO assembly
but enriched within them via partitioning (or sequestration).***°
Multicompartment MLOs additionally demonstrate the ability
to internally sort and segregate their ‘clients’,>**** dictated
by the different chemical compositions and physical
characteristics of distinct internal phases.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Biophysical characteristics of multiphase droplets. (A) Images of droplets coalescence and corresponding aspect ratio estimations from
fusion events. Aspect ratio for a perfectly spherical shape is equal to 1. Scale bar = 5 um. (B) FRAP plots (green plot — outer compartment; red —
inner compartment) and images showing the fluorescence recovery of multiphasic IPH's inner and outer compartments. Scale bar = 10 pm. Plots
shown are mean for n = 3 individual droplet measurements per compartment, and their corresponding S.D (shaded region). (C and D) Linear
viscoelastic behaviour of the inner and outer compartments of LD-IPH/HD-IPH/polyU droplets as determined by passive microrheology.

A mixture of LD-, HD-IPH and polyU RNA was shown to
engender spatially segregated phases with relatively different
chemical and physical characteristics, which could introduce
a difference in their corresponding solute partitioning
behaviour. Using a set of intrinsically fluorescent and
fluorescently labelled molecules, the sequestration behaviour of
our multiphasic droplet model was investigated (Fig. 4 and S47).
Both anionic fluorescent isothiocyanate (FITC) and zwitterionic

>

B

Rho-123 FAM-ssRNA

Fluorescent Merged

Bright Field

rhodamine B (RhoB) demonstrated sequestration into the
droplet, with a slight increase in fluorescent signals in the inner
compartment (K, = 20.7) relative to the outer shell (K; = 14.5),
while a cationic dye (Rho123) showed no preferential
enrichment in neither of the phases and was equally distributed
both outside and inside of droplets (Fig. 4A). The partitioning of
FITC and RhoB can be driven by non-specific electrostatic and
aromatic interactions, supported by positively charged arginine

Cc

MB-dsDNA FITC-BSA FITC-IlgG FITC-ribosome

)

Fig. 4 Multiphase droplet partitioning behaviour. Confocal fluorescence images of multiphase IPH droplets (LD-IPH/HD-IPH/polyl) in the
presence of different solutes: (A) small fluorescent molecules: anionic FITC (green), zwitterionic RhoB (magenta) and cationic Rho-123 (light
magenta). Scale bar = 5 um. (B) Nucleic acid molecules: FAM-labelled single stranded RNA (24 nt) and methylene blue-stained double stranded
DNA (700 bp). Scale bar =5 um. (C) Size-selective partitioning of negatively charged biomolecules: FITC — labelled BSA, ribosome (scale bar =5
um) and IgG (scale bar = 10 um).
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residues and aromatic-rich peptide modules that are present on
both LD-IPH and HD-IPH, with the IPH with higher valency
(HD-IPH) being more competitive. Both ssRNA and dsDNA
showed much stronger relative preferential accumulation to the
inner phase (Fig. 4B and S4t), compared to FITC which can be
attributed to additional base-pairing interactions provided by
polyU RNA along with a higher density of binding elements on
HD-IPH.

Interestingly, spatial organization of negatively charged
biological macromolecules based on size was observed (Fig. 4C).
FITC-BSA (M,, = 65 kDa) was preferentially localized in the inner
phase, owing to increased interacting moieties on HD-IPH (for
electrostatic attraction and/or aromatic interactions), whereas
FITC-IgG (150 kDa) and FITC-ribosome (~2.5 MDa) were
primarily partitioned in the outer phase. This phenomenon is
reminiscent of the properties of native condensates exhibiting
size-selective filtering of solutes® due to differential mesh sizes.
Based on this, we speculate that the denser core consisting of
HD-IPH/polyU displays a relatively smaller characteristic mesh
size compared to the less viscous outer phase, signifying the
possibility of size-dependent sorting of solutes within the
multiphasic droplet. These results support that the artificial
multiphasic MLO platform enables differential partitioning of
‘client’-molecules, like native complex MLOs.

