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CHAPTER I: GENERAL INTRODUCTION: BIOMOLECULAR CONDENSATES AS A WAY TO
ORGANIZE SUBCELLULAR SPACE

I.1. Generalities about biomolecular condensates

Cellular biochemistry is complex and requires spatial and temporal control. One way for
spatiotemporal regulation is subcellular organization through functionally distinct compartments. Such
compartments are ubiquitous across living organisms and can both facilitate or inhibit reactions by
either concentrating or segregating biomolecules. Eukaryotic cells display numerous membrane-bound
organelles, such as the nucleus, mitochondria and endosomes, that participate in the spatial restriction
of biochemical reactions and other cellular functions. Their lipid bilayer membranes play an essential
role in keeping the interior of the organelles spatially distinct from the cellular environment, with
membrane transport machineries providing the necessary exchanges to regulate organelles composition.
However, another class of organelles, membraneless organelles, seem equally prominent in organizing
the cellular space despite the lack of a defined separation between their interior and the bulk (Fig. 1.1).
These micron-scale compartments, found throughout both the cytoplasm and the nucleoplasm, are also
called biomolecular condensates to refer to their ability to concentrate biomolecules, proteins and
nucleic acids, regardless on their precise compositions, physical properties and morphologies®. This
name also echoes liquid-liquid phase separation (LLPS), a concept borrowed from soft-matter physics
which recently appeared as a common framework underlying the formation of condensates. The phase
boundaries of phase-separated condensates would enable spatial and temporal restriction of
biomolecules but also diffusion and exchange with the environment, which are required for cellular
biochemistry. These properties would enable the condensates to take part in various cell processes, from
RNA metabolism to DNA repair. Though condensates are principally described in eukaryotic cells, they
have also recently emerged as an organization principle of bacterial cells?3. We will however here focus
on eukaryotic cell condensates and address several questions: can we define a unifying framework to
describe the mechanisms underlying condensates in cells? What molecular determinants decide which
molecules interact to form condensates? We will first list and describe condensates in eukaryotic cells
(1.1.2), before looking deeper into LLPS as a common model underlying the formation and growth of
condensates (1.1.3). Finally, we will look at the relationship between structure, dynamics and functions
of biomolecular condensates, that recent lines of research try to address to explain how material

properties of condensates can define their cellular functions (1.1.4).
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CHAPTER I: GENERAL INTRODUCTION: BIOMOLECULAR CONDENSATES AS A WAY TO
ORGANIZE SUBCELLULAR SPACE

1.1.1. Biomolecular condensates in eukaryotic cells

The first observation of a condensate, the nucleolus, dates back to the first half of the 19"
century*. Biomolecular condensates are now known to be ubiquitous in eukaryotic cells where they take
part in the organization of both the nucleoplasm and the cytoplasm (Fig. 1.1). In the nucleus, we can
find notably the nucleolus, where the transcription of ribosomal RNA (rRNA) and ribosome assembly
occur?, Cajal bodies, involved in the assembly and maturation of small nuclear ribonucleoproteins
(snRNPs)®, promyelocytic leukemia nuclear bodies (PML NBs), implicated in various cellular
processes like senescence and antiviral defense®, nuclear speckles, that stock splicing factors’, and
nuclear pore complexes (NPC), that enable both nuclear import and export®. In the cytoplasm, we can
mention P-bodies (PBs), that store translationally repressed messenger RNAs (mRNAS)®, stress
granules (SGs), that store mMRNAs in stress response pathways'®, RNA transport granules that convey
RNAs along the axons of neurons to notably localize their translation!!, and germ granules that
segregate specific components to the germ line??.

ﬁmbrane
clusters Q
PcG body

Signalling q‘%em
puncta (bParaspeckle
dOPT ; Cajal
Q omain boty
P body Q d DfNAo %Perinucleolar
@zynapyic U body a:agle oct Nucleolus & compartment
ensities ucleus
RNA QStress QCleavage
C’{tranSport gianile body
granule Niclear @lt-)lés(;cone locus
Balbion speckles Y
albiani
O-PML
fody body ?Nuclear
Q pore.complex
Germ
granule

Figure 1.1: Biomolecular condensates in eukaryotic cells. Adapted from?®. Representation of the
diversity of condensates found in eukaryotic cells, including for completeness some that are cell type-
specific (like germ granules in germ cells) or context-specific (like SGs in stress conditions).
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CHAPTER I: GENERAL INTRODUCTION: BIOMOLECULAR CONDENSATES AS A WAY TO
ORGANIZE SUBCELLULAR SPACE

Condensates are very diverse in composition, localization, and functions. They can be
conserved between different eukaryotic cells, like the nucleolus in the nucleus, or PBs and SGs in the
cytoplasm that are found both in animal and plant cells. Some are also cell-specific, like germ granules
in germ cells and RNA transport granules in neurons, or may require specific environmental stimuli to

form, like SGs that appear in response to various stresses.

Condensates usually concentrate 10 to hundreds of different proteins, as well as RNAs, though
some of them, like PML NBs do not accumulate RNAs®. In addition to immunofluorescence and
tagging of proteins with fluorescent proteins that allowed for the identification of proteins concentrated
in condensates, recent advances in proteomics and transcriptomics analyses have revealed insightful
information on the content of biomolecular condensates. The nucleolus for example contains over 4500
different proteins'*. The purification of SGs by differential centrifugation showed that they are enriched
in more than 1500 mMRNAS®, A fluorescence-activated particle sorting (FAPS) method enabled the
purification of endogenous PBs and unraveled an enrichment of more than 100 unique proteins and
6000 RNAsY’. Condensates components can be unique to a specific condensate or shared, as illustrated
by mRNAs able to transition bidirectionally between PBs and SGs, whose protein composition contain
also shared components'®!®, Moreover, condensate composition can be context-dependent, like the
content of MRNAs in SGs that can vary under different stress conditions, which could be a consequence

of differences in the specificity of translation repression®.

Interestingly, despite the enrichment of over 150 proteins in PML NBs®, only the PML protein
is required for the formation of these condensates®®. This highlights the difference between two
categories of condensate components which are scaffolds and clients?t. The first are essential for the
formation of the condensates, and their depletion leads to a decrease in the number and/or the size of
the structures, or even to the absence of condensates. PML knocked-out cells are indeed devoid of PML
NBs®. Another example comes from spindle-defective protein 5 (SPD-5) that was shown to be
necessary for centrosomes in C. elegans®. Scaffold components are not necessarily proteins, as
illustrated by architectural RNAs like the long non-coding RNA (IncRNA) NEAT-1, which is necessary
and sufficient for paraspeckle assembly in the nucleus, or mRNA that is required for PB and SG
formation in the cytoplasm?24. The second category of condensate components, clients, consists in
biomolecules that are not required for the assembly of the condensates but partition into them, often
through direct interactions with scaffold components. Abolishing PML NBs-associated proteins BML
helicase and Sp100 for example did not result in the absence of PML NBs, showing that these proteins
are not essential for their formation 2. In reality, the separation between scaffolds and clients is not
easy, and condensates also count many components with intermediate behaviors, that are not required

for condensate assembly but still modify their propensity to assemble.
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CHAPTER I: GENERAL INTRODUCTION: BIOMOLECULAR CONDENSATES AS A WAY TO
ORGANIZE SUBCELLULAR SPACE

Despite this variability in assembly, composition, localization, and functions, a unifying model
underlying the formation of biomolecular condensates has recently emerged as a consequence of
observations of their liquid-like behavior. This model, liquid-liquid phase separation (LLPS), is well
described in soft matter physics, and brings light on how these structures are able to condense

biomolecules while allowing fast exchange with the cellular environment.

1.1.2. Liquid-liquid phase separation as a common model of formation

I.1.2.a. Evidence of liquid-like properties of biomolecular condensates

Pioneer experiments on P granules in Caenorhabditis elegans (C elegans) in 2009 highlighted
for the first time liquid-like properties of a membrane-less organelle: spherical, the P granules could
fuse with each other and relax into a spherical shape, and fluorescence recovery after photobleaching
experiments (FRAP) showed a high protein mobility on a short time scale, with a rapid diffusion both
toward the surrounding cytoplasm and within the granule (Fig. 1.2)'2. These three properties, that are
the round shape due to surface tension, the ability to fuse and relax into a spherical droplet, and the fast
rearrangement of components, recapitulate liquid-like behavior and are shared by numerous other
membrane-less organelles. Fusion events and subsequent relaxation into spheres were thus observed for
instance for Cajal bodies and PML NBs, as well as for the bigger nucleoli?>?". Condensate components
show moreover a high mobility over second to minute time scales, like proteins in nuclear speckles and
nucleoli®, Cajal bodies?, and PML NBs®. FUS assemblies, either on sites of DNA repair in the nucleus
or SGs in the cytoplasm, also showed fusion events and relaxation, and fast diffusion®!. These shared
liquid-like properties suggest a common mechanism of formation by liquid-liquid phase separation
(LLPS)%,

Figure 1.2: P granules of a C. elegans embryo behave like liquids. Adapted from*2. Dripping and
coalescence of P granules under shear stress.
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1.1.2.b. The principle of liquid-liquid phase separation

In a one-component system (one solute in a solvent), LLPS is a process whereby the solute
initially homogeneously distributed in a solution demixes into a two-phase stable system. One phase is
solute-rich (the dense phase) while the other is solute-poor (the dilute phase). In this simple view, LLPS
occurs when the homotypic solute-solute interactions are stronger than heterotypical solvent-solute
interactions, making it more energetically favorable to have two phases, despite the unfavorable
decrease in entropy. The conditions for LLPS occurrence are determined by a set of parameters
(concentration, temperature, pression, pH...). If we consider a system with fixed parameters except for
an increasing solute concentration, LLPS will occur over a saturation concentration Csx. As the
concentration keeps increasing, new solute will join the dense phase and increase its volume without
modifying its concentration, while the concentration of the dilute phase will remain equal to Csa. This
framework can be recapitulated in a phase diagram, with the binodal or coexistence curve defining the
phase boundaries: under conditions outside of the binodal, the solution remains monodisperse, while
conditions below the binodal lead to two-phase systems (Fig. 1.3 left).

In the case of biomolecular condensates, in this simplified picture, the solute is often a protein
or a nucleic acid, and the solution is the cellular environment, either the cytoplasm or the nucleoplasm.
The entropy of mixing is dominated by the attractions between the phase-separated molecules.
Reconstitution of single component droplets, either in cells or in vitro, followed the trend anticipated
by such phase diagrams. For example, light-induced OptoDroplets (see 1.2.2.b.) only form when the
overall concentration is superior to Cs®. Likewise, FUS family proteins phase separate in vitro over

different Cs that are dictated by interactions between tyrosine and arginine residues®.

However, biomolecular condensates are in reality multicomponent systems, with many proteins
and RNAs, which could impact their behavior. Indeed, though OptoDroplets based on homotypic
interactions give rise to a constant dilute concentration equals at Cs during droplet formation,
introduction of heterotypic interactions with cellular components leading to multicomponent
condensates results in absence of Cs, and instead in an increased dilute concentration®. This suggests
the need of higher-dimensional phase diagrams to describe the behavior of biomolecular condensates
(Fig. 1.3 right)®.
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Figure 1.3: Phase diagram for a single-component system (left) and for a multicomponent
system (right). Adapted from®. For a multicomponent system, two-dimensional phase diagrams
are slices of a higher-dimensional phase diagram. Phase separation occurs in the grey regions
delimited by the binodal. In the grey regions, for a component concentration increasing along the red
line, the concentrations of the dilute and dense phases are defined by the dashed tie lines: they remain
fixed for a single-component system, while they increase for a multicomponent system.

In a multivalent system, points outside the binodal do not lead to phase separation, either
because the global concentration of components is too low relatively to their interaction affinity or
because of an imbalance in the component stoichiometry, as shown by the expression of a two-
component system able to phase separate in yeast®. As pointed out by this study, reconstitution systems
with minimal composition, though far much simpler than endogenous biomolecular condensates, can
bring insightful information on the requirements to achieve phase separation. They have also enabled
to bring to light the impact that post-translational modifications (PTMSs), mutations, or changes in the
environment (temperature...) can have on Csx by modifying the affinity of protein-protein interactions
(PPI). For example, the control of the phosphorylation degree of the transmembrane protein nephrin by
kinases, by modifying the valence of the interaction with the nephrin partner NCK, itself interacting
with N-WASP, could shift Cs: from the micromolar to the nanomolar regime®. Mutations modulating
the dissociation constant between interacting domains of phase-separating components, and thus the
affinity of the proteins, were also showed to induce a shift in the phase diagram*®.

Altogether, LLPS is a useful framework to study the mechanisms underlying the formation of
biomolecular condensates in cells.
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1.1.2.c. Molecular determinants driving LLPS in cells

In vitro, almost all proteins can phase separate. However, many proteins lose that ability under
physiological conditions. This raises an important question: what defines the ability of a protein or a

nucleic acid to promote phase separation in cell?

Multivalence, i.e., the presence of multiple binding sites on the same biomolecule, has been
pointed out as a key molecular feature required for phase separation. Multivalent domains can be
separated in two categories: folded domains and intrinsically disordered regions (IDRs). Folded
domains form stable secondary and tertiary structures, while IDRs are typically low complexity
sequences that do not form a defined three-dimensional structure but rather adopt a dynamic continuum
of structures (Fig. 1.4).
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Figure 1.4. Difference in tertiary structure between a folded protein and an intrinsically
disordered protein. From?. Strong intramolecular interactions lead to a folded protein with a highly
stable tertiary structure, while weaker intramolecular interactions lead to multiple possible tertiary
structures separated by low energy barriers and thus to proteins with conformational heterogeneity
(IDRs).

The hypothesis that modular proteins, i.e., proteins with multiple folded domains, could be
scaffolding biomolecular condensates, first emerged from the observation of their enrichment in
condensates, and was corroborated by pioneer experiments from the Rosen lab. They showed that SH3
domain repeats bind to proline rich motifs (PRM) and form droplets in vitro above a Csa, that is reduced
for higher valency repeats, thus highlighting the importance of valency in the formation of condensates
(Fig. 1.5)*". Expression in cells of these constructs led to liquid-like droplets similar to endogenous
condensates. The SH3/PRM system is at the core of the formation of membrane clusters containing the
transmembrane protein Nephrin and its interacting partners Nck and N-WASP, involved in an actin

regulatory signaling pathway®*°. Other multivalent interacting scaffolds were shown to phase separate
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in vitro, like SUMO3 repeats and repeats of SUMO interacting motif (SIM), or the PTB protein, that
contains four RNA recognition motifs (RRMs), and an RNA with five repeats of the RRM recognition
sequence?’. Phase separation driven by multivalent motifs of modular proteins that can bind to
complementary domains on either proteins or RNAs thus appears as a fundamental mechanism of

biomolecular condensates formation.
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Figure 1.5. Repeats of SH3 and PRM form liquid-like condensates in vitro. Adapted from®'. A.
Multivalent purified proteins of four repeats of SH3 and PRM (300 uM of each fusion protein) phase-
separate into droplets as seen here by differential contrast microscopy (left) and wide-field
fluorescence microscopy (right). Scale, 20 um. B. Droplets have a liquid-like behavior as illustrated
in this time-lapse imaging by their ability to coalesce and relax in a spherical shape. Scale, 10 um.
C. The phase boundary is highly dependent on the valency of the interacting proteins: a higher
valency leads to droplet formation at lower concentrations (blue points: no phase separation, red
points: phase separation).

In addition to modular proteins, many other proteins found in biomolecular condensates are
intrinsically disordered proteins (IDPs) or contain IDRs*. IDRs are low complexity sequences, i.e.,
they display a poor sequence diversity and are enriched in a limited number of amino acids, primarily
polar amino acids (serine, threonine, glycine, glutamine, and asparagine) and aromatic residues
(tyrosine and phenylalanine). Some of them also contain amino acids with electrically charged side

chains (positive lysine and arginine and negative aspartate and glutamate)“°.
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The observation of the abundance of IDRs in biomolecular condensates, along with in vitro
experiments that have highlighted the ability of IDRs to form droplets, have pointed out IDRs as driving
forces for intracellular phase separation through a rich set of weak interactions promoted by their
particular amino acid composition. Nott et al. thus showed that the RNA helicase DDX4, found in P
granules in worms, form phase-separated condensates both in vitro and in cells through weak
intramolecular and intermolecular electrostatic cation-pi interactions between positively charged
arginine residues and aromatic residues, and probably pi-stacking interactions between aromatic
residues®’. These electrostatic interactions are highly dependent on salt, temperature and
concentration*'. In accordance with electrostatic interactions-based phase separation, salt was also
shown to destabilize droplet assembly promoted by the N-terminal arginine/glycine-rich IDR of LAF-
1, a DDX3 RNA helicase also found in P granules, that is necessary and sufficient to form condensates
in vitro and in cells*2. A similar domain of the nucleolus DFC marker F1B1 was shown to be sufficient
to form droplets in vitro®®. LLPS of hnRNPAL, an RNA-binding protein (RBP) found in SGs, is also
mediated by a low complexity domain®. A lower salt concentration favors the phase separation of
hnRNPA1 while disrupting interactions of phenylalanine residues impedes LLPS, highlighting the
contribution of electrostatic interactions and aromatic residues in the LLPS behavior of hnRNPA1%,
Similarly, the amyotrophic lateral sclerosis (ALS)-associated protein FUS form droplets in vitro and in
cells through weak and transient interactions mediated by the prion-like low complexity domain of
FUS3.

Importantly, a given protein can have both folded domains and IDRs, and both can participate
in the formation of condensates. An example is nucleophosmin 1 (NPM1), abundantly present in the
granular component of the nucleolus. The oligomerization domain of NPM1, leading to a pentamer
assembly with a radial array of NPM1 IDRs, along with acidic tracks both in the folded domain and the
IDR of NPM1, which are able to bind proteins displaying multiple arginine residues, create the
multivalency needed for phase separation®®. G3BP1-mediated formation of SGs also requires both the
dimerization domain of the protein and intermolecular interactions between IDR domains of G3BP1
proteins*. Interestingly, at low RNA concentrations, intramolecular interactions between two G3BP1
IDRs create a closed conformation of the protein and prevent the formation of SGs. After for example
a stress-induced translation arrest and release of mMRNAs from polysomes, the binding of RNA to one

of the two IDRs makes the other one available to interact with another G3BP1 protein (Fig. 1.6).

Multivalent weakly adhesive intermolecular interactions between folded domains of modular
proteins or short linear motifs within IDRs are thus driving forces of phase separation®. Importantly,
RNA molecules, that can also contain structured and unstructured regions, can also participate in

multivalent interactions and thus play an important role in the biogenesis of condensates.
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Figure 1.6. Molecular switch underlying the formation of SGs. Adapted from“. Interactions
between RNAs and one IDR of G3BP1 stabilizes the open conformation of G3BP1 and enables
intermolecular interactions underlying SG assembly.