Towards spatial organization of complex reactions

Phase-specific sequestration of biomolecules allows biological
condensates to realize multiple processes in a confined spatial
location and to direct the flow of reactions, allowing
incremental accumulation and release of reactants and
products from one sub-compartment to the other.”* By taking
advantage of the complex architecture of the engineered
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multiphase MLO-platform and its differential partitioning
behaviour (Fig. 4), we demonstrate here that the mimetic
system can recapitulate the functional complexity of its native
counterpart by coupling transcription and translation in
proximal compartments within the same droplet.

First, to demonstrate the confinement of in vitro
transcription, IVTx — a mixture containing T7 polymerase, a set
of NTPs, reaction buffer and dsDNA template were added to the
biphasic droplet. To visualize the generation of RNA, the
Broccoli aptamer sequence was used, which upon binding to
a DFHBI-1IT small molecule probe can fluoresce from the
aptamer-activated Broccoli-DFHBI-1T complex. Fig. 5A and B
show that in the first 60 min the fluorescence intensity of
Broccoli-DFHBI-1T 1T locally increased within the inner phase
due to RNA synthesis, with low fluorescence in the surrounding
dilute phase. To verify that the signal concentration inside the
droplet is not due to the partitioning of RNA molecules
synthesized outside the droplet, we centrifuged a mixture of
droplets and IVTx components and recorded the signals in the
supernatant, where no fluorescence enhancement was
observed (Fig. S5f), confirming that IVIx machinery is
compartmentalized into the droplets. From microscope
observations, the initial fluorescent signals were traced from
the inner subcompartment, hinting towards phase-specific
confinement of the reaction. To verify that, we have tested the
partitioning characteristics of FITC-labelled T7 polymerase,
which demonstrated distinct accumulation in the inner
compartment (Fig. S61). All these results, together with the
previous observation of dsDNA preferential partitioning into
the core of the multiphase droplets (Fig. 4B), support that the
IVTx reaction occurs in the droplet, more specifically in its inner
phase.
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Fig. 5 Compartmentalization of the transcription reaction within multiphase droplets. (A) IVTx progression in multiphasic droplets, with the
green colour indicating Broccoli-DFHBI-1T complex formation. Scale bar = 5 um. Red circles indicate the border of the inner compartment of
the droplet. (B) Corresponding fluorescence intensity change measured from the confocal fluorescence images of droplets at a specific time. At
least n = 10 droplet fluorescence signals were measured and averaged with the error bar representing + S.D of the measured values. (C)

Schematic illustration of the process occurring in (A).
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Further observations showed that starting from 60 min, the
RNA produced in the inner compartment slowly moved to the
outer phase and distributed equally in both phases (Fig. 5C),
suggesting the saturation of binding sites in the inner phase.
We hypothesize that this is particularly significant for the
initiation of the translation step, which is expected to occur
in the outer shell part, where the ribosome is preferentially
localized (Fig. 4C).

To confirm this, full in vitro transcription and translation
(IVTT) machinery was incorporated into the multiphasic droplet
along with plasmid DNA encoding positively charged GFP (+36).
The first noticeable signs of GFP could be traced after 2 h under
a confocal fluorescence microscope (Fig. 6A), followed by rapid
fluorescent signal progression that took place exclusively in the
outer compartment (Fig. 6C). Given that the ribosome is
preferentially sequestered in the outer phase (Fig. 4C), these
results suggest that in vitro translation takes place in the shell
part of the multiphase condensate, coupled to the in vitro
transcription localized in the inner core-phase (Fig. 5).