1.1.2.d. Limits of the LLPS model

The model of LLPS has brought a unifying framework to study biomolecular condensates in

cells. However, as every model, it can be completed or even refuted in certain cases*’.

Three properties, described in part 1.1.3.a., were first used as the basic criteria to define LLPS
in cells following the observations of the liquid-like properties of the P granules in C. elegans and the
nucleolus in Xenopus laevis oocytes'??’. These three properties are (1) the spherical shape due to
surface tension, (2) the ability to coalesce after touching and (3) the fast internal rearrangement and
external exchange®. However, some biomolecular condensates do not follow all three criteria. This is
for example the case of paraspeckles, which assemble around NEAT1 IncRNAZ, Indeed, though
individual paraspeckles are spherical, increasing the concentration of NEAT1 does not lead to a
homogeneous growth of the condensates in all directions with a maintained spherical shape, but to an
elongation along a single axis*®. The resulting structures were shown to be chains of paraspeckles,
indicating the inability of the condensates to fuse and relax into spherical shapes. Besides contradicting
two of the three initial criteria defining LLPS (the spherical shape and the ability to fuse), paraspeckles
fail to recapitulate other behaviors expected for condensates falling within the LLPS framework. First,
paraspeckles cannot exist independently of NEAT1, which contradicts the LLPS model whereby
condensates can exist independently of a specific polymer*. rRNA for example promotes nucleoli
formation and accelerates coarsening but droplets can nevertheless form in the absence of rRNAC,

Secondly, instead of being set by the concentration of scaffold components, as would be expected for
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LLPS, the size of paraspeckles depends on the length and abundance of NEAT1, with truncated versions
of NEATL1 leading to smaller paraspeckles?. These discrepancies highlight the fact that the LLPS
model, though very attractive, is maybe not a global answer.

Recently, a micellization model was proposed to explain the behavior of paraspeckles®..
Paraspeckles adopt a core-shell structure, with the 5’ and 3’ terminal regions of NEAT1 in the shell,
and the middle domain, interacting with the oligomerizing RBP NONO, in the core. This structure and
the cylindrical shape that paraspeckles can display are reminiscent of micelle structure of block
copolymers (polymers composed of several chemically distinct polymer blocks). Therefore, in the
micellization model, NEAT1 and interacting RBPs are treated as an amphipathic triblock copolymer,
with the 5’ and 3’ regions being hydrophilic domains exposed to the nucleoplasm, and the middle
domain, bridged by NONO, being a hydrophobic core (Fig. 1.7). Repulsive interactions between the 3’
or the 5’ regions of distinct NEAT1 molecules explain the inability to fuse and the cylindrical shape of
paraspeckles. The model also accounts for the dependency of the size of the condensates on the
transcription level of NEAT1.
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A. Shell-forming C. Shell-forming
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Figure 1.7: Micellization model of paraspeckles. Adapted from®. NEAT1_2 (longer isoform of
NEAT1) and interacting RBPs (blue and grey circles) are considered as a triblock copolymer, with
two shell-forming hydrophilic domains, and proteins involved in paraspeckles assembly (e.g.,
NONO, grey circles) binding to the middle domain. The length of the three blocks and the
transcription rate of NEAT1 impact the size and shape of paraspeckles.
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Heterochromatin compartments are another example of condensation that may rely on different
mechanisms than LLPS. They may indeed be described by simple cooperative binding of proteins to
chromatin structure, or by phase separation via two different mechanisms: LLPS or polymer-polymer
phase separation (PPPS)%2. While LLPS is based on multivalent interactions between condensates
components (in the case of heterochromatin compartments, multivalent interactions between chromatin-
associated proteins, Fig. 1.8C), PPPS relies on intramolecular crosslinking of a polymer, leading to a
collapsed instead of an extended structure (here, chromatin-associated proteins would crosslink
chromatin segments, or bridging could be mediated by internucleosomal interactions, Fig. 1.8B). A first
important difference between LLPS and PPPS is that the latter strongly rely on the polymer scaffold.
Therefore, condensates formed by PPPS disassemble when the polymer scaffold is removed, on the
contrary to condensates formed by LLPS (Fig. 1.8D)%. Another difference lies in the size of the
condensates that depends on the length of the underlying polymer in PPPS and not on the concentration

of soluble components, on the contrary to LLPS.

LLPS and PPPS are two very useful and convenient models that can take part in the explanation
of condensate behaviors, but distinguishing between different mechanisms can be tricky. Indeed, a
component in a condensate can display some characteristics consistent with the LLPS model while
another one does not, as it is the case for Rad52 and Rfal, two components of DNA repair foci®.
Moreover, experimental observations like rapid recovery after photobleaching (measured by FRAP
experiments) are not sufficient to conclude that a LLPS mechanism is at stake, and refuting it on the
basis of the absence of a constant Cs in the dilute phase is also a too fast shortcut in the case of
multicomponent systems, as we saw in part 1.1.3.b.

The unknown nature of the interactions leading to the formation of a condensate can be another
obstacle for proclaiming that it is formed by LLPS. This is for instance the case for centrosomes, whose
key scaffolding proteins do not display classic motifs associated with LLPS and described in the
previous part (multivalent folded domains or IDRs). The centrosome moreover does not exhibit the
liquid-like behavior expected for condensates formed by LLPS, which raises the question of whether
weak interactions, as would be expected for LLPS, could be underlying its biogenesis®.

Altogether, we should keep in mind that alternate mechanisms for condensate formation may
exist besides LLPS and should be integrated in the global framework to help interpreting experimental
observations. Furthermore, LLPS is a thermodynamic equilibrium process. Yet, cells are out-of-
equilibrium systems, as highlighted by the coexistence of small condensates without coarsening into
one single droplet, on the contrary to LLPS theory predictions (see part 1.3.2). Cells must thus employ
nonequilibrium processes to stay out-of-equilibrium, like PTMs to tune the interactions underlying
phase separation, as evoked in part 1.1.3.b. The impact of nonequilibrium processes over phase

separation processes are still poorly understood and are actively investigated®.
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Figure 1.8: Polymer-polymer phase separation vs liquid-liquid phase separation in
heterochromatin compartments assembly. Adapted from®. A. A polymer scaffold (chromatin for
chromatin subcompartments), with specific binding sites in grey, can form condensates with different
mechanisms. B. In PPPS, proteins (blue) bridge the binding sites, without necessarily interacting with
each other. C. In LLPS, proteins (light green) interact with the polymer scaffold, as well as with each
other, forming a liquid-like droplet. D. Removal of the polymer scaffold leads to the dissolution of
the condensate in PPPS, while the liquid-like droplet in LLPS should persist.
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1.1.3. Linking structure, dynamics and functions of biomolecular condensates

Biomolecular condensates can adopt a broad range of material properties, which highlights a
potential link between their material properties and their functions (Fig. 1.9). Indeed, the material
properties of the condensates differ from the properties of their cellular environment (higher viscosity
and internal structure), and raise the question of whether the dense phase, and its emergent biophysical
properties, are required for the cellular functions.
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Figure 1.9: Biomolecular condensates can exhibit different material properties. Adapted
from®®. Liquid condensates are highly dynamic (high fluidity and fast exchange) and reversible.
Hydrogels are less dynamic (low fluidity and limited exchange with the environment) and generally
irreversible. Liquid crystal structures are ordered arrangements with limited mobility. Solid-like
condensates, such as amyloid-like fibrils, exhibit no fluidity and are completely irreversible.

As seen previously, most condensates exhibit liquid-like properties, yet some behave more like
a solid or a hydrogel, as the NPC whose gel-like structure is thought to act like a selective molecular
sieve regulating the active transport between the nucleus and the cytoplasm?. Besides global material
properties that vary between different types of condensates, some of them also display a heterogeneous
internal structure. SGs for example have a core-shell structure, i.e., they contain highly concentrated
stable cores surrounded by a dynamic and less concentrated shell*>. Subcompartmentalization is also
well-known in the case of the nucleolus, which is divided into three structures, the fibrillar center (FC),
the dense fibrillar component (DFC) and the granular component (GC) that engulfs the first two
compartments (Fig. 1.10). The compartments were shown to have different material properties and
surface tension, determining the core-shell architecture*®. Ribosomal DNA (rDNA) is transcribed
between the FC and the DFC, and then processed while migrating into the GC where it assembles with
ribosomal proteins. The viscoelastic properties of the DFC, that displays slower fusion dynamics than
the GC, has been proposed to decrease the flux of pre-ribosomal particles to enable enzymatic processes
crucial to rRNA stability, while the more fluid GC may allow accessibility of the ribosomal proteins to

the pre-ribosomal particles coming from the DFC*3. Supporting this idea, gelation of the nucleolus, via
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expression of proteins found in the three subcompartments and fused with a module that can self-
oligomerize under light induction, thus tuning the mobility of the proteins, has been shown to affect its
function in ribosome biogenesis by modifying the flux of rRNA®. The material properties of
condensates may thus directly impact their cellular function.

Figure 1.10: Multilayered organization of the nucleolus and ribosome biogenesis. Adapted
from“®. The three structural entities of the nucleolus, which are the fibrillar center (FC), the dense
fibrillar component (DFC) and the granular component (GC), each play a different role in ribosome
biogenesis. In the FC, the polymerase | machinery transcribes the rDNA, rRNA is processed in the
DFC, and ribosomes are assembled in the GC before being exported in the cytoplasm.

Besides exhibiting different material properties than their surrounding environment,
condensates locally enhance the concentration of specific biomolecules. The dense phase may thus
increase both reaction rates by concentrating biomolecules, and specificity by keeping other molecules
promoting side reactions out of the condensates (Fig. 1.11). The enhancement of the reaction efficiency
may also pass through an exclusion of an inhibitor of the reaction from the dense phase (Fig. 1.11). On
the contrary, condensates may also decrease reaction rates by sequestering biomolecules and depleting
them from the cytoplasm or nucleoplasm, thus preventing them from reacting with other substrates (Fig.
1.11). Several examples of enhancement or reduction of reaction kinetics were reviewed by Lyon et al®,
Such pathways for tuning of reaction rates were moreover used to engineer metabolic pathway through

programmable assembly and disassembly of condensates containing the substrates of interest®°°,
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Figure 1.11: Condensates may have different effects on biochemical reaction rates. Adapted
from?®®. Enrichment of both enzyme and substrate in condensates will increase the reaction kinetics,
while enrichment of only one of the two, for example the enzyme, will reduce the reaction kinetics.
Exclusion of an inhibitor from condensates will promote product production.

Interestingly, the interplay between structure and function can be bidirectional, as illustrated by
transcriptional condensates in mitochondria, that on the one hand reduce the rate of transcription, and
whose structure on the other hand is modified by the newly synthetized RNA. Biophysical mechanisms
removing the RNA are thus here essential to maintain the steady-state structure of the condensates®.

However, the functional contribution of LLPS is not always straightforward. For example,
LLPS is commonly thought to enhance transcription rate. Supporting this hypothesis, light-induced
condensates of the transcriptional regulator TAF15, recruiting endogenous Polll, showed enhanced
transcription compared with cells kept in the dark and unable to form droplets®. Yet, a recent paper saw
no difference in transcription efficiency between transcription factors engaging in multivalent
interactions under and over the critical concentration for droplet formation (Fig. 1.12)%. It seems
therefore crucial to separate the effect of intrinsic multivalent interactions between biomolecules and
LLPS. The hypothesis of transcription factories concentrating RNA polymerases may even come from
the limited resolution of light microscopy which hinders the spatial resolution of gene visualization. A
very recent paper bypassed this limitation by imaging the nascent RNAs of long and highly expressed
genes, and revealed the organization of transcription loci in transcription loops, i.e., genes covered by

elongating polymerases and carrying nascent RNAs®,
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Figure 1.12: Transcription activation by transcription factors (TF) depends on multivalent
interactions between TF activation domains (AD). Adapted from®, Multivalent interactions
increase the transcription activation capacity of TF by stabilizing the TF-DNA binding (left). LLPS
of transcription factors reflects their capacity to engage in multivalent interactions but do not further
enhance transcription compared to multivalent interactions under the critical concentration required
for phase separation.

1.2. Reconstitution of biomolecular condensates in test tubes and in cells

1.2.1. The benefit of artificial approaches

Endogenous biomolecular condensates have a complex composition which complicates their
manipulation in cells. Their assembly process is moreover redundant, in the sense that preventing the
expression of one protein generally does not abolish the formation or dissolve the condensates.
Deciphering the underlying processes driving intracellular phase separation as well as the relationship
between structure, dynamics and functions thus requires reconstitution studies. In vitro experiments
with purified proteins have proved essential to circumvent the lack of tools to work in a cellular context
and have helped uncover the molecular features responsible for phase separation through precise
compositional control. Such approaches using multivalent or intrinsically disordered proteins known to
belong to endogenous condensates have enabled to investigate the driving forces of phase separation.
For instance, repeats of SH3 and PRM were shown to form liquid droplets in vitro with phase diagrams
highly dependent on valency®” (Fig. 1.5). Experiments with purified repeats of human SUMO3 and SIM
has enabled the development of a model whereby scaffolds associate and phase-separate into
condensates through heterotypic interactions, then recruit clients with an efficiency depending on the
scaffold stoichiometry (the scaffold in excess displays free sites and can interact with its cognate client),

and increasing with the valency of the client (Fig. 1.13)%%. Though these in vitro experiments are based
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on engineered systems with a much simpler composition than endogenous biomolecular condensates,
they allow for a framework that can explain the behavior of natural condensates. For example, the first
paper cited here®” has led to a better understanding of the formation process of membrane clusters of
signaling molecules, while observations of PML NBs and PBs in cells followed the scaffold-client
model depicted by SUMO/SIM experiments in the second paper?:. Complex coacervates, based on the
assembly and phase separation of molecules of opposite charge, used as model systems for charge-
driven liquid droplets have moreover brought insights into the requirements for coexistence of multiple

phases in a single condensate, as it is the case for SGs and nucleoli for example®.
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Figure 1.13: Client recruitment in condensates depends on scaffold stoichiometry and client
valency. Adapted from?. A. Monovalent client (GFP-SUMO or RFP-SIM) are enriched when the
cognate scaffold (polySIM or polySUMO respectively) is in excess. PolySUMO and polySIM are
made of 10 repeats of SUMO and SIM respectively. 100 nM of each client was added to a mix of the
indicated concentrations of scaffold proteins. B. The partition coefficient (PC) of a client (ratio of
concentrations in the droplet to the bulk phase) increases with client valency as illustrated here with
the PCs of GFP-(SIM),, with n = 1, 2, or 3. 100 nM of client was added to a mix of the indicated
concentrations of scaffold proteins. C. Model for the composition of biomolecular condensates:
multivalent scaffolds phase separate into liquid-like droplets (A) that enrich clients (B),
distinguishable from their hatched patterns, with an efficiency depending on the scaffold
stoichiometry (C) and the valency of the client (D). (E) shows clients recruited through interactions
with other interactions of the scaffold proteins whose enrichment is not dependent on the scaffold
stoichiometry.
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In addition to the elaboration of general model to describe the driving forces of phase
separation, in vitro experiments have also enabled to investigate the role of specific components in the
phase separation of natural condensates. A subset of proteins localizing to PBs were thus shown to build
a network of multivalent interactions sufficient to reconstitute phase-separated condensates in vitro®.
A similar strategy with purified DDX3 RNA helicase protein LAF-1, found in Caenorhabditis elegans
P granules, showed that an IDR of the protein is necessary and sufficient for phase-separation in vitro*.
Fusing several of this LAF-1 IDR and thus increasing the multivalence of the scaffold enhances its
propensity to phase-separate®’. The molecular determinants of IDP-based phase separation were
actively studied through mutations and deletions experiments of natural IDP, which highlighted which
factors can be important for phase separation, like the overall amino acid composition, post-translational
modifications, and interactions between specific residues®#-"1 Such studies have improved our

capacity to predict the phase-separation behavior of specific IDPs.

Besides bringing important insights into the mechanisms underlying phase-separation, in vitro
reconstitution of condensates can also enable proof-of-concepts experiments for the design of
engineered bio-inspired condensates with novel functionality. For example, engineered condensates
from purified multimeric LAF-1 IDRs fused with cargo motifs and with protease cut sites enabled a
controlled release of cargos®’. Fusion of LAF-1 IDR to a solubility tag like the maltose binding protein,
both separated by either a protease cleavage site or a protein cleaved in response to illumination at a
certain wavelength allowed to engineer light-inducible IDR-driven coarcervation®”’2. Another example
is the engineering of de novo artificial IDPs inspired by native IDPs that have enabled to build phase-
separated system with controlled Cs., paving the way for future design of functional intracellular phase-

separated droplets with tailor-made properties®.

The precise control in composition and parameters of in vitro experiments have thus allowed
great advances in our understanding of biomolecular condensates. However, they are unable to
recapitulate the cellular environment (cellular crowding, promiscuity, physiological concentrations of
condensate scaffold components...). Therefore, reconstitution experiments in cell are required to further
elucidate the mechanisms at stake. Some of the in vitro studies introduced previously tested their
constructs in cells to ensure that the hypotheses formulated from in vitro experiments were recapitulated
in the intracellular environment?1:3437.4142.60.67-69.72 "1 addition to overexpression experiments based on
expression of recombinant proteins involved in endogenous condensates, which have enabled to further
elucidate the molecular determinants of specific proteins for phase separation™, recent lines of research
have also focused on the development of versatile tools to trigger the formation of artificial condensates
in cells, with a high control over their composition and stability. These tools rely on the use of either
IDRs or dimerizing peptides, which both have been shown to take part in the formation of biomolecular
condensates, as developed in part 1.1.3. Dimerizing peptides have the advantage to enable a better

control of the multivalency that can be easily tuned. Synthetic condensates can adopt different physical
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states (liquid droplet, hydrogels, or insoluble aggregates), and thus can be valuable tools for the study
of the mechanisms underlying the formation of endogenous condensates, physiological and
pathological, as well as of the link between their physical state and their functions. It is therefore
interesting to classify the numerous synthetic approaches depending on which type of molecule they
rely on (IDRs or dimerizing peptides) or on the physical state of the synthetic condensates, as has been
done previously™. In the next section, | have adopted another classification purely based on the
implementation method of the strategies, and | divided the tools in constitutive and inducible formation
approaches. In constitutive formation approaches, the ability of scaffold components to interact with
each other with a sufficient multivalency is intrinsic and the formation of condensates is spontaneous
when the Csy is reached (Fig. 1.14). Inducible formation approaches rely on the use of either a chemical
or a light stimulus to achieve the level of multivalency required for the formation of condensates (Fig.
1.14). Therefore, constitutive formation approaches allow for condensates stable in time, while inducible
formation approaches can bring spatiotemporal control over the formation and dissolution. Both

categories are thus complementary and useful to study a broad range of aspects of biomolecular

condensates.
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Figure 1.14: Constitutive and inducible formation approaches. In constitutive approaches,
scaffold proteins phase separate over Csa, While in inducible approaches, a stimulus is required to
induce the necessary multivalency level.
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1.2.2. Reconstitution studies of biomolecule condensates in cells

1.2.2.a. Constitutive formation of biomolecular condensates in cells

Constitutive approaches for reconstitution studies of condensates are based on the expression
in cells of recombinant proteins able to phase separate through their IDR or multivalent domains. The
strategies can be based on proteins that are known to phase separate in living systems, like the PopZ
protein from the bacterium Caulobacter crescentus’™. In contrast with many IDRs that were shown to
be required for phase separation, a recent preprint highlighted another function for the IDR of PopZ.
Indeed, the phase separation of PopZ is promoted by a helical domain, while the IDR fluidizes the
condensates through electrostatic repulsion, a property that can be tuned by modifying the length and
the distribution of acidic residues’®. Other strategies rely on the use of proteins known to multimerize.
Among these strategies, Zoher Gueroui’s lab developed prior to my arrival the ArtiGranule system,
which relies on the spontaneous formation of nanocages of 24 monomers of the light chain of ferritin:
the expression in cells of monomers of ferritin fused in N-ter to F36M-FKBP (Fm), a homodimerizing
mutant of the FK506-binding protein (FKBP), led to nanocages functionalized with up to 24 Fm
proteins able to interact with each other and thus driving phase separation (Fig. 1.15). The
incorporation in the scaffold of the Pumilio homology domain (PUM.HD), which is the RNA-binding
domain of Pumilio 1, a translational repressor enriched in P-bodies, led to the specific recruitment of

Pumilio 1 endogenous RNA targets and their associated RBPs™.
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Figure 1.15: Formation of ArtiGranules in cells. Adapted from™. A. Nanocages of 24 monomers
of ferritin, each fused to a Fm protein, phase separate through Fm-Fm homodimerization after
reaching Csx. B. Confocal image of ArtiGranules (POl in A = mCherry) in HelLa cells, 24 h after
transfection. Scale, 10 pum.

30



CHAPTER I: GENERAL INTRODUCTION: BIOMOLECULAR CONDENSATES AS A WAY TO
ORGANIZE SUBCELLULAR SPACE

One of the advantages of reconstitution studies through expression of recombinant proteins is
the possibility to tune the properties of the proteins (concentration, valency, force of interaction....).
Investigating different concentrations of PUM.HD in ArtiGranules thus showed that the higher the
concentration was, the smaller the condensates were’. This may come from surface steric hindrance
due to the recruited Pumilio partners, more numerous for higher concentrations of PUM.HD, which
would impede growth of the condensates, as will be further developed in part 1.3.2. Another example
illustrating the possibility to tune scaffold proteins properties comes from a recent paper that developed
a synthetic system relying on two fusion proteins (Fig. 1.16) whose interaction with each other is tunable
by point mutation, and used a yeast display system to visualize the modification in the phase diagram,

showing the role of the affinity in enhancing the phase separation®®.

As stated before, in addition to bringing information on the formation and regulation of
condensates, reconstitution studies can exploit liquid-liquid phase separation for other applications.
Along these lines, Fluoppi (fluorescent protein-protein-interaction-visualization) was recently
developed as a tool to investigate the interaction between two proteins in cells: the first protein was
fused to p62 PB1 domain, which homodimerizes, and the second protein was fused to Azami-Green, a
tetramerizing coral-derived green fluorescent protein, leading to green puncta if the two proteins
interacted with each other (Fig. 1.17)7%. The same scaffold proteins were used to engineer SPREC-In
and -Out (synthetic protein-recruiting/-releasing condensates), synthetic protein condensates systems
that allow for the controlled recruitment or release of a protein of interest by chemically induced

dimerization or optogenetics’’.
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Figure 1.16: Synthetic system for phase separation in living cells with tunable phase diagram.
Adapted from?. A. Schematic of the two constructs, each constituted of an interaction domain (2-
mer or 4-mer), an oligomerization domain (the colicin E9 or immunity Im2 proteins, which interact
with each other with an affinity that can be tuned by mutation), and a fluorescent protein (RFP or
YFP). B. Structure (top) and schematic (down) of the interaction between the two constructs. C.
Expression in yeast cells of the two constructs leads to self-assembly and formation of bright puncta.

Scale, 10 pm.

Figure 1.17: Fluoppi: a tool to investigate protein-protein interactions (PPI) in cells. Adapted
from?®. Schematic of the PP1-dependent formation of fluorescent puncta in cells.
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1.2.2.b. Inducible formation of biomolecular condensates in cells

Unlike constitutive approaches, inducible strategies are based on the use of an inducer of phase
separation that can be either light, triggering the association between protein domains, often plant-
derived, or a small chemical drug enabling chemically-induced dimerization (CID).

Fusing the IDRs of various condensate proteins, like FUS and DDX4, to the photolyase
homology region (PHR) of the plant Arabidopsis thaliana Cry2, which homodimerizes upon blue-light
illumination, allowed Brangwynne’s lab to investigate the ability of these domains to trigger phase
separation into either liquid droplets or more solid-like gels depending on the location in the phase
diagram (Fig. 1.18)%®. This optogenetic system, named OptoDroplets, was also used to explore the link
between the Csa: and the interaction strength, and to highlight a possible mechanism to explain localized
phase separation of transcription condensates and subsequent bursts in transcription®2,

A

OptolDR

Light on

Light off

Cry2WT

optoFUS

optoHNRNPA1 optoDDX4

Figure 1.18: OptoDroplets. Adapted from?:. A. The dimerizing Cry2 is fused to the IDR of a
protein enriched in a biomolecular condensate and the fusion protein should undergo phase separation
under blue light illumination. B. Fusing the IDR of FUS (optoFUS), DDX4 (optoDDX4) or
HNRNPAL (optoHNRPAL) to Cry2 leads to fast cluster assembly under blue light illumination in
NIH 3T3 cells.
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To circumvent the deactivation time of Cry2 of several minutes that limited the temporal control
of formation and dissolution cycles, the same lab developed the Corelet system?@, In that system, ferritin
heavy chain (FTH1) nanocages are functionalized with the engineered protein improved light inducible
dimer (iLID). The strong heterodimerization of iLID and its partner SspB upon blue light illumination
triggers the recruitment of various IDRs to the nanocages which thus become multivalent scaffolds for
IDR oligomerization (Fig. 1.19)'8. This system was used to examine the impact on phase diagrams of
PTMs, that can occur through the cell cycle or during stress exposure for example. It also enabled the
development a facilitated phase separation model by diffusive IDR capture that would locally enhance
the saturation and make phase separation possible even with a globally too dilute concentration (Fig.
1.19C)"®. More recently, Corelets allowed for a model depicting the role of seeds, i.e., biomolecular

facilitating the nucleation of condensates, for specific nucleation’.
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Figure 1.19: Corelets. Adapted from™. A. Schematic of the two Corelet constructs: the first enables
the localization in the nucleus of EGFP-labelled 24-mer cores of ferritin through the nuclear
localization signal (NLS). These cores are functionalized with iLID domains, that upon blue light
illumination interact with the mCherry-labelled SspB domain of the second construct, conjugated to
an IDR domain that promotes phase separation. B. Corelets enable light-induced intracellular phase
separation, as illustrated by this time-lapse confocal imaging (IDR = N-terminal of FUS IDR) in
HEK?293 cells. Scale, 5 um. C. Facilitated phase separation model: local activation (dashed blue line)
of iLID-SspB dimerization drives a diffusive flux of IDRs towards the slowly diffusing ferritin cores,
leading to high local valency that exceeds the required threshold for phase separation.
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Another optogenetics tools, CasDrop, combined iLID-SspB dimerization-based formation of
condensates enzymatically dead Cas9 (dCas9) (Fig. 1.20)%. This method enables to target the formation
of condensates to specific gene loci, and helped investigate the relationship between formation of
nuclear condensates and chromatin structure®®. It was thus revealed that liquid-like condensates
preferentially formed in low-density chromatin regions, and can restructure the genome by pulling
together targeted genomic loci to which they are bound while pushing out non-targeted regions of

chromatin®.
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Figure 1.20: CasDrop, a tool to target the light-induced formation of condensates at specific
gene loci. Adapted from®. A. Schematic of the CasDrop system modules: in the presence of a single
guide RNA (sgRNA) targeting a specific target genomic locus, dCas9 can localize on that genomic
locus. dCas9 fused to SunTag (ST) can interact with super-folder GFP (sfGFP)-labelled single-chain
variable fragment (scFv) antibody, cognate for the ST and fused to an iLID domain. Upon blue-light
illumination, the multiple iLID domains interact with sspB labelled with mCherry (mCh) and fused
to a transcriptional regulator (TR), an IDR protein, which drives phase separation. B. In the presence
of sgRNA for telomeres (sgTel), dCas9-ST and scFc-sfGFP-iLID pre-seed puncta at telomers (top).
Without sgRNA, no pre-seeding is observed (bottom). C. Light-induced formation of condensates at
telomeres in a NIH 3T3 cell expressing the three CasDrop modules described in (A), miRFP670-
TRF1 for the labelling of telomeres, and sgRNA for telomeres. Scale, 5 um.
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An interesting inverse system for optogenetic control of the dissociation of the condensates
instead of their formation was developed by fusion of IDR domains to PixD and PixE, two proteins
from the cyanobacterium Synechocystis that associate in the dark into a large complex, which
dissociates upon blue light illumination (Fig. 1.21)8. This strategy, names PiXELL (Pix Evaporates
from Liquid-like droplets in Light), was used to corroborate a computational model that predicted long-
term spatial patterns following a locally applied stimulus®. The OptoDroplet and PiXELL systems were
used to engineer condensates in yeast strains able to enhance a metabolic flux, increasing drastically
both the level of the desired product and the selectivity, which shows the possibility to use synthetic

condensates for metabolic engineering®®.
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Figure 1.21: PiXELL: light-dissociable synthetic condensates. Adapted from*°. A. Schematic of
droplets promoted by the interactions between the N-terminal of FUS IDR and the multivalence
brought by PixD/PixE complexes in the dark that undergo dissociation under blue-light illumination.
B. FusionRed fluorescence in yeast cells of the PiXELL system in the dark (left, presence of
condensates), and under blue light illumination (right, condensates are dissolved). Scale, 5 um.

Besides homodimerizing, Cry2 interact with the protein C1B1 under blue-light illumination, a
property that was used to build the LARIAT (light-activated reversible inhibition by assembled trap)
and mRNA-LARIAT (mRNA-light-activated reversible inactivation by assembled trap) optogenetic
methods (Fig. 1.22)%28, In the LARIAT system, C1B1 was fused to the Ca2+/calmodulin-dependent
protein kinase Ila, which self-assembles into a 12-mer, while in mMRNA-LARIAT it was fused to a
ferritin monomer. In both cases, cores bearing up to 12 or 24 C1B1 were able to interact with high
multivalence with dimers of Cry2 under blue-light illumination, leading to reversible clusters of the
multivalent proteins in cells (Fig. 1.22). The LARIAT and mRNA-LARIAT systems were designed to
sequester proteins or mRNAs of interest, respectively. In LARIAT, sequestering proteins in the clusters

inhibited their functions in cells, while in MRNA-LARIAT trapping mRNAs reduced their translation
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efficiency by preventing their access to ribosomes, a property that was used to probe the role of newly
synthesized B-actin protein in cell migration. These two methods showed another possible application
for phase-separated condensates for investigating the physiological functions of specific proteins or
RNAs in cells as well as the importance of their localization in cell.

CRY2
M CRY2 (photoactivated)

- nght

é : + nght
Figure 1.22: LARIAT methodology. Adapted from®. Schematic of the blue light-induction of
clusters formation in the LARIAT and mMRNA-LARIAT systems.

Cluster formation

One of the most prominent systems of CID is the fast and strong rapamycin-induced
dimerization of FK506 binding protein (FKBP) and FKBP-rapamycin binding protein (FRB).
Multivalent constructs of FKBP and FRB formed hydrogel network in cell and in vitro, with an
efficiently tightly linked to the number of repeats, highlighting the importance of multivalence for phase
separation (Fig. 1.23)8. This iPOLYMER system (intracellular production of ligand-yielded multivalent
enhancers) and its light-inducible counterpart iPOLYMER-LI (intracellular production of light-yielded
multivalent enhancers with light inducibility), which has the advantage to be reversible, were
successfully turned into SG analogs co-localizing with endogenous SGs components by incorporating
into the scaffold the RNA-recognition motif of the SG protein TIA1%4.
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Figure 1.23: iPOLYMER and iPOLYMER-LI. Adapted from®. A. Schematic of a hydrogel
network formation through rapamycin-induced multivalent interactions between repeats of FKBP
and FRB proteins. B. Time-lapse imaging of fluorescent puncta formation in a COS-7 cell after
addition of rapamycin. Scale, 10 um. C. Design of iPOLYMER-LI, which relies on the light-induced
interaction of repeats of iLID and SspB. D. Reversible puncta formation of a COS-7 cell expressing
the two iPOLYMER-LI modules. Scale, 10 um (2 um for the zoom in image).

Altogether, numerous systems for reconstitution of phase-separated condensates in cells with
modular properties were developed in recent years. This broad array of tools can be applied in various
ways: first and foremost, to address unanswered questions about the mechanisms underlying the
formation and the control of the material properties of endogenous condensates, but also to develop bio-
inspired materials with tunable novel functions, and to investigate the physiological importance of

specific proteins and RNAs in cells.
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1.3. Physical-Chemistry considerations for condensate formation

1.3.1. RNA as a polymer involved in biomolecular condensate formation

Many condensates contain both proteins and RNAs. The latter are often considered simply as
carrier of the genetic code information and intermediates between the transcription of DNA and the
translation into proteins (MRNAS). However, RNAs have several attributes that can contribute to the

formation of condensates or to the tuning of their composition or material properties (Fig. 1.24).
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Figure 1.24: RNA molecules have several attributes than can all play a role in phase separation.
RNAs are notably polyanions that have specific nucleotides sequences, adopt secondary structures
and can undergo post-transcriptional modifications.
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First, RNAs are negatively charged polyelectrolytes due to the phosphate groups found in every
nucleotide. They can thus take part in non-specific interactions with positively charged proteins and
contribute to the formation of condensates through complex coacervation.

Secondly, an RNA molecule has a definite sequence of nucleotides that can exhibit RBP-
binding sites and allow specific RNA-RBP interactions. Specific RNA-RNA interactions and non-
specific random associations between RNAs through for example non-canonical base-pairing and base
stacking can also contribute to condensate assembly®. The nucleotide composition can moreover
contribute to condensates properties, as was highlighted by the use of homopolymers of RNA (poly(A),
poly(C) and poly(U)) that gave rise to condensates with different material properties®.

Electrostatic or sequence-specific interactions involving RNAs and resulting from the first two
attributes discussed here are all the more important for condensate regulation given that RNAs are
usually longer than proteins. A single RNA can thus recruit multiple RBPs and introduce multivalency,
which is at the core of phase separation as developed previously. The length of NEATL thus regulates
phase separation of paraspeckles (see part 1.1.3.d)%. The ability to interact with multiple RBPs, beside
taking part in the formation process, may also tune the material properties of condensates by modulating
the interactions between protein IDRs, as illustrated by RNA that decreases the viscosity and enhances
dynamics of droplets*2. Interactions between RNAs and TDP-43 moreover prevent aberrant phase

separation of TDP-43 involved in amyotrophic lateral sclerosis and frontotemporal dementia®’.

Thirdly, in addition to the primary structure defined by the nucleotides sequence, RNAs adopt
secondary structures (e.g., hairpins) that can define structure-based interactions. By displaying or
masking hybridization sequences and thus altering the ability of different RNAs to engage in
intermolecular interactions, secondary structures were shown to regulate the sorting of mRNAs in the
same or different droplets®. This compositional specificity can be further enhanced by protein binding
that can lead to structural rearrangements®. Another example illustrating how RNA secondary structure
can play a role in the formation of condensates comes from RNA G-quadruplex, composed of several
planal layers of four guanine residues, that seems to favor phase separation through multivalent
interactions with RNAs and RBPs®,

Finally, RNAs can undergo post-transcriptional modifications that could influence phase
separation through modifications of RNA-protein and RNA-RNA interactions or of RNA secondary
structure®. For example, the methylation of adenosine to give N®-methyladenosine (m®A), which is the
most abundant mMRNA modification in eukaryotes, may promote the phase separation of m°A-mRNA
and m®A-binding proteins, which subsequently partition in either PBs in unstressed cells, or SGs during
stress®. Echoing the second point developed here, the partitioning would be enhanced for

polymethylated mMRNASs that could bind to multiple RBPs and thus favored interactions between their
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IDRs®%. These results were however contested by a recent preprint that pointed out that mSA-mRNA
partition similarly intro SGs in wild-type cells and méA-deficient cells®.

Altogether, RNA has been shown to contribute to the formation, material properties and
composition of condensates. The features of an RNA molecule, such as its length, structure, nucleotides
composition and expression level, could potentially tune its contribution. Further studies will

undoubtedly uncover other inputs of RNA in phase separation.