To quantify the yield of GFP, the fluorescence intensities
were correlated with protein concentrations. Generally, the
protein production capacity in the presence of droplets was
relatively lower than in the standard buffer without droplets,
with an approximate yield of 6.5 ng uL™"' for the droplet-
containing sample, and 10 ng pL~ ' for the buffer without
droplets after 4 h of reaction. The lower yield of the multiphase
IPH-droplet system might be related to the high viscosity of
both phases (23.3 Pa's for the inner phase and 11.8 Pa’s in the
outer phase), where, upon addition of full IVTT machinery, all
components within the droplets might experience substantially

stalled diffusion. For example, the mobility (D,pp) of LD-IPH
A Bright Field GFP Merged
=
o
=
o~
=
<

View Article Online

Chemical Science

and HD-IPH was reduced nearly threefold in the presence of
IVIT machinery (Fig. S71), suggesting the effect on diffusion
both in the inner and outer compartments.

The majority of the droplets maintained the dual-phase
arrangement in the protein synthesis process for ~4 h
(Fig. 6A), after which the first signs of aggregates started to
appear. At the 24 h time-mark, there were only a few droplets
remained with fluorescent proteins entrapped in the outer
phase (Fig. S81). The formation of aggregates might be caused
by increased crowding within the condensed phase driven by
the continuous translation of a target protein. High crowding
conditions contribute to the reduction of free volume, thus
increasing the intermolecular interactions and producing
aggregates of IPH-chains with proteins, accompanied by the
disintegration of droplets. A similar phenomenon was observed
in the gene expression system entrapped in coacervates.™

Via the demonstration of two-stage coupled reactions for
protein expression, it is evident that the spatially complex LD-
IPH/HD-IPH/polyU droplet was able to attain the spatial
segregation of components and compartment-specific reaction
confinement, without restricting communication between two
separate reactions, and rather engendering the directional flow
of reactants. Despite the lack of enhancement of the reaction
yield, the results show that the sub-compartmentalized artificial
MLO is a functional system, with two distinct phases capable of
spatiotemporal arrangement and coupling of complex
biochemical reactions. Such functional features shown by the
minimalist IPH-derived artificial platform resonates with the
recent observations of functionalities of more complex natural
and engineered multiphasic MLOs.”>** Moreover, the inner and
outer phases of the artificial MLO, exhibiting different internal

B
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Fig. 6 Compartmentalization of transcription and translation reactions within the reconstructed multiphasic MLOs. (A) Protein expression over
4 h. Scale bar = 10 um. Green colour corresponds to the fluorescence of expressed GFP. (B) Schematic illustration of the reactant’s localization
and sequential reaction flow within the biphasic droplet. Created with BioRender.com. (C) Fluorescence intensity progression over time of the
protein synthesis reaction measured from confocal fluorescence images. Data of n = 10 droplets were averaged and reported in the graph as +
S.D. Brightness and contrast of images were enhanced for ease of visualization. The same adjustment parameters were applied for all images.
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densities, also recapitulate the actual cellular settings,
where transcription takes place in a crowded and viscous
nucleoplasm, while translation occurs in a relatively less
crowded and less dense cytoplasm. By further adjusting the
material states of each phase to more closely mimic the optimal
cellular conditions for these two processes, we expect that there
is room to improve the coupled two stage cell-free protein
expression offered by the biphasic IPH-based platform.*

Conclusions

We have demonstrated that IDP-mimicking polymer-oligopeptide
hybrids (IPHs) present a new and simple approach for
spontaneous formation of multiphasic ~membraneless
assemblies. The obtained droplets with two coexisting
compartments display characteristics analogous to native
spatially complex MLOs, including liquid-like behaviour,
differential dynamics of components and viscoelastic properties
within each phase, and phase-specific segregation of ‘client’-
molecules. Additionally, this synthetic platform could
accommodate a set of complex biochemical reactions with
functional features of reaction confinement, enhancement, and
directional flow. We believe that IPH-derived multiphasic
constructs can serve as a modular platform for a wide range of
applications, in particular, as cell-free bioreactors with MLO-
mimicking features.