1.3.2. Parameters controlling the size of biomolecular condensates and surface

effects

In the thermodynamic equilibrium framework, condensates formed by LLPS should evolve
towards a single large droplet through coarsening to minimize the surface to area ratio. Three
mechanisms are at play in condensates growth: addition of components from the surrounding
environment, coalescence, and Ostwald ripening, whereby smaller droplets dissolve for the benefit of
bigger ones. These three growth pathways could be observed in several in vitro reconstitution

experiments*%,

However, the observations differ in cells where many condensates do not grow over a certain
size and multiple droplets can coexist, as illustrated by the several submicrometric PBs in the cytoplasm
and PML NBs in the nucleus. The principles underlying condensate size and the formation of multiple
coexisting droplets are progressively uncovered. The size of condensates could first be cell size-
dependent in the case of a maintained concentration of components, for example for embryonic cells
(Fig. 1.25A)%. Indeed, this hypothesis of a limited pool of components was proposed to explain the
direct relation of the centrosome size to the cell size in C. Elegans embryo®. However, this regulatory
process cannot account for cells that grow without producing new phase separating components. One
other possible mechanism is the presence of active ATP-based processes driving condensates away
from the equilibrium®-%, Chemical reactions could indeed regulate the ability of proteins to phase
separate and suppress Ostwald ripening. Such a model was notably developed to account for some
properties of the centrosome, like its exclusive nucleation at the centrioles and the existence of two co-
existing centrosomes'®. Besides active processes, a simulation-based study have highlighted that the
ratio between the characteristic times of component diffusion and bond formation/rupture between
interacting multivalent components could also be at play in the regulation of condensate size, as well
as the number of available binding sites, with saturated interactions that could limit growth over a
certain size (Fig. 1.25B)11%2 Other mechanisms that could take part in the regulation of condensate

size include the cytoskeleton, which for example mechanically stabilizes large nuclei against
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gravitational forces and thus prevents their fusion, and interplay with membranes, which slows down

diffusion and coalescencel®104,
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Figure 1.25: Various mechanisms can play a role in the regulation of condensates size. A. In a
system with a constant concentration of total components, the size of a phase-separated droplet will
scale with the cell size. Adapted from®. B. Aging into highly cross-linked structures with saturated
interactions can prevent further growth of condensates. Adapted from?!. C. The size of condensates
can depend on the concentration of clients recruited at the surface and acting like surfactants or
Pickering agents. Here, the more ArtiGranules are enriched with the RBP Pumilio and thus can recruit
endogenous components at the surface, the smaller they are. Adapted from™,

Another meaningful factor to consider in the regulation of condensate size is surface effects.
Indeed, the surface of condensates is an environment distinct from the core of condensates and the dilute
phase. Yet, surface effects on condensates are still understudied and have only begun to be investigated.
Besides its distinct composition, the condensate surface can have a specific structure. A very recent
preprint indeed recently highlighted the inhomogeneous network structures of IDR-based condensate!®.
Proteins at the interface showed a most extended structure and an orientation perpendicular to the
interface. Predominant intermolecular interactions in the interior of the condensates lead to a more
folded structure, and intramolecular interactions in the dilute phase result in an even more folded
structure!®, This extended conformation could promote B-sheet formation of hnRNP1A proteins by
bringing their aggregation-prone regions closer to each other, explaining why amyloid formation was

observed to occur specifically at the interface of hnRNP1A condensates'®.
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Owing to the distinct characteristics of the condensate surface, surface effects have emerged as
crucial for the stabilization of condensates against coarsening. Condensates can be stabilized by a high
surface charge density, leading to repulsive forces between condensates prohibiting their coalescence!?’.
In a similar fashion as the protein Ki-67 that prevents individual chromosome from coalescing by
forming a repulsive molecular brush layer, biomolecules on the surface of condensates can act as
surfactants and reduce the surface tension of condensates!®®, Surfactant proteins should consist in a
domain prone to phase separate and another that does not phase separate. This composition should thus
promote adsorption of surfactant proteins at the surface of phase-separated droplets. Recently, such
proteins were demonstrated to control condensate size in a concentration-dependent manner in an in
vitro study®. A simulation study further elucidated the impact of the scaffold/surfactant ratio on the
stability of multidroplet systems!'?. Adsorption of amphiphilic molecules, in addition to regulate
condensate size, could also stabilize multiphase droplets®. Surface proteins may also stabilize
condensates and prevent coarsening by acting like Pickering agents, that unlike surfactants are not
amphiphilic molecules but nanoscale solid particles. The intrinsically disordered protein MEG-3 was
for example shown to behave as a Pickering agent by forming clusters at the surface of P granules of
C. Elegans, which lower the surface tension of condensates and limit their coarsening*'!. Biomolecules
acting as either surfactants or Pickering agents thus appear to be important regulator of condensate size
by reducing surface tension and / or resulting in steric hindrance preventing coarsening. This is further
illustrated by the effect of incorporating PUM.HD to the artificial condensates ArtiGranules, which as
explained before provides the ability to recruit endogenous RNAs and RBPs of the PB interactome at
the surface of the condensates. This resulted in a size dependence of the condensates on the quantity of
Pumilio within the ArtiGranules: a higher quantity led to many sub-micrometric coexisting condensates
that did not coalesce, while a lower quantity led to a reduced number of larger ArtiGranules (Fig.
1.25C)". The endogenous recruited biomolecules were here proposed to hinder growth by both sub-unit
addition and coalescence™. Another example comes from the yeast enzyme Brel, involved in H2B
ubiquitination, that was shown to form a shell around condensates of the Largel protein and to prevent

their growth by prohibiting fusion events!!2,

The diverse mechanisms that have been put forward to explain the deviation of native
condensates from the equilibrium are not exclusive, and cells arguably leverage all of them to regulate
condensates size and number. The interplay between the various mechanisms and how much they are

at stake for different condensates or in different cell types remains unclear.
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1.3.3. Interplay between biomolecular condensates and the cytoskeleton

The cytoskeleton is a dense and complex network of interlinking protein filaments
(microtubules, actin filaments, and intermediate filaments) present in the cytoplasm of all eukaryotic
cells, and playing a critical role in many cellular processes!®®. Among other roles, the cytoskeleton
determines cell shape by contributing on the one hand to the cell mechanical resistance to deformation,
and by reorganizing in response to external mechanical forces on the other hand, through
polymerization and depolymerization. During cell division, the microtubules network rearranges into
the mitotic spindle, which segregates the chromosomes. Importantly, the cytoskeleton contributes to the
cellular organization by facilitating intracellular transport of supramolecular structures, including
membrane-bound organelles and biomolecular condensates. This ability comes from the polarized
nature of microtubules and actin filaments, which are constituted of asymmetrical subunits at the
molecular level (o/p tubulin dimers for microtubules, and monomeric actin for actin filaments). These
polymers can thus be used as tracks for molecular motors to move, preferentially in one direction, and
take along various cargos. Different motors are involved depending on the cargoes and the direction of
transport: kinesins that move toward the microtubule plus-ends (i.e., anterograde motors, except for the
members of the kinesins-14 family); dynein and members of the kinesin-14 family that are microtubule

minus-end directed (i.e., retrograde motors); and finally, myosin motors that are actin-based*'“.

Interactions between the cytoskeleton and membrane-bound organelles have been observed for
many years''®. Over the past few years, a rich mutual interplay between the cytoskeleton and
biomolecular condensates has also progressively been brought to light!*>!6, On the one hand,
condensation can participate in the organization of the cytoskeleton network by concentrating
cytoskeletal monomers and triggering the nucleation of cytoskeletal filaments (Fig. 1.26A). For
example, in addition to the centrosome that is the main microtubule organizing center, other condensates
can participate in the organization of the microtubule network, as was for example shown by the in vitro
phase separation of the microtubule-associated protein tau, which concentrates tubulin, and thus
exceeds the nucleation threshold and induces the polymerization of microtubule bundles!38, On the
other hand, the viscoelastic cytoskeletal network can physically restrain the growth of condensates.
They can indeed prevent their coalescence by spatially separating individual droplets (Fig. 1.26B) or
precluding gravitational effects that can affect the largest condensates, as it is the case with the nuclear
actin scaffold that was shown to keep the nucleoli in Xenopus laevis eggs from coalescing due to
gravity’®, Growth by sub-unit addition or Ostwald ripening can also be limited because of the
mechanical resistance of the cytoskeletal network, in a similar fashion to nuclear condensates that

preferentially grow in regions of low chromatin density®°.

44



CHAPTER I: GENERAL INTRODUCTION: BIOMOLECULAR CONDENSATES AS A WAY TO
ORGANIZE SUBCELLULAR SPACE

. - & o [} .
3" theel ¢ " v LT
. . . -
L . . b o .
-~ > < .
. ~
" O . Y . ’ .
. " . > "':. -'. ’ s, ¢
o . N e o
s FEIL R 'M
s B . ..
. DY 3 .
o '- .:',_:' 1 ” Protein condensate
S = . ';. L ?:‘ 2 * +r+ Cytoskeletal monomers
R L) = . S - . . »w Cytoskeletal filament
Time
. . ‘ C
\ hindered fusion
i N, L g,
i \ "”4\:"_;?#:’:‘?‘71»%«" i Accumulation Dynein-driven Cha;_)erone-me_diated
i ) P %] of silanced . aggregation disaggregation
] ot L oo Weesps,
B PR ¢ p m s @&
\ /‘/J OOOOOC) m OO OOO Kinesin-driven
p R Ay - ® [5) dispersion
}E \:“"w“t V"t;‘:' f"( S ) ;//;‘ Oooo @ oo O 8) \ a:fwgp‘“
Rr” s ’ v
(o \ 20 S SRR o I
t B S p— OOO ) Elb ® o0
S S o9 N o@% / ‘ﬂ o
o o o 0° 0o 99°9..
PR e R 0. 35
2 ‘”'%ﬁ;';"ﬂf;s } 4 nucleation Mature SG =
3 Y gy & oy " 5
i &AW TN | time SG assembly SG dissolution
P T : v

D

RNP transport granules
Cell polarity/ division

“‘“‘ Neuron formation

adaptor protein and plasticity
kinesin

- R, +
tubulin | Qi \A mRNA localization
w‘ /and local translation
E myosin

actin

Figure 1.26: A few examples illustrating the rich interplay between biomolecular condensates
and the cytoskeleton. A. Upon condensation of cytoskeletal regulators (green), cytoskeletal
monomers (pink dots) can get concentrated in the droplets to the point of overcoming the nucleation
threshold and triggering fibers polymerization. Adapted from*!¢. B. The dense cytoskeletal network
can hinder fusion events by spatially segregating condensates from each other. Adapted from?*, C.
Model for transport-based assembly and disassembly of SGs: after translation abortion following
acute stress, small complexes with among others silenced mRNPs are formed in the cytoplasm. They
then undergo retrograde transport mediated by dynein motors (red), which facilitate their fusion into
larger SGs. After a while, chaperones weaken SGs cohesion, which allow sub-units dispersion by
anterograde kinesin (blue)-based transport and SGs disassembly. From!'® D. Some condensates in
the cytoplasm, like here RNP transport granules, constituted of diverse biomolecules including
MRNASs (grey), can associate directly or indirectly with motor proteins and are transported along
microtubules or actin filaments to their final destination. Adapted from?!*°.
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In addition to the passive interplay of cytoskeletal fibers with condensates compelled by the
spatially limited cytosol, specific interactions between biomolecules in condensates and motors or
motor adaptors can occur, resulting in motor-based transport of condensates with several biological
outcomes. Microtubule-based transport is for example involved in the growth by fusion and disassembly
by fission of SGs and PBs (Fig. 1.26C)''*%, Furthermore, long-range active transport of condensates
contributes to the spatial organization of the cellular space. Importantly, mMRNAs transport and
subcellular localization, often through transport of mRNA-containing condensates, allows localized
translation and is involved in numerous cellular processes (Fig. 1.26D)'?>1%, This mRNA localization
through transport in condensates is highly conserved between species and type of cells. Indeed,
localizing a mRNA, from which many proteins can be translated, is much more efficient than relocating
individual proteins'?’. Biological processes regulated by mRNA transport include notably morphogen

gradients in developing embryo!?-13L cell migration'®, neural development and synapse plasticity*1%,

Altogether, biomolecular condensates and the cytoskeleton are intrinsically linked, both
physically and biologically. New facets of the interplay between both cellular entities will undoubtedly
be uncovered by further studies.

1.4. Ph.D. goals

The prime goal of my Ph.D. was to develop a minimal, versatile and robust reconstitution tool
to study condensates in cells. To that end, the strategy applied consisted in designing and expressing in
cells recombinant proteins, able to interact with each other and to phase separate into artificial
condensates with controlled composition. Two systems were developed, the ArtiGranule and the linear
5Fm systems, which differ in the recombinant proteins used (see chapters Il and 11l for a description of
the two methods). Both were shown to be orthogonal to the cell environment, i.e., no interactions
between the artificial condensates and the cell environment were observed. This specificity and the
possibility to add proteins of interest in the scaffolds of the artificial condensates opens new possibilities
to address various questions on cellular condensates. Below will be described some questions addressed
during my Ph.D (Fig. 1.27).

First, how can we reduce the complexity in the RNA composition of condensates? Indeed,
native condensates count thousands of different biomolecules, and many condensates were shown to
include RNAs. Recent advances have seen the development of tools to build mimics of biomolecular
condensates in cells. Importantly, incorporation of RNA-binding domains of proteins found in native
condensates in the design of iPOLYMER (TIA-1 from SGs), Corelet (G3BP1 from SGs) and
ArtiGranule (Pumilio from PBs), have allowed for the reconstitution of truthful reconstitutions of

protein-RNA condensates’ 884 However, these RBPs can target thousands of different RNA species,
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and unraveling the impact of RNA on the biogenesis of condensates and on the regulation of their
material properties remains arduous. As will be further developed in Chapter 11, we designed during my
Ph.D. artificial condensates programmed to specifically recruit a single RNA species, by using an
orthogonal RBP targeting a heterologously-expressed RNA.

Secondly, what sets condensate size and number in cells? The localization of RNAs at the
surface of condensates has recently emerged as a common feature of different condensates, like PBs
and SGs'813+-137 ‘Importantly, the recruitment of endogenous components at the surface of ArtiGranules
through interactions with the RNA-binding domain of Pumilio, including RNAs, has shown to directly
regulate the size of the condensates. However, because of the RNA compositional complexity of
condensates, a quantification of the impact of surface RNA on the biogenesis of condensates and on the
regulation of their size and number was still out of reach. We showed that the heterologously expressed
RNA specifically recruited in our system localized at the surface of our artificial condensates. By using
a visualization method at the single molecule level (single molecule Fluorescence In Situ Hybridization
(smFISH)), we were able to quantify the RNA surface recruitment, which allowed us to quantitatively
link for the first time RNA surface density and condensate size and number (Chapter I1).

Thirdly, how molecular motors can impact the biogenesis of condensates? Indeed, native
cytosolic biomolecular condensates are part of the cell complex machinery and are not passively living
their life independently of the cell environment. They can notably interact with the cytoskeleton tracks
through molecular motors. However, no reconstitution approach has succeeded in engineering
condensates that could be powered and positioned in specific area of cells by molecular motors. To
bridge this gap, we developed during my Ph.D. a method to control the localization of our artificial
condensates in cells via the addition in the scaffold of the condensates of motor or motor adaptor
domain. Depending on the motor at play, condensates could be positioned either at the cell periphery

or near the centrosome (Chapter III).

Finally, can we reconstitute a mRNA localization system? Indeed, while many studies have
focused on revealing the spatial localization of MRNASs in cells, often via recruitment in biomolecular
condensates that are subsequently shuttled in cells, there is no method to manipulate this localization.
Such a tool would allow to investigate the effect of subcellular localization on RNA functions and
processing, which up to now remains delicate. Therefore, we reconstituted a minimal RNA localization
system by recruiting a specific target RNA in our artificial condensates with controlled localization
(Chapter I111).
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Figure 1.27: Ph.D. goals. Chapter Il will detail the method to build artificial condensates in cells
specifically recruiting a single RNA species and the application of this method to quantify the impact
of surface RNA on the biophysical properties of condensates (size, number and morphology). Chapter
Il will describe the method to build localized condensates in cells and its use in controlling the

localization of target mRNAs.
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CHAPTER II: RNA at the surface of phase-separated condensates

Impacts their size and number

This chapter is based on the following article:

RNA at the surface of phase-separated condensates impacts their size and number
Audrey Cochard, Marina Garcia-Jove Navarro, Leonard Piroska, Shunnichi Kashida, Michel Kress,
Dominique Weil, Zoher Gueroui
Published in Biophysical Journal, April 12, 2022
doi: https://doi.org/10.1016/j.bpj.2022.03.032
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I1.1. Investigating the role of RNA in the biogenesis of biomolecular

condensates

I1.1.1 RNA contributes to the spatiotemporal control, the specificity, and the

morphology of biomolecular condensates

Biomolecular condensates have a complex composition and often concentrate thousands of
different species. The high molecular diversity of condensates raises the issue of how we can
disentangle the contribution of a specific component from the intricate network. In particular, RNA is
a common feature of cytosolic condensates and even of some nuclear ones such as the nucleolus. To
examine the impact of RNA in the biogenesis of condensates, different approaches have been

adopted®1381%° Here | will provide three examples using in vivo or in vitro approaches.

To investigate the role of rRNA in nucleolus biogenesis, an elegant strategy was to compare
wild-type and mutant Drosophila melanogaster embryos lacking rDNA repeats. Interestingly,
nucleolar proteins in mutant embryos still formed assemblies similar to nucleoli, but smaller, more
numerous, and more broadly dispersed in the nucleoplasm (Fig. I1.1A and B). Indeed, wild-type
embryos displayed one of two nucleoli per nucleus, which are localized at a specific region of the rDNA
repeats called the nucleolus organizer region and form at the same time for different embryos. In
contrast, the assemblies in absence of rDNA did not seem to be associated with specific sequences of
DNA, and the temporal precision of formation was lost. To investigate whether these discrepancies
came from the lack of rDNA itself or the lack of rRNA transcripts, a complementary strategy was
applied which consisted in blocking the synthesis of rRNA in wild-type embryos by knocking-down a
subunit of RNA polymerase | through RNA interference. The observed delay in the formation of the
nucleolus underlined the seeding effect that rRNA play in nucleolus formation, which would explain
the spatiotemporal precision of formation. This study demonstrates the role of rDNA transcription in
circumventing the instability of the nucleation step by seeding nucleolus formation and bringing

spatiotemporal control over the formation process (Fig. 11.1C).
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Figure 11.1: rRNA seeds nucleolus formation. Adapted from®®, A. Lateral view of a wild-type
(left) and a mutant (lacking rDNA repeats, right) Drosophila melanogaster embryos at nuclear cycle
14, expressing an RFP-tagged fibrillarin, which is located in the dense fibrillar component of the
nucleolus. B. Number of nucleoli per cell in the wild-type embryo (pink) and of nucleolus-like
assemblies in the mutant embryo (blue). C. Schematic of the nucleolus nucleation model in
Drosophila melanogaster embryos: rRNA transcription seeds the assembly of nucleoli at precise
locations. In absence of rDNA, stochastic nucleation-limited assembly leads to randomly localized
nucleolus-like assemblies.

Easier to implement, in vitro reconstitution approaches with purified RNA can also allow to
investigate its role in the assembly or the control of the physical properties of condensates. In vitro
reconstitution of fungus Ashbya gossypii Whi3 protein condensates with different Whi3-interacting
RNAs thus showed the role of RNA structure in driving the coexistence of Whi3 condensates with
different composition®. Indeed, in Ashbya gossypii cells, two different types of Whi3 droplets coexist
and exhibit distinct Whi3 levels: perinuclear droplet enriched in the cyclin CLN3 mRNA and droplets
at cell tips enriched in the formin BNI1 and SPA2 mRNAs. Protein-free, electrostatic-mediated phase
transitions of the mMRNASs in vitro showed no colocalization of CLN3 and BNI1 or SPA2 mRNAs, while
BNI1 and SPA2 displayed significant co-localization (Fig. 11.2A). Therefore, specificity of Whi3 phase
separation seemed to be encoded by the mRNAs. Additional experiments implying modifications in the
structures of the mRNAs showed the importance of mRNA structure in maintaining droplet identities.
This study proposes a model whereby homo- and heterotypic RNA-RNA interactions drives
compositional specificity of Whi3 droplets (Fig. 11.2B). More broadly, RNA structure may promote

coexistence of the diverse condensates found in a single cell.
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Figure 11.2: mRNA structures drive specificity of Whi3 droplets. Adapted from®. A. In vitro
fluorescence microscopy images showing co-localization of BNI1 and SPA2 mRNAs (green and
pink, respectively, upper panel), but absence of co-localization of CLN3 mRNA (pink) and SPA2 or
BNI1 mRNAs (green, middle and lower panel, respectively). Scale, 5 um. B. Schematic of the
proposed model: RNA-RNA interactions, dependent on RNA structures, promote the selective
enrichment of distinct RNAs and proteins, which results in distinct dynamics (orange zigzags) and
composition.

The role of RNAs on the shape of TIS granules, mesh-like condensates formed by assembly of
the RBP TIS11B and intertwined with the tough endoplasmic reticulum (ER), was examined through
both in vitro and in vivo reconstitution studies!®. The mesh-like shape contradicts the spherical shape
expected for liquid-like condensates, as surface tension favors a low surface to volume ratio. Moreover,
the high dynamics of TIS granules protein components, revealed by FRAP experiments, are not
consistent with gel-like properties that would explain the inability to relax into a spherical shape. In
cells, expression of a mCherry-tagged TI1S11B recombinant protein led to TIS granules that resemble
endogenous TIS granules and have a mesh-like structure intertwined with the ER (Fig. I1.3A, left). This
contrasts with the expression of TIS11B with a mutated RNA binding domain (RBD), and thus unable
to bind to RNAs, that gave rise to TIS granules with spherical shape and no longer intertwined with the
ER (Fig. 1I.3A, right). These observations in cells were reinforced by in vitro reconstitution

experiments, which showed the ability of unstructured RNAs to promote the mesh-like structure of TIS
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granules, while in the presence of structured RNA, reconstituted condensates retain their spherical shape
(Fig. 11.3.B). These experiments allowed the development of a model whereby an underlying mRNA
skeleton within TIS granules, constituted of mostly unstructured RNAs able to form intermolecular
RNA-RNA interactions, would determine the shape of the granules. This RNA matrix would counteract
the surface tension and induce the formation of mesh-like condensates (Fig. 11.3.C).
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Figure 11.3: RNA-RNA interactions define the mesh-like shape of TIS granules. Adapted
from®, A. Confocal images of HeLa cells expressing mCherry-tagged TIS11B (left) or TIS11B with
a mutated RNA-binding domain (RBD). GFP-labelled SEC61B was co-expressed to visualize the
endoplasmic reticulum (ER). The area in the white square is magnified on the right of each panel. B.
Confocal images of in vitro phase separation experiments with purified FUS-TIS (10 puM), where
FUS plays the role of a multivalent domain, in the absence of RNA (left panel), or in the presence of
the unstructured 3’UTR of TNFSF11 RNA (middle panel) or the structured 3’UTR of TLR8 RNA
(right panel). C. Model to depict how structured RNAs, unable to engage in intermolecular RNA-
RNA interactions, would not hinder the fusion and relaxation of granules, whereas unstructured
RNAs able to interact with each other would form a stiff structure hindering the relaxation in spherical
shapes, thus resulting in mesh-like condensates.
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11.1.2. Investigating the role of RNAs in biomolecular condensates using

bioengineered condensates

11.1.2.a. Bioengineered RNA-protein condensates

Similar to TIS11B that recruits RNAs in TIS granules, protein-RNA interactions were used to
enrich RNAs in artificial condensates. Mimics of condensates, constituted of both proteins and RNAs
have been developed via the addition of RNA-binding domains of RBPs found in native condensates in
the design of iPOLYMER (RRM of the SG protein TiA-1), Corelet (the SG protein G3BP’s
dimerization domain NTF2, which acts as an interaction platform in addition to its ability to dimerize),
and ArtiGranules (the RNA-binding domain (RBD) PUM.HD of the PB protein Pumilio 1)7584140,
These mimics were shown to be enriched in SG or PB components (Fig. 11.4A-C). However, these RBPs
count thousands of RNA targets. For example, a database compiling crosslinking immunoprecipitation
(CLIP)-seq from a large amount of publicly available data sets identifies more than 2500 RNA targets
of Pumilio 1141, This complexity limits our understanding of the role of RNA in condensates biogenesis.
Though the reconstitution studies introduced in Chapter | have allowed the simplification of the protein
content of biomolecular condensates, none have succeeded in reducing the complexity of the RNA

content.

Therefore, the first aim of my Ph.D. was to develop a method to build in cell artificial
condensates containing a single RNA species, so that it would be possible to directly study the impact
of RNA on condensate biogenesis. To do so, | used an adaptation of the ArtiGranule system, named
ArtiGMC after the used RBP, and designed to recruit a single RNA species instead of the numerous
binding partners of PUM.HD. The next sections will first further present the ArtiGranule system,

secondly introduce the variant ArtiGMC? and finally explain the workflow followed in this study.
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Figure 11.4: Reconstitution of protein-RNA condensates via interaction of RBPs in the
bioengineered scaffolds with endogenous RNAs and proteins. A. Addition of the RRM of TIA-1
in the iPOLYMER scaffold results in enrichment in the artificial condensates of SG components, like
the endogenous poly(A)-binding protein (PABP), as revealed by immunofluorescence microscopy in
COS-7 cells. Scale, 10 um. The line-scan plot from A to B in the zoom image confirms the enrichment
of PABP in iPOLYMER puncta. Adapted from®. B. In G3BP KO cells, NTF2-Corelets are enriched
with several SG proteins (labeled with a check sign) like CAPRIN1, but some SG proteins like TIAL
do not partition into the artificial condensates, as revealed by co-expression of GFP-tagged proteins.
The enriched proteins are putative binding partners of NTF2. Adapted from!#°. C. Epifluorescence
imaging of a HeLa cell expressing PUM.HD-functionalized ArtiGranules condensates labeled with
EGFP (ArtiGECFPPUM " green in merge). The PB-enriched NORAD IncRNA is recruited on the
condensates, as revealed by single fluorescence in situ hybridization (SmFISH, red in merge). The
nucleus is stained with DAPI (blue in merge). Scale, 10 um. Zoom, 2 um. Adapted from?.
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11.1.2.b. The ArtiGranule system

To reconstitute condensates in cells, | used for this project the ArtiGranule system introduced
in part 1.2.2.a, which was developed before my arrival in the lab and takes advantage of the auto-
assembly of 24 ferritin monomers in nanocages of 12 nm (Fig. 1.15). A highly multivalent core is
obtained by functionalizing each ferritin monomer (Ft) with the self-interacting module F36M-FKBP
(Fm). This mutant of the FKBP protein homodimerizes with a weak affinity (Kq in the um range) which
gives the multivalent cores the ability to undergo phase separation'*?. Indeed, 24 h after transfection of
the module construct labelled with the mCherry fluorescent protein (Fm-mCherry-Ft) into HelLa or
HEK?293 cells, bright foci can be observed by epifluorescence microscopy in the cytoplasm of about
30% of the cells (Fig. 11.5A). The granules recapitulate the hallmarks of condensates formed by LLPS.
They are indeed spherical (Fig. 11.5A), and time-lapse live confocal imaging showed their ability to
coalesce (Fig. 11.5B). FRAP experiments showed that a fraction of the fluorescent signal (35%)
recovered with a timescale of 2 minutes, demonstrating that ArtiGranules have a mobile fraction that
undergo fast exchange with the cytoplasm (Fig. 11.5C-D). Moreover, time-lapse live imaging starting 8
h after transfection highlighted the existence of a Csa, 0ver which nucleation of several bodies could be
observed (Fig. I1.5E). Altogether, these observations suggest a mechanism of condensation by LLPS.

An asset of the ArtiGranule system is its reversibility. Indeed, the Fm-Fm interactions, whose
weakness confers to our reconstituted condensates their liquid-like properties, are constantly done and
undone, and condensates can thus be dissolved by the addition of a competitor of the homodimerization.
The Fm protein is a point mutant of the FK506-binding protein (FKBP) that retains the ability to bind
to FK506. The addition of FK506 to the cell milieu should thus compete with the Fm-Fm dimerization.
Indeed, adding FK506 immediately after transfection prevents condensate formation and adding it after
24 h of expression readily dissolved ArtiGranules (Fig. 11.5F). The ArtiGranule system thus allows for

a controlled inhibition and disassembly of artificial condensates in cells.
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Figure 11.5: ArtiGranules recapitulate the hallmarks of LLPS. Adapted from™. A.
Representative confocal image of spherical ArtiGranules 24 h after transfection. Scale, 10 um. B.
Time-lapse confocal images of several ArtiGranules coalescing into one single larger condensate.
Scale, 2 pm. C. Example of recovery of fluorescence intensity after photobleaching of an
ArtiGranule. D. Kymograph representation of the fluorescence recovery analyzed in (C). E.
Evolution of the total cytoplasmic fluorescence (dilute + dense phases, red) and of the dilute phase
fluorescence (grey) of a HelLa cell. The dilute phase shows an increase in the fluorescence until
reaching a plateau at the time of ArtiGranules nucleation, corresponding to a Csx. The violet dots
represent the number of granules over time, whose decrease reflects the coalescence events. F. The
addition of the Fm-Fm homodimerization competitor FK506 dissolves ArtiGranules. Scale, 10 pum.
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11.1.2.c. The ArtiGMcP system

Addition of PUM.HD domain to the ArtiGranule design led to recruitment of numerous PBs
components. To limit the recruitment at one single species of RNA and allow precise insights on the
role of RNA in condensate biogenesis, we replaced PUM.HD in the ArtiGranule scaffold by the MS2
coat protein (MCP) of the MS2 bacteriophage (Fig. 11.6). MCP is an orthogonal protein which binds
with high specificity and affinity to RNA stem loops of the bacteriophage genome, called MS2 stem
loops'*®. The resulting construct, FmM-MCP-Ft, consists in a fusion of the self-interacting domain Fm,
of MCP and of a ferritin monomer Ft. To visualize the condensates, a second construct Fm-emGFP-Ft
was used, where emGFP is the emerald GFP fluorescent protein. The assembly of ferritin monomers in
nanocages gives rise to multivalent cores functionalized with Fm proteins, which can phase separate
over a Cs and form condensates hereafter called ArtiGe™eFMCP (Fig. 11.6). A third construct was
designed to express a mRNA with four embedded MS2 stem loops in its 3’UTR (RNA-MS2, Fig. 11.6).
The co-transfection of the three constructs in cells should result in condensates specifically recruiting
RNA-MS2.

TS| ¥~
x24 s e
¥, ¥ L

ArtiGemerP/MeP Scaffold proteins

RNA-MS2 > F— .3
- I -
.i“. MCP Iib‘ 200 {:%

ArtiGemeFP/MCP | RNA-MS2

Figure 11.6: Schematic of the ArtiGe™CFPMCP system. Adapted from Cochard et al., Biophysical
Journal, 2022. The two fusion proteins Fm-emGFP-Ft and Fm-MCP-Ft assemble into fluorescent
multivalent cores, which phase separate into ArtiGe™eFPMCP condensates over a Cs,. The MCP protein
should allow the specific recruitment of RNA-MS2.
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11.1.2.d. Workflow to investigate the relationship between RNA surface
recruitment and biophysical properties of condensates

To reconstitute RNA-protein condensates in a cellular environment, we co-transfected HeLa
cells with the three plasmids described above: Fm-MCP-Ft and Fm-emGFP-Ft, which should result in
ArtiGemCFPMCP condensates over a Csa, and a plasmid expressing RNA-MS2 (Fig. 11.6). To monitor the
formation of the condensates, we used live confocal microscopy, which revealed nucleation and growth
of several bright emGFP condensates per cell. Live imaging also allowed us to investigate the dynamic
properties of the condensates by performing FRAP experiments and to assess the possibility to control
the dissolution of the condensates via the addition of a competitor of the Fm-Fm homodimerization,
FK506. We turned to experiments on fixed cells to visualize RNA-MS2 molecules via single molecule
in situ hybridization (smFISH). The smFISH method is described in the annex (part 11.3.1).
Interestingly, RNA-MS2 was recruited exclusively at the surface of ArtiGe™eFPMCP condensates. Cell
fixation, followed by immunofluorescence assays also provided information on the localization of
endogenous components, especially PBs and SGs components, which were shown to not colocalize
with the ArtiGe™eFPMCP condensates, and thus attested to the orthogonality of our reconstitution system.

Our bioengineered approach has several strengths. First, a single species of RNA is recruited
in the condensates. The smFISH imaging method moreover allows the detection of RNA-MS2 at the
individual molecule level. Secondly, RNA-MS2 localization at the surface of ArtiGemeFP/MCP
condensates can bring insightful data on the importance of the surface composition in regulating
condensates formation and biophysical properties. Finally, the transient transfection gives access to a
library of cells with highly variable expression of RNA-MS2. These features offer the possibility to
study the role that surface RNA could play in condensates biogenesis and in the control of their dynamic
and material properties. To this end, we devised a pipeline, based on a Python-based smFISH-dedicated
analysis'**, to perform extensive quantification and investigate potential relationships between
condensate material properties, size and number, and RNA enrichment at the surface of biomolecular

condensates (Fig. 11.7). The quantification steps will be further detailed in the annex (part 11.3.2).
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Figure 11.7: Schematic of the strategy applied to investigate the relationship between RNA
surface recruitment and biophysical properties of condensates.
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ABSTRACT Although it is now recognized that specific RNAs and protein families are critical for the biogenesis of ribonucleo-
protein (RNP) condensates, how these molecular constituents determine condensate size and morphology is unknown. To
circumvent the biochemical complexity of endogenous RNP condensates, the use of programmable tools to reconstitute
condensate formation with minimal constituents can be instrumental. Here we report a methodology to form RNA-containing
condensates in living cells programmed to specifically recruit a single RNA species. Our bioengineered condensates are
made of ArtiGranule scaffolds composed of an orthogonal protein that can bind to a specific heterologously expressed RNA.
These scaffolds undergo liquid-liquid phase separation in cells and can be chemically controlled to prevent condensation or
to trigger condensate dissolution. We found that the targeted RNAs localize at the condensate surface, either as isolated
RNA molecules or as a homogenous corona of RNA molecules around the condensate. The recruitment of RNA changes
the material properties of condensates by hardening the condensate body. Moreover, the condensate size scales with RNA sur-
face density; the higher the RNA density is, the smaller and more frequent the condensates are. These results suggest a mech-
anism based on physical constraints, provided by RNAs at the condensate surface, that limit condensate growth and
coalescence.

SIGNIFICANCE It is increasingly recognized that biomolecular condensates contribute to organize cellular biochemistry
by concentrating proteins and nucleic acids. How molecular constituents of condensates determine their size and
morphology is unknown. To circumvent the biochemical complexity of endogenous condensates, the use of programmable
tools to reconstitute condensate formation with minimal constituents can be instrumental. We report a methodology to form
RNA condensates in cells programmed to specifically recruit a single RNA species. These ArtiGranule scaffolds undergo
liquid-liquid phase separation in cells and can be chemically controlled to prevent condensation or to trigger condensate
dissolution. Using this tool, we found that the condensate size scales with RNA surface density. This observation can be
explained by physical constraints limiting condensate growth and coalescence.

INTRODUCTION eases (1). Cellular condensates harbor a large diversity in
terms of biochemical composition as well as functions.
Nevertheless, a unified model of formation via liquid-liquid
phase separation (LLPS), where RNP constituents interact
through multivalent and weak interactions, has been pro-
posed to understand their biogenesis (2-6). In addition to
their diverse compositions and functions, condensates are
also diverse in size. Although PBs or PML bodies are often
diffraction-limited puncta, other condensates such as germ
granules, centrosomes, and nucleoli can reach a few micro-
meters in size (2,7-10). What sets condensate size and num-

It is increasingly recognized that biomolecular condensates
contribute to organize cellular biochemistry by concentrating
and compartmentalizing proteins and nucleic acids. They
include a broad range of nuclear and cytoplasmic ribonucleo-
protein (RNP) granules, such as nucleoli, P-bodies (PBs),
germ granules, and stress granules (SGs). Remarkably,
abnormal condensate maturation into toxic aggregates is
linked to viral infection, cancer, and neurodegenerative dis-
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multivalent interactions between RNA-binding proteins
(RBPs) and RNAs in shaping condensate biogenesis and
morphology. In particular, RNA molecules have been shown
to play fundamental roles in determining the structure, dy-
namic, and biophysical properties of condensates (11). For
instance, RNAs act as molecular seeds to nucleate phase-
separated condensates and regulate their assembly in a
spatiotemporal manner (12-17). On the opposite, high
RNA concentration can dissolve condensates and keep
prion-like RBPs soluble in the cell nucleus (18,19). In addi-
tion to their formation or dissolution, RNA molecules can
also impact the viscosity of the RNP condensates and the
dynamics of their components in a sequence-dependent
manner (20-22). The different structures of RNAs can
also determine the molecular specificity of RNP conden-
sates and thus explain the coexistence of separate conden-
sates with distinct molecular compositions (23). Moreover,
when RNAs are unstructured, RNA-RNA interactions can
lead to the formation of nonspherical condensates (24).
Finally, RNAs can take part in RNA-RBP interactions that
drive the formation of multiphase condensates, whose struc-
ture relies on RNA concentration and on RNA-RBP interac-
tion strength (22,25,26). In addition to the contribution of
condensate constituents, extrinsic factors such as mem-
brane, cytoskeleton, and chromatin can modulate LLPS
and condensate biogenesis and coarsening (27-29).