Experimental
Synthesis of IPHs

The degree of modification (DM) of the oligopeptide-polymer
construct is defined as the ratio of the number of dextran
repeating units conjugated to “sticker”’-oligopeptides to the
total number of repeating units in the polymer, essentially
determining the density of interacting “sticker”- units per
dextran -“spacer” chain, and thus the overall valency of the IPH
construct.

number of repeating units modified with peptides
total number of repeating units

DMstickcrs =

To conjugate cysteine-terminated ‘sticker’-oligopeptides,
CGGRGG and CGGSYSGYS, dextran is functionalized with thiol-
reactive vinyl-sulfone (VS) groups. Thus, to afford an IPH with
desired DMgjckers, deXtran must contain sufficient VS groups:

number of repeating units modified with VS
total number of repeating units

DMys =

For the synthesis of HD-IPH (DMgickers = 92%), Dex-VS with
similar DMy = 92% was synthesized. 30 mg of dextran (40 kDa)
was dissolved in water at 10 mg mL ™" concentration. 5 M NaOH
was used to adjust the solution pH to 12.3 and divinyl sulfone
was quickly added to the solution at 1.2x molar excess to the
hydroxyl groups of dextran. The reaction was held under
constant stirring for 1440 s and terminated by adjusting the pH
of the solution to mildly acidic (pH = 3.0) using 5 M HCI. The

808 | Chem. Sci, 2023, 14, 801-811

View Article Online

Edge Article

final aqueous solution was transferred to dialysis tubing
(MWCO 3.5 kDa, Spectra/Por Dialysis Membrane, Spectrum
Labs, USA) and dialyzed against ultra-pure water for 5 days with
2 times water replacement daily. Purified Dex-VS solution was
further lyophilized and stored at —20 °C for further use. DMysg
was quantified from "H NMR by comparing the integrals of the
VS 'H peak to that of the dextran 'H1 peak.

The synthesis of HD-IPH follows thiol-Michael addition
chemistry between the thiol groups of cysteine and VS groups.
The reaction was held in NaCl aqueous solution (3 M), to
prevent potential phase separation of oligopeptide-polymer
hybrids during the synthesis. N, pre-treated NaCl solution was
used to first dissolve two peptides, with an additional 10 min N,
flow to prevent potential disulfide bond formation. Then 40 kDa
Dex-VS, D, = 92%, was added at 2 mg mL ™" and dissolved
under rigorous stirring, followed by acidity adjustment to pH
6.0 to initiate the reaction. The total molarity of peptides added
was at 1.5x excess to VS of Dex-VS. The N, flow was maintained
for another 10 min, and then the reagents were left to react
for 24 h under continuous stirring. The materials were then
dialyzed (MWCO 3.5 kDa) against ultrapure water for 5 days
with two times water replacement daily. After dialysis, HD-IPH
solution was lyophilized and stored at —20° for further use.
The DM of peptides was quantified by comparing the
integrations of peptide characteristic peaks with the integration
of the "H1 peak of dextran.

LD-IPHs and FITC labelled LD-IPHs were synthesized, puri-
fied and characterized following a previously reported
method.>®

Preparation of heterogenous droplets

Fluorophore-labelled LD-IPH and HD-IPH were mixed with
their corresponding unlabelled versions at a 1: 1 ratio and were
used for the subsequent assemblies of droplets. For LD-/HD-
IPH droplets, both construct mixtures were added to a
physiology-mimicking buffer (150 mM NaCl, 10 mM HEPES,
and 10 wt% PEG 8000 crowding agent) followed by vortexing for
20 s and incubation for 15 min. For mixtures involving polyU,
several protocols were evaluated:

(1) To the pre-formed and equilibrated LD-/HD-IPH droplets,
polyU RNA is added at a specific charge ratio (N/P) to a final
concentration of LD-IPH and HD-IPH of 6 uM. The mixture is
vigorously vortexed for 20 s and kept on ice for further
equilibration.

(2) Pre-formed HD-IPH droplets are mixed with polyU at
a specific N/P ratio and incubated on ice for 15 min, following
by addition of 6 uM LD-IPH. The mixture is vigorously vortexed
for 20 s and kept on ice for further equilibration. The final
concentration of HD-IPH is 6 uM.

(3) Pre-formed LD-IPH droplets are mixed with polyU at
a specific N/P ratio and incubated on ice for 15 min, following
by addition of 6 uM HD-IPH. The mixture is vigorously vortexed
for 20 s and kept on ice for further equilibration. The final
concentration of IPH is 6 uM.

For all mixtures, methylene blue stain (20 uM) was added
after final incubation to visualize RNA.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Imaging experiments

The multiphase droplet formation and fusion kinetics were
visualized by confocal fluorescence microscopy. Pre-formed and
equilibrated droplet-samples were deposited on a surface-
treated confocal dish and left for 5-10 min to settle. To
differentiate the localization of individual components within
droplet constructs, mixtures with a FITC-labelled IPH and
RhoB-labelled HD were viewed with two fluorescent channels in
line-sequential mode, using a 488 nm laser (0.4%) for FITC-IPH
in the emission range 498-520 nm and 552 nm (1%) for RhoB-
HD, using 562-630 nm emission. RNA localization was viewed
with methylene blue staining (10 uM) using a 638 nm laser at
0.3% intensity and 663-780 nm emission settings.

Fluorescence recovery after photobleaching

The circular region of interest (ROI) with a diameter of 2 pm was
defined in the corresponding phase in fluorescence-labelled
multiphase droplets. Photobleaching was performed on
488 nm and 552 nm laser lines for inner and outer phases,
respectively. The images and fluorescence intensity of the ROI
were recorded every 2 s for about 10 minutes using NIS-
Elements software. The percentage recovery of fluorescence
intensity over time was normalized using a reference ROI in an
unbleached droplet.

Normalized data were then fitted to a single exponential
equation in MATLAB:

I3
T

Lom(t)=A4A[1—¢

with 7 being the recovery time constant and A is a constant
corresponding to the amplitude of recovery. Using the 7 value,
the recovery half-time timescale was calculated as follows:

iy = tln2

Using the radius of the photobleached region (w), the
apparent diffusion coefficient (D,p,,) was approximated using
the Axelrod model equation:*

B 0.88n?
app = a1,

D

Microrheology with static optical
tweezers (mSOT)

The measurement of the frequency-dependent viscoelastic
moduli of multiphase droplet constructs was conducted on an
optical tweezers setup (LUMICKS, m-Trap) with a 60x objective.

First, IPH-droplets were prepared in filtered physiology-
mimicking buffer containing 1 pm polystyrene beads
(0.0005%), followed by 15 min incubation.

A homemade chamber on the coverslip was prepared using
Gene Frame (Thermo Fisher) arranged into two chambers

© 2023 The Author(s). Published by the Royal Society of Chemistry
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separated by tiny incision, as a path for droplets to move from
one chamber to the other. The upper chamber was loaded with
droplet solution and the bottom chamber was filled with 10 pL
of the buffer. An optical trap was first positioned on the top
chamber to trap beads embedded into the droplet (with a size of
8-10 um) and to move the droplet sample to the bottom
chamber to prevent any interference from other droplets during
bead trajectory tracking. The temperature of the stage was kept
constant at 22 °C, and to minimize the potential local
temperature change from the laser (35% intensity).