Several bioengineering approaches have recently been
developed to form condensates with specific properties in
cells, and thus combine the control of condensate compo-
nents achievable in in vitro experiments with the possibility
to study LLPS within the cellular environment. These ap-
proaches often use optogenetic and chemical actuations
based on protein-multimerization domains acting as scaf-
folds of artificial condensates. Engineering them with
well-defined compositions, structures, and dynamic proper-
ties provides novel tools to correlate condensate biochem-
ical functions with their material states, a link that is still
difficult to reach by studying native RNP condensates.
Such methods thus enabled quantitative studies of the
dynamical properties of phase-separated condensates within
cytoplasm and nucleus. For example, light-induced strate-
gies based on optoDroplets allowed the actuation of model
condensates that mimic pathological assemblies appearing
in some age-related diseases (30,31). Alternative synthetic
protein condensates were also designed with programmable
material properties or functions (32-39). As a model for
RNP condensates, iPOLYMER, Corelet, and our
ArtiGranules (ArtiGs) were designed to induce condensa-
tion of RNA-binding motifs found in SGs (TIA-1, G3BP1)
and PBs (Pumilio), respectively (40—42). Although these ap-
proaches provided a powerful mean to manipulate RNP
condensate mimics in cells, they used RBP motifs that
can bind thousands of RNA species, which could consider-
ably limit our ability to interpret resulting observations in
cells.
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To overcome the inherent biochemical complexity of RBP-
containing artificial condensates, our strategy has consisted in
building a minimal RNP condensate, composed solely of an
orthogonal protein that can bind a specific heterologously
expressed RNA. To this aim, we relied on the widely used
MCP/MS2 system, where MCP is the coat protein of the
MS2 bacteriophage, which binds with high specificity and af-
finity to RNA stem loops of its genome, referred to as MS2
(43). We fused MCP to our previously developed ferritin-
based ArtiG scaffold (42). When expressed in HeLa cells,
the resulting ArtiGM¥ scaffolds underwent LLPS and formed
micrometric bodies within the cytoplasm. When co-expressed
with MS2-containing RNAs (MS2-RNAs), all condensates
were decorated by MS2-RNA molecules. We found that
MS2-RNAs localized at the condensates’ surface, either asiso-
lated RNA molecules or as ahomogenous corona of RNA mol-
ecules around the condensates. Furthermore, fluorescent
recovery after photobleaching experiments showed that
RNA induced a hardening of the condensates toward a gel
phase. We also found that cytosolic MS2-RNAs were depleted
at the vicinity of large condensates, within a few micrometers
range. The ArtiGM® condensates remained distinct from
endogenous condensates, such as PBs or SGs. The assembly
of ArtiGM® condensates is reversible: addition of a binding
competitor of the self-interacting protein scaffolds enabled
both dissolution and impediment of formation with a high ef-
ficiency. We first observed a negative correlation between the
number of ArtiG condensates per cell and their mean diameter.
The possibility to detect each individual RNA-MS2 molecule
then allowed to quantitatively link RNA density to condensate
size, which is not feasible for native condensates that recruit a
large variety of RNAs. By quantifying the localization and
number of individual RNA-MS2 molecules, we found that
the higher the RNA density is, the smaller and more numerous
the condensates are. Overall, our data indicated that the size of
RNP condensate scales down with RNA surface density,
which can be explained by physical constraints limiting
condensate growth and coalescence.

MATERIALS AND METHODS
Experimental model

Human epithelioid carcinoma HeLa (ATCC, ccl-2) and embryonic kidney
HEK-293 (ATCC, CRL-1573) cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (with 4.5 g/l D-glucose, HyClone) supplemented
with 10% fetal bovine serum (Gibco, 10,270,106) and antibiotics, at
37°C in a 5% CO, humidified atmosphere. Cells were routinely tested for
mycoplasma contamination.

SGs were induced with 0.5 mM sodium arsenite (Sigma) for 30 min at 37°C.

For inhibition and reversibility experiments (Figs. 3 B-E), 2.5 uM of
FK506 (Sigma F4679) was added to the cell culture medium.

Plasmids

All constructs were subcloned into pcDNA 3.1 plasmid (Invitrogen). The
plasmids pcDNA3.1-F36M-FKBP(Fm)-emGFP-hFt, Fm-mCh-hFt, and



pcDNA3.1-Fm-hFt were previously described (42). The plasmid
pcDNA3.1-Fm-MCP-hFt was obtained by replacing the emGFP coding
sequence (CDS) between Xhol and BamHI restriction sites in
pcDNA3.1-Fm-emGFP-hFt by a CDS encoding a tandem of two MS2-
coat proteins (MCP). We used a tandem to enhance binding to MS2 stem
loops (44). All three aforementioned plasmids contain a 6xHis sequence.
RNA-MS2 was expressed from the plasmid pcDNA3.1-4xMS2, which
was obtained by inserting the iRFP CDS in the pcDNA3.1 backbone along
with a tandem of four MS2 stem loops in the 3'UTR.

The plasmid for cytoplasmic poly(A)-binding protein (PABP-GFP)
expression is a gift from M. W. Hentze (45).

Transfection

For live experiments, HeLa cells were cultured on 35-mm p-dishes with
polymer coverslip bottom (ibidi, 1.5 x 10° cells/p-dish). For other experi-
ments, HeLa cells and HEK-293 cells were cultured on 22 x 22 mm glass
coverslips (VWR) in 6-well plates (Falcon, 3.5 x 10° cells/well). 24 h after
seeding, transient transfection using Lipofectamine 2000 (Invitrogen) was
carried out according to the manufacturer’s protocol. For live experiments,
cells were transfected with a 1:1 ratio of pcDNA3.1-Fm-MCP-hFt and
pcDNA3.1-Fm-emGFP-hFt (800 ng total per p-dish) and 20 ng of
pcDNA3.1-4xMS2. For other experiments, cells were transfected with a
1:0.7:0.3 ratio of pcDNA3.1-Fm-MCP-hFt, pcDNA3.1-Fm-emGFP-hFt
and pcDNA3.1-Fm-hFt (2 pg total per well) and 50 ng (low RNA),
250 ng (high RNA), or indicated amount (Fig. S2 B) of pcDNA3.1-
4xMS2. For PABP-GFP co-transfection experiment, the same plasmid ratio
was transfected, with Fm-mCh-hFt instead of Fm-emGFP-hFt, along with
500 ng of the PABP-GFP plasmid.

Single-molecule fluorescence in situ
hybridization (smFISH)

Single RNA molecule detection was performed according to the previously
described smiFISH (single-molecule inexpensive FISH) method (46). For
each target RNA (RNA-MS2, -actin mRNA, and NORAD IncRNA), a
set of 24 primary probes, composed of a distinct sequence and a common
FLAP sequence (TTACACTCGGACCTCGTCGACATGCATT), was de-
signed with the Oligostan R script (46). The primary probes and the Cy3
FLAP probe (sequences in the Table S1) were purchased from Integrated
DNA Technologies. An equimolar mixture of the 24 primary probes (initial
concentration of 100 uM) was prepared and diluted five times in TE buffer,
for a final concentration of individual probes of 0.833 uM.

24 h after transfection, cells were fixed in 4% paraformaldehyde (PFA)
for 20 min at RT, and permeabilized with 70% ethanol in phosphate buffer
saline (PBS) at 4°C overnight. They were then washed once with PBS and
incubated for 15 min at RT in 15% formamide freshly prepared in saline-
sodium citrate (SSC) buffer. Primary and secondary probes were prehybri-
dized by incubating 2 pL of the gene-specific probe set, 1 puL of the Cy3
FLAP probe, 1 pL of NEBuffer 3 and 6 pL of water, for 3 min at 85°C,
3 min at 65°C, and 5 min at 25°C, successively. Then, two mixes were pre-
pared (quantities are given for six coverslips): Mix 1 contained 15 puL of 20x
SSC buffer, 5.1 pL of 20 pg/pl E. coli tRNA (Merck 10109541001), 45 puL
of 100% formamide (Merck F9037), 6 uL of the prehybridized probes, and
78.9 L of water; Mix 2 contained 3 pL of 20 mg/mL Molecular Biology
Grade BSA (NEB B9000S), 3 uL of 200 mM VRC (Merck R3380),
63.6 uL of 50% dextran sulfate (Merck S4031), and 80.4 pL of water.
Both mixes were vortexed together, and 50 pL of the mixture was deposited
on each coverslip before hybridization overnight at 37°C in a humidity
chamber (a 10-cm Petri dish containing a 3.5-cm Petri dish filled with
1 mL of 15% formamide in SSC buffer). The next day coverslips were
washed twice for 30 min at 37°C in 15% formamide in SSC buffer and
rinsed twice in PBS. They were then either mounted with

RNA on condensates impacts their size

VECTASHIELD mounting medium containing DAPI (Vector Laboratories,
H-1200) or processed through immunofluorescence steps.

Immunofluorescence

Cells were permeabilized with PBS 0.1% Triton X-100 for 10 min at RT,
washed twice with PBS at RT, incubated with the primary antibody, washed
three times with PBS at RT for 5 min, incubated with the secondary anti-
body, washed three times with PBS at RT for 5 min, and finally mounted
with VECTASHIELD mounting medium (Vector Laboratories, H-1000).
Primary antibodies were rabbit antibodies against DDX6 (Novus NB200-
192, 1:1000 dilution), rabbit antibodies against ATXN2L (Bethyl A301-
370A, 1:500 dilution), and rabbit antibodies against MCP (Merck
ABE76-1, 1:333 dilution) diluted in PBS 0.1% BSA. The secondary anti-
body was F (ab’)2-Goat anti-Rabbit IgG conjugated with Alexa Fluor
350 dye (Thermo Fisher Scientific A-11069, 1:500 dilution).

Imaging

For live experiments, cells were imaged on a Zeiss LSM 710 META laser
scanning confocal microscope using an x63 oil-immersion objective
(PlanApochromatic, numerical aperture (NA) 1.4), at 37°C in a 5% CO, hu-
midified atmosphere, either starting 8 h after transfection (ArtiG formation)
or 24 h after transfection (ArtiG dissolution). Microscope hardware and im-
age acquisition were controlled with LSM Software Zen 2012. Images were
analyzed using Fiji (47).

For smFISH experiments, cells were imaged by epifluorescence micro-
scopy performed on an inverted Zeiss Z1 microscope equipped with a
motorized stage using a x63 (NA 1.32) oil-immersion objective. Images
were processed with open-source softwares Fiji and Icy (47,48).

Fluorescence recovery after photobleaching
experiments

Fluorescence recovery after photobleaching (FRAP) experiments on ArtiG
condensates in live HeLa cells were performed starting approximately 20 h
after transfection. Bleaching experiments were performed in a humidified
chamber maintained at 37°C and 5% CO,, which was mounted on a Zeiss
LSM 710 META laser scanning confocal microscope (using an 63x (NA
1.4) oil-immersion objective) and operated with the LSM Zen 2012 soft-
ware. Each condensate was scanned 10 times to establish the average level
of initial fluorescence, then bleached using 6 to 10 iterations at 100%
488-nm laser intensity. Subsequently, the fluorescence recovery was moni-
tored using one acquisition per second (512*512 pixel images) for at least
120 s. The region of interest was circular for ArtiG™* and
ArtiG™PMEP and traced by free-hand selection for the anisotropic
ArtiGemGFPMCPIRNA e average size of the bleached condensates was
2.75 pm (£ 1.25 pm). FRAP data analysis and fitting of the recovery curves
were performed with MATLAB (Mathworks). To determine spatiotemporal
FRAP patterns, kymographs were generated by measuring fluorescence
evolution as a function of time across a line of interest, using Fiji.

Western blotting

24 h after transfection, cells were lysed in Laemmli 1X buffer. Proteins
were denatured at 100°C for 5 min. After centrifugation at 15,000 g for
10 min at 4°C, soluble proteins were quantified using the Coomassie protein
assay (Thermo Scientific). 25 pg of proteins were separated on a NuPAGE
49%-12% gel (Invitrogen, Thermo Fisher Scientific) and transferred to an
Optitran BA-S83 nitrocellulose membrane (GE Healthcare Life Science).
After blockage in PBS with 5% nonfat milk for 30 min, the membrane
was incubated with the primary antibody (6x-His Tag Monoclonal Mouse
Antibody, Thermo Fisher Scientific MA1-21315; or S6 Ribosomal Protein
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FIGURE 1 ArtiGM® condensates recruit a specific exogenous RNA. (4) Schematic of the ArtiG™ P formation (Fm = F36M-FKBP, MCP = MS2
coat protein, Ft = ferritin, ArtiG = ArtiGranule). ArtiGemCOFPMEP £ by LLPS driven by the homodimerization of Fm around ferritin nanocages. MCP
protein enables the recruitment of RNA-MS2 molecules to the condensates. (B) Time-lapse confocal imaging of the formation of ArtiG™ ™M in
HeLa cells starting 8 h after transfection with plasmids Fm-emGFP-Ft and Fm-MCP-Ft (1:1 plasmid ratio). The white arrow highlights a coalescence event.
Scale bar, 10 um. (C) Epifluorescence imaging of ArtiG™™ "™ (green) and RNA-MS2 (red). Cells were fixed 24 h after transfection of scaffold and RNA-
MS?2 plasmids (low RNA condition in the methods, i.e., 50 ng RNA-MS2). Nuclei were stained with DAPI (blue in merge). The zoom in insert 1 shows the
recruitment of RNA-MS2 around an ArtiGe™""™MCP condensate. Insert 2 shows isolated RNA-MS2 molecules. The white arrow indicates where the intensity
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Scale bar, 10 pm. (D) Epifluorescence imaging of ArtiGemCEP (green) and RNA-MS2 (upper panel) or $-actin mRNA (lower panel) (red). The white arrows

(legend continued on next page)
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Rabbit mAb, Cell Signaling 2217) overnight at 4°C. Then the membrane
was washed five times for 5 min with PBS, incubated for 30 min in PBS
with 5% nonfat milk and then for 1 h at RT with horseradish peroxidase-
conjugated secondary anti-mouse antibody (1:10,000 dilution in PBS
with 5% nonfat milk, Jackson Immunoresearch Laboratories, Anti-Mouse
115,035-003 or Anti-Rabbit 111,035-003), and washed again. Proteins
were detected with the chemiluminescence detection reagent Perkin West-
ern Lightning plus ECL (PerkinElmer) and visualized using a radiology
film processor (Curix 60, AGFA).

Data analysis

Detection and counting of RNA molecules were performed using version
0.4.0 of Python package Big-FISH (https:/github.com/fish-quant/big-fish)
(49). After nucleus segmentation from the DAPI channel, cells were
segmented from the Cy3 FISH channel signal with a watershed algorithm.
To detect RNA molecules, a Laplacian of Gaussian filter was applied to
accentuate the spots signal and smooth the background. Then a maximum
filter was applied, and local maxima were defined as pixels whose values
were not modified by the filter. Local maxima under a threshold (deter-
mined by a function of Big-FISH) were considered as background noise
and removed, and for each remaining maximum, single point coordinates
were extracted. The next step was to detect maxima that could be clusters
of RNA molecules and estimate the number of RNAs in those clusters. To
do so, the background noise was first removed using a gaussian filter esti-
mation of the background. Then the median spot intensity was computed,
set as reference for a single RNA molecule and fitted with a gaussian func-
tion. Brighter spots were considered as clusters of RNAs, and the number of
RNA molecules in each cluster was estimated based on the single RNA
reference intensity.

To count the number of RNAs recruited on condensates in individual
cells, a binary mask was first created on the emGFP channel (ArtiGs) using
a manually set threshold. RNAs were considered in the condensates if their
coordinates were within the mask coordinates.

For the analysis of RNA depletion at the vicinity of condensates (Figs. 2
and S3), first the binary mask on the emGFP channel was built as previously.
Then it was repeatedly expanded by 5 pixels, and RNA molecules in the mask
were counted at each step, which enabled the calculation of both the number
and the density of RNA molecules in the last incremented area.

Condensate sizes were measured using Icy spot detector (Undecimated
Wavelet Transform detector) (50). A lower size limit of 400 nm, corre-
sponding to the diffraction limit of the microscope, was applied to exclude
the condensates whose size could not be significantly measured. When
close condensates were not discriminated, the detected regions of interest
were adjusted manually. In Fig. 5, the size of individual condensates within
intertwining clusters that were impossible to quantify were excluded from
the statistics of size. For the correlation between condensate size and sur-
face RNA density, the exterior surface was calculated from the condensate
maximum projection. Then, for each cell, the sum of the surface of all con-
densates was calculated and used to determine the mean RNA density at the
condensate surface (ratio of the total number of recruited RNAs to the total
condensate surface).

Formatting of cell images was performed using the open-source software
Fiji (47). For Figs. 2 and S3, the RNA coordinates were first saved from the
Python workflow and then opened on Fiji. Graphics were generated using
the shiny app PlotsOfData (51) (plots in Figs. 4 B, D, and 5 A) and
OriginPro (OriginLab). For all violin plots, circles correspond to the
mean. Schemas (Figs. | A and 5 D) were drawn with the open-source vector
graphics editor Inkscape.

RNA on condensates impacts their size

Statistical analysis

For Fig. 3 C, Student’s t-tests (parametric test to compare two observed
means) were performed using the tfest2 MATLAB function (MathWorks).
For Fig. 5 A, Wilcoxon rank-sum tests (nonparametric test to compare
two distributions) were performed using the ranksum MATLAB function
(MathWorks). For Fig. 5 C, Pearson’s chi-squared test (nonparametric
test for nominal variables) was performed using the Python’s chi2_contin-
gency function.

RESULTS

Reconstitution of RNA-protein condensates in
human cells

Our first goal was to engineer artificial RNA-protein con-
densates that assemble through LLPS into cells. Our design
combined two parts: a scaffold used to trigger the formation
of protein condensates and a grafted RNA-binding domain
to recruit specific RNA sequences (Fig. 1 A). As protein
scaffold, we used ArtiGs that form liquid protein conden-
sates in a concentration-dependent manner through weak
multivalent interactions (42). The ArtiG scaffold developed
previously was fused to a Pumilio-binding domain that re-
cruits a large number of endogenous Pumilio RNA targets
(42). To restrict the targeting to one single RNA species,
we chose an orthogonal RNA-binding domain, the MS2-
coat protein (MCP), that recognizes specific MS2 stem
loops. The resulting plasmid construct, Fm-MCP-Ft, con-
sisted of the fusion of an oligomeric ferritin (Ft) to MCP
and a self-interacting domain F36M-FKBP (Fm), which
spontaneously dimerizes without the need of a chemically
induced dimerization molecule such as rapamycin (Fig. |
A) (52).