The trap-constrained motion of the bead inside the droplet
was tracked using a bright field camera. The raw data in the
form trajectory of the bead in X-Y coordinates over time were
extracted and used for subsequent analysis using a MATLAB
script built using reported data analysis steps.***

Droplet-mediated in vitro transcription

Multiphase droplets were formed in the buffer containing
a 3 wt% PEG 8000 crowding agent, 150 mM NaCl, 10 mM HEPES
by sequential addition of HD-IPH, polyU and LD-IPH followed
by 20 s vortexing and incubation on ice for 15 min. To the pre-
formed droplets, the components of the MEGAscript kit
(Thermo Fisher), more specifically 4 NTPs (2 mM), T7
polymerase (1 U pL™"), DFHBI-IT (25 pM) and 1x reaction
buffer, were added, and the solution was placed on ice for
15 min to allow equilibration, protected from light. Then, pre-
incubated in vitro transcription (IVTX) assembly with
multiphase droplets was deposited on a confocal dish and the
reaction was initiated with the addition of 50 nM template DNA
(sequence shown below). Reaction progression was monitored
under a laser scanning microscope (Leica SP8) using a 100x oil
objective with a 488 nm argon laser, at 22 °C.

Broccoli aptamer template: sense strand: 5-TAA TAC GAC
TCA CTA TAG GAG ACG GTC GGG TCC AGA TAT TCG TAT CTG
TCG AGT AGA GTG TGG GCT C-3’

Antisense (template) strand: 5-TAA TAC GAC TCA CTA TAG
GAG ACG GTC GGG TCC AGA TAT TCG TAT CTG TCG AGT AGA
GTG TGG GCT C-3'

To check whether IVTx could occur outside the droplets in
the dispersed phase, solution with droplets incubated with the
IVTx kit was centrifuged at 21 000xg at 25 °C for 15 min to
remove the condensed (droplet) phase. Then, plasmid DNA was
added to the collected supernatant, and the solution was
transferred to a 384-well plate to trace any fluorescence change
on a microplate reader (FlexStation 3, Molecular Devices). The
results were compared to the buffer containing full IVTx
components and plasmid DNA.

Droplet-mediated cell-free protein expression

Protein expression was performed using a PURExpress
reconstituted E. coli protein expression system (New England
BioLabs) consisting of two solution mixtures (A and B). Solution
A is composed of small molecules such amino acids and rNTPs,
and Solution B includes ribosomes, T7 RNA polymerase,
translation factors, energy regeneration and
aminoacyl-tRNA synthetases.

enzymes
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To perform transcription/translation reactions, the first inner
compartment, composed of the HD-IPH construct and polyU,
was formed, keeping the N/P ratio of components at 2 : 1. To the
pre-formed HD-IPH/polyU droplets, 6 pL of Solution B was
added, followed by gentle mixing by using a pipette and 5 min
incubation on ice. Following that, LD-IPH was added to the
solution at 12 uM concentration. The mixture was vortexed for
20 s and equilibrated on ice for 15 min, followed by addition of 8
uL of Solution A. The reaction was initiated with the addition of
plasmid DNA of positively charged GFP (+36) (posGFP). For all
reactions, a buffer containing a 3 wt% PEG 8000 crowding agent,
150 mM NaCl and 10 mM HEPES was used.

The in vitro translation in combination with transcription was
monitored using a plasmid DNA construct of posGFP. Similarly,
after depositing the IVTT/IPH mixture on a pre-treated confocal
dish, the reaction was initiated with the addition of 300 ng of
plasmid DNA solution. The reaction was monitored at different
time points over 24 h under a laser scanning microscope (Nikon
C2) using a 63 x oil objective with a 488 nm laser, at 22 °C.

Quantification of the protein yield

To quantify the yield of the end-product, the fluorescence
intensities were approximated to protein concentrations using
a calibration curve derived from confocal fluorescence imaging.
For the case with condensates, a standard curve was generated
based on the fluorescence intensities of GFP trapped in IPH
droplets at different concentrations, while for a non-droplet
sample separate calibration was made. Imaging was
performed under a Nikon C2 microscope with the same
acquisition settings used for in vitro translation monitoring.

Data availability

All datasets supporting this article are provided within the
paper and its ESI file. An additional video with multiphase
droplets is uploaded as the ESI. The MATLAB code for optical
tweezers-based microrheology analysis has been deposited in
GitHub at https://github.com/fafreeze/bioinspire.git.
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