In order to monitor condensate formation in cells, we
co-transfected HeLa cells with the multivalent MCP
self-interacting scaffold Fm-MCP-Ft, and Fm-emGFP-Ft
as a fluorescent tracer. Live confocal imaging performed
8 h after transfection showed that, initially, emGFP fluo-
rescence at low expression level was diffuse in the cyto-
plasm. As Fm-emGFP-Ft expression increased, several
bright fluorescent bodies nucleated throughout the cyto-
plasm and grew to reach a micrometric size within an
hour (Fig. 1 B). The emGFP-containing condensates, here-
after called ArtiG"™ "M were very mobile and rapidly
grew as a function of time. When two proximal conden-
sates docked, they tended to coalesce and to relax into
large spherical bodies, as generally observed for endoge-
nous liquid-like condensates (Fig. 1 B, white arrow, and
Fig. ST A). To reconstitute RNA-protein condensates using
ArtiGS™OFPMCP we first generated a plasmid to express a

indicate where the intensity profiles in (E) (middle and right panels) were plotted. Scale bar, 10 um. (E) Intensity profiles across ArtiG condensates (white
arrows in C and D). (F) Number of RNA-MS2 molecules recruited at the surface of ArtiGemGFP/MCP as a function of the total number of molecules de-
tected in the cell, with each dot representing one cell (N = 140 from two independent experiments). Gray lines represent 20% and 60% recruitment. To see

figure in color, go online.
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mRNA equipped with MS2 stem loops in its 3'UTR (1250
nt long, called hereafter RNA-MS2, Fig. 1 A). We co-
transfected this plasmid (RNA low condition in the
methods, i.e., 50 ng) and the plasmids expressing the
ArtiGE™FPMEP geaffold (2 pg) and fixed the cells 24 h af-
ter transfection. We next monitored the intracellular local-
ization of RNA-MS2 using smFISH (46). The majority of
cells harbored micrometric ArtiG™ "M condensates in
the cytoplasm, surrounded with a striking Cy3-FISH
signal, indicating a localization of RNA-MS2 molecules
at the condensates’ surface (Fig. 1 C, insert 1, and
Fig. 1 E, left panel). These RNAs were either present as
isolated molecules or, when the number of recruited mol-
ecules was high, were more homogeneously distributed
around the condensates, into a corona made of a single
RNA molecule layer (see other examples in Fig. S1 B).
Discrete Cy3 dots corresponding to individual mRNAs
were also found dispersed throughout the cytosolic space
(Fig. 1 C, insert 2), as well as brighter spots in the nucleus
corresponding to transcription foci (Fig. 1 C, gray arrow).
To verify if the RNA corona may result from some enrich-
ment of MCP at the surface of the condensates, we per-
formed an immunostaining of MCP. The antibody
labeled the entirety of ArtiG*™F*MF indicating a homo-
geneous distribution of MCP within the condensates
(Fig. S1 C). The efficient penetration of antibodies into
the condensates also suggested that the smaller FISH
probes should penetrate as well. Accordingly, rare RNA-
MS2 molecules were observed inside condensates, as
illustrated in Fig. S1 D, where an RNA-MS2 molecule
seems to have been trapped during the coalescence of
two condensates. Altogether, these results indicate that,
despite the presence of MCP within the condensates, the
RNA-MS2 molecules are restricted to their surface.
Next, to assess the specificity of RNA recruitment on the
ArtiGemEFPMCP e investigated the localization of RNA-
MS?2 in cells containing ArtiG*™** (devoid of the MCP
domain) and found a complete absence of RNA-MS2 at
the condensate periphery (Fig. 1 D, upper panel, and
Fig. 1 E, middle panel). Experiments carried out in
HEK?293 cells showed the same results (Figs. SI E and S1
G upper and middle panels). Similarly, ArtiGe™FPMCP
did not show any recruitment of the endogenous (-actin
mRNA and NORAD IncRNA (devoid of MS2) (Fig. 1 D,
lower panel, Fig. | E, right panel, Figs. S1 F and S1 G, lower
panel). To investigate more broadly the specificity of the
RNA recruitment, we co-transfected the plasmids of our
artificial condensates with or without RNA-MS2 and with
a PABP-GFP plasmid. PABP (poly-A binding protein), by
binding to polyA tails, reports on all polyadenylated
RNAs recruited to our condensates. We previously assessed
this strategy using ArtiG*V™"° condensates and found that
those condensates recruited polyadenylated RNAs (42).
Here, we found that ArtiG™™MCPRNA 4150 displayed a
strong coronal PABP-GFP signal, which was not observed
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around control ArtiG™™ and ArtiG™™M (Fig. S2 A).
These data suggest that MCP does not significantly interact
with other cellular polyadenylated RNAs than RNA-MS2,
thus confirming the specificity of ArtiG™™ *MCP for
RNA-MS2. As an additional control, we verified by Western
blotting that the expression level of the scaffold proteins is
not altered by the co-transfection of RNA-MS2 (Fig. S2
B). When quantifying the total number of RNA-MS2 mole-
cules dispersed in the cytoplasm and localized on
ArtiG™FPMEF e found that 34% + 19% of the cyto-
plasmic mRNAs were specifically recruited at the conden-
sate surface (mean of 430 recruited RNAs and 1200
dispersed RNAs per cell) (Fig. 1 F). Altogether, these data
show that ArtiG™*"MCF act as condensates localizing spe-
cific RNAs on their surfaces (ArtiGemSFPMCP/RNA)

RNAs modify the material properties of ArtiG
condensates

The observation that RNAs only localized to the surface and
not within the core of the condensates could be a conse-
quence of the specific material properties of the conden-
sates. To further characterize this aspect, we performed
FRAP in cells expressing ArtiG condensates (ArtiGS™“*,
ArtiG™FPMEP without and with RNA-MS2 expression).
In ArtiG*™F® condensates, about 43% of the signal recov-
ered with a half-recovery time of about 7 s (Fig. 2 A and B).
This timescale reflects binding/unbinding states of the mo-
bile fraction of the condensed phase, which dynamically ex-
changes with the cytosolic diluted phase. ArtiG™F"MCP
(without RNA-MS2 transfection) displayed a reduced re-
covery amplitude with a signal that kept slowly increasing
over 2 min without completely reaching a plateau, indi-
cating that the mobile fraction reorganized and continuously
exchanged with the cytosol at a minute scale. This indicates
that MCP proteins increased the condensate viscosity (Figs.
2 A-B). In contrast, in the presence of RNA-MS2,
ArtiGemOFPMCPRNA rocovery rapidly reached a plateau
regime corresponding to about 20% recovery. The initial
fast recovery of those ArtiG™FPMEPRNA Tasted less than
1 s in most FRAP experiments, reflecting the rapid diffusion
of the protein scaffold. Overall, the recovery curves of
ArtiG™FPMCP with RNA are typical of gel-like phases,
with the RNA-MS2 inducing a hardening of the condensates
(Figs. 2 A and B). This hardening could in turn explain why
RNA-MS2 molecules remain at the condensates’ surface.

Cytosolic target RNAs are depleted at the vicinity
of large condensates

As our data showed a robust recruitment of RNAs at the sur-
face of ArtiGE™FPMCP condensates, we next investigated
whether this recruitment impacted the distribution of RNAs
in the cytoplasm. Interestingly, we observed a depletion of
cytoplasmic MS2-RNAs close to ArtiGe™OFPMCEPRNA



RNA on condensates impacts their size

A 120 B _ time (1px = 1s)
ArtiGemer? i g
? g
o = ArtiGemGFP/WCP % E
£ 5 807 + RNA-MS2 < i
T 40t 2
58 ot T Lt R
e A
0 —20 40 60 80 100 12 o3 :
Time (s) <+
D
Ry | *RNA-MS2
. | eB-actin mRNA
‘o 217101 !
/ Gl 2 g_ :
E g () 1
\ @ T oI i %% e o0
a . ,\"'- % E '
@ o | BE sty
. : ® o0 Y (1]
. ol 5
: 0 2 4 6 8 10
Distance from the edges

of the condensates (um)

7001 i
©6007 i
5007 ;
54001 i
23001 !
£ 200- :
z :
1001 »°

°  eRNA-MS2

B-actin mRNA
: 3 10

0 200

2 4 6 8
Distance from the edges
of the condensates (um)

FIGURE 2 Fluorescence recovery after photobleaching and depletion of RNA-MS?2 at the vicinity of ArtiG"™ "™ condensates. (4) Fluorescence re-
covery after photobleaching performed on ArtiG™ (green, six cells), ArtiG™F*™MCP (blue, eight cells), and ArtiGSFPMEPRNA (e eight cells). Scale
bar, 2 um. (B) Kymograph representation of three representative ArtiGs analyzed in (A). (C) Upper panel: epifluorescence imaging of ArtiG™ ™ (green)
and RNA-MS?2 (red) in a HeLa cell displaying a depletion of RNA-MS2 around the condensates. Scale bar, 10 um. Lower panel: Binary mask of the RNA-
MS2 molecules whose coordinates have been acquired as described in the methods. Isolated dots are single RNA molecules, and clustered dots overlap with
ArtiG="FPMEP ¢ondensates (highlighted in green). The black solid line delineates the nucleus. The blue square is enlarged in the right panel. The red arrows
point to the ArtiGs analyzed in (D) and (E). (D) Density of RNA-MS2 (red) and $-actin mRNA (violet) as a function of the distance from the ArtiGemEFPMCP
condensates indicated by red arrows in (C) and (F). $-actin mRNA density is constant, whereas RNA-MS2 density reaches a plateau after the depletion area
indicated by the red dashed line. Empty red dots correspond to RNA densities when crossing neighboring condensates. (£) Cumulative representation of the
data shown in (D). (F) Upper panel: Epifluorescence imaging of ArtiG™ F"™CP (green) and B-actin mRNAs (red). Scale bar, 10 pm. Middle and lower
panels: Binary mask of the $-actin mRNAs, as in (C). To see figure in color, go online.
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condensates (Figs. 2 C and S3 A). This depletion was readily
visible around large condensate clusters recruiting a high num-
ber of RNA molecules. On the examples shown in Figs. 2 C
and S3 A, we quantified the density of RNAs as a function
of the distance to the condensate edges. RNA density was
almost zero in a large area ranging from the immediate vicinity
of the cluster up to 3 pm from the condensate border. Then,
RNA density increased until reaching a plateau at a distance
of about 4 um, with a value corresponding to the mean cyto-
plasmic RNA concentration of the cell (Fig. 2 D, red dots,
and Fig. S3 B). The values over the plateau (Fig. 2 D, empty
red dots) result from the analyzed area occasionally including
neighboring condensates. Likewise, plotting the cumulative
number of RNAs outside the condensates as a function of
the distance to the condensates’ edges showed first a very
slow increase up to 3 pum from the condensates’ edges
(Fig. 2 E, red dots, and Fig S3 C). Beyond this depletion
area, the increase sharpened with a steady slope corresponding
to an even cytoplasmic RNA concentration, except when
including neighboring condensates (Fig. 2 E, empty red
dots). For comparison, we quantified the spatial distribution
of $-actin mRNAs, which do not bind to ArtiGM?. We found
a total absence of depletion of $-actin mRNAs around ArtiG
clusters (Fig. 2 F), with an even RNA density around the con-
densates (Figs. 2 D and E, violet dots). Altogether, these re-
sults suggest that the RNA depletion was linked to the
specific recruitment of RNA-MS2 on condensates rather
than from potential nonspecific steric exclusion at the vicinity
of condensates.

Artificial condensates are biochemically distinct
from endogenous condensates

In a cellular context, biologically distinct RNP condensates
that form in the same cytoplasm can interact with each other
through shared proteins and RNAs, as described for PBs and
SGs (53) or PBs and U-bodies (54). Therefore, we next
sought to investigate whether the local enrichment of mRNAs
on ArtiG™PMP may induce interactions with other
cytoplasmic RNP granules. To this aim, we looked at the
presence of PBs by immunostaining 24 h after transfection,
using DDX6 as a PB marker. Our observations showed no
particular physical proximity or docking between the
two condensates (Fig. 3 A, left panel). Similarly, there
was no proximity between ArtiG™ ™M and SGs, using
ATXN2L as an SG marker (Fig. S4 A). Moreover, no docking
of ArtiGemFPMEPRNA ith SGs was observed after SG induc-
tion with an arsenite stress (Fig. 3 A, right panel). These results
suggest that ArtiGe™ " PMCPRNA i< biochemically distinct and
physically independent from both PBs and SGs.

Controlled dissolution of artificial condensates

Recent studies suggest that the formation and stability of bio-
logical condensates are tightly regulated by multiple stimuli,
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including posttranslational modifications, biochemical reac-
tions, or physical parameters such as temperature or osmotic
pressure changes (55,56). By design, the formation and stabil-
ity of the ArtiG*™ "™ condensates are driven by multiva-
lent interactions mediated by the Fm-Fm homodimer, and
these interactions could in principle be disrupted by the addi-
tion of a chemical competitor, FK506 (52). We therefore as-
sessed if FK506 addition could first prevent condensate
formation and secondly dissolve already formed condensates
(Fig. 3 B). In the absence of FK506, the majority of transfected
cells exhibited ArtiGemSFPMEPRNA 000 densates (93% after
24 h of expression, Fig. 3 C). This percentage dropped to
15% upon addition of FK506 at the time of transfection,
with the majority of cells displaying a diffuse emGFP fluores-
cence and a homogeneous MS2-RNA distribution in the
cytosol (Fig. 3 D). Thus, FK506 efficiently inhibited the for-
mation of the condensates. In a second experimental design,
we examined the dissolution of fully formed ArtiGs by adding
FK506 24 h after transfection (Fig. 3 B). After 2 h of FK506
incubation, we found that the majority of cells lacked ArtiGs
and displayed diffuse emGFP with Cy3-labeled MS2-RNAs
distributed throughout the cytoplasm (70%, Fig. 3 C). Thus,
FK506 treatment induced the dissolution of the majority of
preformed ArtiGE™FPMEPRNA ¢ 5ndensates. To further char-
acterize FK506 effect, we examined the timescale of dissolu-
tion using live confocal microscopy. Upon addition of FK506,
some cells exhibited condensates dissolving within few sec-
onds (Fig. 3 E), whereas in others, dissolution took up to
30 min (Fig. S4 B). These dissolutions were accompanied
with a strong increase of the cytosolic fluorescence signal, cor-
responding to the release of the ArtiG scaffold (Fig. 3 F). We
also observed a few cells with smaller condensates and a stron-
ger cytosolic fluorescence, corresponding to incomplete
condensate dissolution, in agreement with the observation of
residual condensates in fixed cells (Fig. S4 C). Altogether,
our data showed that pretreatment with the FK506 binding
competitor of Fm proteins provides a means of preventing
the formation of the ArtiG condensates, whereas it globally in-
duces their disassembly when they are already formed. Our
system thus allows for a controlled inhibition and disassembly
(by adding FK506) of artificial condensates in living cells.

Linking condensate size and number of recruited
RNAs

Determining how the primary constituents of condensates
set the variety of condensate size and morphology
naturally observed in cells remains very complex, since
RNAs and proteins establish a large network of interactions.
The ArtiG condensates potentially provide an important
simplification to this problem, as only one RNA species is
recruited to the condensates. We could therefore analyze
how RNA contributes to ArtiGe™FFPMEPRNA ¢ondensate
morphology, by quantifying the recruitment of MS2-RNAs
in condensates and condensate size in each cell. Within
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the same transfection experiment, the size and number of
ArtiGemOFPMEPIRNA o densates were heterogeneous be-
tween cells, with some cells exhibiting few condensates
and others a larger number (Fig. 4 A). The distribution of
the mean diameter of ArtiG condensates roughly ranged
from 0.4 to 4 pm depending on the cell (mean = SD =
1.1 + 0.6 um, coefficient of variation CV = 58%, Fig. 4
B, left panel). Although 75% of the cells had condensates
with a mean diameter below 1.5 um, we observed particu-

larly large condensates, up to 4 um in diameter, in the other
cells. The number of condensates per cell was also very
diverse (mean number = 33, CV = 116%, Fig. 4 B, right
panel). Interestingly, condensate mean size per cell was
inversely related to their number (Fig. 4 C). Indeed, cells
displaying large condensates (diameter >1.5 um) always
had a limited number of them (<25). In contrast, a higher
number of condensates in a cell (>25) was correlated with
a mean diameter of the condensates below 1.5 pum. In
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contrast to the heterogeneity of condensates’ size between
cells, we found a homogeneity of size within a given cell
(average CV = 30%, Fig. 4 D).

We next sought to examine whether there was a correla-
tion between condensates’ number and size, and RNA
recruitment. To this aim, we computed, per cell, the density
of RNAs recruited at the surface of ArtiG condensates and
their mean diameter (Fig. 4 E). We could highlight two
groups of cells. In cells displaying large condensates
(mean diameter >1.5 um, mean + SD = 2.0 = 0.6 um),
the RNA surface density was below 5 RNAs/um?
(mean = 2.0 RNAs/umz, Fig. 4 E, green dots). These con-
densates were generally spherical with a small number of
RNAs at their periphery. In contrast, a higher RNA density
(>5 RNAs/um2, mean = 16.0 RNA/um?) was associated
with a mean diameter of ArtiG below 1.5 pm (mean =+
SD =0.79 % 0.32 um, Fig. 4 E, orange dots). In these cells,
condensates were often found in close proximity to each
other, forming cluster-like patterns (more than five conden-
sates docking together) with RNA patches or corona sepa-
rating individual condensates (Fig. 4 F). These clusters
were reminiscent of coalescence events, but their high num-
ber suggested that the coalescence process was arrested, so
that condensates did not relax into a sphere. We even
observed a few cases where ArtiGE™ "M and RNA mol-
ecules seemed intertwined, with frontiers between conden-
sates becoming blurred and ArtiG™ FPMEPRNA 16ing its
round shape (Fig. 4 G). To sum up, we found that all large
spherical ArtiG condensates displayed few RNA molecules
on their surfaces, whereas condensates with a high RNA sur-
face density had a smaller size.

Evolution of condensate size and morphology as
a function of RNA surface density

To refine our analysis of the role of RNA localization in the
condensate morphology, we increased the expression of
transcribed RNA-MS2 by transfecting a larger quantity of
plasmids in cells (five-fold more, i.e., 250 ng). In this con-
dition (RNA high) the mean number of RNA-MS2 tran-
scripts per cell rose from about 1200 to around 2400,
without affecting the expression of the ArtiG scaffold
(Fig. S2 B). The mean number of RNA-MS2 recruited at
the surface of the condensates rose from 430 to 1100
(Fig. 5 A, left panel). This was accompanied with changes
in the condensate morphology. Firstly, the size of the con-
densates was drastically reduced compared to the RNA
low condition (0.72 + 0.32 pm instead of 1.26 =+
0.68 um), and even more compared with conditions without
RNA (Fig. 5 A, middle and right panels). This result is in
line with our observation that higher RNA surface localiza-
tion resulted in smaller condensates. Furthermore, in the
RNA high condition, very few cells displayed large conden-
sates (diameter >1.5 um) (Fig. 5 B), whereas the incidence
of cluster-like patterns was much higher: about 64% of cells

RNA on condensates impacts their size

in regard to 43% in the RNA low condition and 35% in the
no RNA condition (Fig. 5 C). Among the clusters, conden-
sate intertwining, which was a rare event in the low RNA
condition (3.6%) and no RNA condition (4.6%), became
more common (19%). Altogether these data confirm a direct
relationship between RNA surface density and condensates’
size and number.

DISCUSSION

RNA is more and more recognized as a driving force in
cellular organization and functions. These polymers can
interact and scaffold hundreds of proteins to generate high or-
der organizations including RNP condensates. The first high-
throughput biochemical studies of RNP condensates showed
that their RNA and protein content is highly complex (57—
60). Although these studies highlight that condensation is
driven by the combination of multiple RNA-protein, pro-
tein-protein, and RNA-RNA interactions, the rules governing
RNA and protein spatiotemporal co-assembly are still enig-
matic. As a consequence, deciphering and manipulating
RNP condensates in cellulo remains a difficult task. In this
context, in vitro reconstitution using purified components
has been a powerful strategy (11,22,25,61,62). Physicochem-
ical parameters defining RNA polymers such as their length,
chemical complexity, and sequence could thus be assessed
in a reconstituted environment. Despite their obvious advan-
tages, several limitations arose from these reductionist ap-
proaches. For instance, the physiological relevance of the
protein concentration used in in vitro model condensates
and their minimal composition can be questioned, as well as
their simplified physicochemical environment compared
with cells. Alternatively, the over-expression of recombinant
proteins, often chosen among scaffolding proteins found to
drive LLPS in test tube, was also widely used to identify the
propensity of specific protein domains to undergo phase sep-
aration in a cellular environment (19,63,64). Complementary
to these approaches, building RNP condensate mimics in cells
using artificial condensates functionalized with a specific
RBP (TTA-1, G3BP, or Pumilio) can be instrumental to estab-
lish a link between condensate biochemical functions and
their material states, as illustrated by studies recapitulating
the formation of physiological or pathological RNP conden-
sates in cells (30,31,40,42). However, even with such engi-
neered condensates, untangling the specific role of RNA
from the large complex network of RBP-RNA interactions
at work during condensate formation remains challenging
(65-67). To overcome this limitation, our approach was to
reconstitute in cells artificial RNP condensates recruiting a
single RNA species, thus providing a unique system to ques-
tion the link between RNA recruitment and condensate size.

Remarkably, the recruited RNA molecules localized at
the condensates’ surface, with two distinct patterns, either
disperse or forming a corona around the condensates
(Figs. 1 and S1). How do these patterns emerge from the
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interactions between ArtiGM<" scaffolds and MS2-RNAs?
Several in vitro studies and numerical simulations reported
how multilayered organizations, such as core-shell droplets,
assemble from ternary systems composed of protein-RNA
interacting molecules (22,25,26,68-70). A possible mode
of formation of these multiphase droplets results from
competing intermolecular interactions between macromo-
lecular constituents that drive differences in surface tension
and coexisting liquid phases. In this regard, our RNP con-
densates differ from coexisting liquid phases that demix
into core-shell droplets, since they generally displayed a sin-
gle RNA molecule layer as a shell enveloping ArtiG con-
densates. Instead, the assembly pathway controlling the
formation of condensates with an RNA corona could arise
from a stepwise process: first, ArtiGM scaffolds undergo
LLPS, and subsequently, RNA molecules are recruited on
the condensate surface, reaching a density that depends on
the RNA expression level (Fig 5 D). Interestingly, the
recruitment of RNA also changed the material properties
of ArtiGM“PRNA by hardening the condensate body, which
can also explain why RNA-MS2 molecules remain at their
surface (Figs. 2 A and B).

The robust formation of ArtiG condensates in cells pro-
vides a unique mean to examine basic questions such as
how condensate size scales with RNA surface density.
Indeed, the ability to count the RNA molecules recruited
on ArtiGs allowed us to show that the RNA density at the
surface of condensates was correlated to their size and num-
ber, with large condensates displaying only a few RNAs on
their surface, whereas high RNA density always implied
smaller and more numerous condensates. Furthermore,
when we increased RNA expression in cells, and conse-
quently RNA surface density on condensates, cells harbored
smaller condensates, which supports a causal relationship
between RNA surface density and condensate size.

Several examples in cell biology suggest the existence of a
scaling of cellular organelles with cell volume, which could
be understood if cells contain a limiting pool of structural
components supporting the organelle assembly (9,71,72). In
cells, native condensates such as PBs and PML nuclear bodies
are generally found as submicrometric bodies that often do
not grow over a certain size. This is generally in contradiction
with the thermodynamical equilibrium picture of phase-sepa-
rated systems predicting an evolution toward a single
condensed phase coexisting with a dilute phase. Initial growth
of phase-separated condensates generally occurs through sub-
unit addition, and coarsening through coalescence or Ostwald
ripening (73-75). Thus, a solution to regulate condensate size
would be to tune one of these three pathways (subunit addi-
tion, coalescence, and Ostwald ripening), either through
physicochemical parameters or by modifying interaction
strengths and valences by biochemical reactions such as post-
translational modifications (76,77). Recent theoretical studies
suggest that both active and passive processes can be in play
(78,79). For instance, it has been proposed that active
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processes within condensates could suppress Ostwald
ripening and account for size selection (71,80-83). However,
in the case of ArtiGSCFPMCPRNA “he two main formation
pathways are subunit addition and coalescence (Fig. 1 B).
Client proteins acting like surfactants may reduce the energy
required for the formation of an interface between the dense
and dilute phase and lead to size-conserved multidroplet
systems instead of the expected single large, condensed
phase, with condensate size decreasing as a result of client
concentration increasing (84). In this respect, the protein
Ki-67, localized at the surface of chromosomes, may for
instance form a steric barrier that prevents the chromosomes
from collapsing into a single entity (85). A high surface
charge density and thus a high electrostatic repulsion between
biomolecular condensates may alter their propensity to fuse
(86). In vitro observations of the co-assembly between RNA
homopolymers and mRNAs showed multiphase assemblies,
with RNAs localized at the droplet surface, suggesting that
RNAs act as an interfacial shell stabilizing multiphase con-
densates (61). Thus, the biochemical and structural heteroge-
neity at the surface of condensates could also influence their
stability. For instance in C. elegans, the adsorption of
MEG-3 on PGL droplets drives the formation of a gel-like
shell around a liquid core that eventually can stabilize P gran-
ules and trap RNAs (87,88). More precisely, MEG-3 clusters
on P granules have been shown recently to behave like Pick-
ering agents decreasing the surface tension of the P granules,
slowing down their coarsening (89). These results remind us
of our observations with ArtiGranules fused to Pumilio, as
we showed that PBs docking at the surface of the condensates
impacted their formation (42). Alternatively, a recent study
explained how the RNA shell-forming domain of para-
speckles can modulate condensate shape and size and sug-
gested a micellization-based model of assembly (90). Here
we propose that the RNA present at the surface of ArtiG con-
densates cause a steric hindrance that may prevent the growth
of condensates by both subunit addition and coalescence
(Fig. 5 D). Additionally, the hardening of the condensate
due to the presence of RNA could favor the arrested coales-
cence of the bodies and thus contribute to limit their growth
during coarsening (Fig. 5 D). In this picture, RNAs, through
their charges and length, could contribute to the colloidal sta-
bility of the condensates and thus regulate their size and
number.

Atahigh RNA surface density, we found that ArtiG conden-
sates can lose their sphericity and adopt a clustered
morphology reminiscent of TIS granules (24). However, in
contrast to TIS granules, where a skeleton made of RNA-
RNA interactions between unstructured regions counterbal-
ances the excess of surface energy generally driving fusion
and relaxation, here RNAs at the condensate surface could
impede coalescence by steric hindrance. We could also envi-
sion the existence of intermolecular interactions between
RNAs that would bridge adjacent ArtiG condensates and
enhance their stability.
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Such an impact of surface RNA on condensate
morphology may be relevant for native RNP condensates.
Indeed, the spatiotemporal organization of RNAs at the sur-
face of native condensates has recently been investigated us-
ing advanced imaging tools. For example, super-resolution
imaging showed that the solid core of SGs is surrounded
by a less concentrated RNA and protein layer (60,91). It
has also been shown that RNAs exhibit diverse localization
within PBs and at their surface (92). On SG or PB surfaces,
RNAs can make transient contacts before stably associating
inside the granules or leaving the granules for an alternative
fate (92,93). Some of these RNAs are coding mRNAs, thus
associating with ribosomes and other translation-related
proteins when not in granules (94), whereas others are
long noncoding RNAs with a regulatory function (92).
These RNAs can partition bidirectionally between biologi-
cally different condensates (93,95). In the case of germ
PBs, the association of the RNAs with the surface of the
condensates can even be required for translation to happen
(96). Along this line, our work suggests that localization
of RNAs at the condensate surface could also feedback on
condensate biogenesis.

In conclusion, our methodology to reconstitute biomole-
cular condensates in cells with controlled compositions
and properties has proved powerful to reveal the role of sur-
face RNA in condensate morphology and material proper-
ties. More generally, our study stresses the importance of
an understudied aspect of condensates, which is the role
of the biomolecules present at their surface, whether RNA
or proteins. It illustrates how chemical and physical hetero-
geneities on condensate surface may determine granule
morphology properties. Beyond this advance in the under-
standing of RNP condensate sizing, ArtiG-MCPs provide
a powerful system, capable of recruiting any RNA of inter-
est tagged with MS2. In addition, they can be chemically
controlled to trigger their dissolution as well as to prevent
their formation on demand. Due to its flexibility, we antici-
pate that our methodology will not only enable to address
other basic biological issues in the future, but also be a
means to engineer novel properties within cells.
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Figure S1: Validation of ArtiGeMCFP/MCP specificity. A. Coalescence of two ArtiGeMCeFP/MCP condensates in a Hela cell and
relaxation into a spherical shape (white arrow). Scale bar = 10 uym. B. Epifluorescence imaging of two Hela cells
displaying the typical surface recruitment of MS2-RNA (red) around ArtiGe™G /M (green). The white dashed rectangles
delineate the images zoomed on the right. Nuclei were stained with DAPI (blue). Scale bars = 10 pm. C. Two ArtiGemerP/McP
condensates in Hela cells immunostained with MCP antibodies. Scale bar = 2 uym. D. Z-stack images (step = 0.24 ym) of
condensates with an RNA-MS2 molecule trapped in the middle (red arrows), as revealed by smFISH. Scale bar = 2 ym. E.
Epifluorescence imaging of one ArtiGe™S"/MCP (ypper panel) and one ArtiG*™¢™ (lower panel) (green) and RNA-MS2 (red) in
HEK293 cells. The white arrows indicate where the intensity profiles in G. (upper and middle panels) were plotted. Scale
bars = 2 um. F. Epifluorescence imaging of ArtiGe™¢"P/MCP (green) and NORAD IncRNA (red) in Hela cells. The white dashed
square delineates the images zoomed on the right. The white arrow indicates where the intensity profile in G. (lower
panel) was plotted. Scale bar = 10 um. G. Intensity profiles across ArtiG condensates (white arrows in E. and F.).
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Figure S2: ArtiGeMCFP/MCP/RNA Kyt not ArtiGeMCFP/MCP display a strong coronal PABP-GFP signal (A) and
increasing the quantity of transfected RNA-MS2 plasmid has no impact on the expression of ArtiGemcrP/MCcP
scaffold proteins (B). A. Representative epifluorescence images of Hela cells expressing various ArtiG
condensates (red) and PABP-GFP (white). Scale bar = 10 pm (zoom: 2 pm). Nuclei were stained with Hoechst
(blue). B. Western blotting experiment showing scaffold protein expression 24 h after transfection with Fm-
emGFP-Ft and Fm-Ft (ArtiGe™®, first column) or Fm-emGFP-Ft, Fm-MCP-Ft and Fm-Ft and increasing
amount of RNA-MS2 plasmid (ArtiGe™SFPM 2nd to 5th columns). The size of the scaffold proteins (in kD) and
the position of the MW markers are indicated on the right in black and grey, respectively.
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Figure S3: Depletion of RNA-MS2 around ArtiGe™SFP/MC condensates. Another example of RNA-MS2 depletion was

analyzed as in Figure 2C. E. F.
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Figure S4: ArtiG®™¢P/M do not induce SGs and dissolve upon FK506 treatment. A. Epifluorescence imaging of
ArtiGemCEFP/MCP (green) and RNA-MS2 (red) in Hela cells, after immunostaining of ATXN2L (blue) as a SG marker (no
arsenite treatment). The white dashed square delineates the images zoomed below. Scale bar = 10 um. B. Time-
lapse confocal imaging of an ArtiGe™CFP/MCP that dissolved only after 25min FK506 treatment (white arrow). Scale bar
= 10 ym. C. Time-lapse confocal imaging of two ArtiGe™S*P/MCP whose dissolution was still incomplete after 60 min

FK506 treatment (white arrows). Scale bar = 10 pm.



iRFP

Probe

Sequence

iRFP_FLAP-Y p01

CCGCAGGCTCGAACTCGATGATCGATGTACTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y_p02

ACGCCCATGTTCCGCAGAAATTCGAGATGGCTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y_p03

TCTTCAAGTACAGTAGCCGCGCCTGCTGTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y_p04

GTGCGGCCATCTCTTCGAGCGACTTCAGTTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y_p05

TCATGGCGATGCAGTGAGATGTCGAAGGTGCGTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y_p06

GGTCTCGCCGAAGTAATCGGCGAGTAGCTCATTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y_p07

CGGCATTTTCCGTAATGCGCGTGATCCGCATTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y_p08

AGCGATAAGAAGTCGGCGAACATTTCGGCCGCTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y_p09

TCAATGATGATCGACAGCGACATCGAGGCGCTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y_p10

CGCGAAGCGGTACAACATCACGCGGTGATAGCTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y p11

TGATGACAGATGATCAATCCCCATAGCGTGCTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y p12

AGCATCGCCTGCAGATAGCGCGGCACTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y p13

TGTTCGCGTTGGTGGTGGGCGGCGGTGAAGTTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y p14

TGCTCGGGCACGATCCGGCTGCTGATTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y p15

GAAAGCTCTCGAGGTCGCTGCGCTTCGCTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y p16

TTTGGTGCGCGCGATGATCTGCCGCGTCTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y p17

GACCCGCGGAGTTTCGCGTCCAAAGAACGCTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y p18

ATCGGCTCGCGATCGCAGGAGGTGAGATCTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y p19

GGACCAGCGACGCCGGAAAGTGCTGACCTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y_p20

CGGTCAGGCCGTCGCGCCAACCGAAGATTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y_p21

GCGCCGGTCGCTTTGGATCGGAGGACTGTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y_p22

CCAGTGCGTTGCGCAGCGCATGGGCTTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y_p23

CGCACGGCTGAATGCTGCCGGGGATGTTTACACTCGGACCTCGTCGACATGCATT

iRFP_FLAP-Y_p24

GGCGAGATGCTGCGCAGGTGCGCGAACTTACACTCGGACCTCGTCGACATGCATT

B-actin

Probe

Sequence

Beta-actine_FLAP-Y_p01

AAGGTGTGCACTTTTATTCAACTGGTCTCAAGTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p02

AGAAGCATTTGCGGTGGACGATGGAGGGGTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p03

GCTCAGGAGGAGCAATGATCTTGATCTTCTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p04

GGATGTCCACGTCACACTTCATGATGGAGTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p05

GAAGGTAGTTTCGTGGATGCCACAGGACTCTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p06

CAGCGGAACCGCTCATTGCCAATGGTTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p07

CAGCCTGGATAGCAACGTACATGGCTGTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p08

GTGTTGAAGGTCTCAAACATGATCTGGGTCATTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p09

TCGGGAGCCACACGCAGCTCATTGTATTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p10

ACGAGCGCGGCGATATCATCATCCATTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p11

TTCTCCTTAGAGAGAAGTGGGGTGGCTTTTAGTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p12

CATTGTGAACTTTGGGGGATGCTCGCTCTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p13

GACTGCTGTCACCTTCACCGTTCCAGTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p14

GGACTCGTCATACTCCTGCTTGCTGATTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p15

CAGTGATCTCCTTCTGCATCCTGTCGTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p16

GACAGCACTGTGTTGGCGTACAGGTCTTTTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p17

CGTGGCCATCTCTTGCTCGAAGTCCATTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p18

GCGACGTAGCACAGCTTCTCCTTAATGTTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p19

AGGTGTGGTGCCAGATTTTCTCCATGTCGTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p20

CCAGTTGGTGACGATGCCGTGCTCGATTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p21

GGTACTTCAGGGTGAGGATGCCTCTCTTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p22

CCTCGTCGCCCACATAGGAATCCTTCTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p23

AAAAACAACAATGTGCAATCAAAGTCCTCGGCTTACACTCGGACCTCGTCGACATGCATT

Beta-actine_FLAP-Y_p24

TGCCCAGGAAGGAAGGCTGGAAGAGTGCTTACACTCGGACCTCGTCGACATGCATT




NORAD_FLAP-Y

Probe

Sequence

NORAD_FLAP-Y_p01

AGGATGTCTAGCTCCAAGGGGTGGACTAATTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y_p02

CTGCAACTTCCGCCTCCCAAGTTCAATTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y_p03

CGCTGTAAACAGGATGGCATAGAGCTCTCTTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y_p04

TATCGCTTCCAGAGGCCGTCTTAACAACTTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y_p05

CTCTTTCCATCTAGAAGGGCTAGATGTGACTTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y_p06

AACGGGCCAAACGTGGCCTGTCATTCTTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y_p07

CACAGCAGAGGCCTCCGTTATCTGCATTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y_p08

AAGGTCACTCCCAGAGGACAGGCCTTTTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y_p09

GTGGGCACCACCACGACCAGCTAATTTTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y _p10

GATGGTCCTGATCTCTTGACCTCGTGATTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y p11

CCACTGCGACAGGCCGTTGTACACTTTTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y p12

CTCTCCACCACCAACCTGATGGATATTTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y p13

GCACGTGTCACTTAGAGCTGATGTTATCTCTTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y p14

CCCACCTCCCAGGTGGTTCAACAATTTTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y p15

CCTTCCCATCTCCATCAACCCAGAAGTTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y p16

GACTAGATGTTGTCAATTAGGACTCGTCTGTCTTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y p17

TTCTCTTCCTTCTCAGGTCTTCCAGCTTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y p18

AAGGTTGGGGTGGAGTTGAGAGCAGCTTTTTCTTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y p19

GTAAATCTTCCCAGAGGGTGGTGGGCATTTTTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y_p20

CCATTTCTCTCTTCCGACAGCAAAGTCTGTTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y_p21

TTGAGTGTCTTCTAAATAGGAACATTCTGGCCTTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y_p22

CTCAGCCTCTCGAGTAACTGGGGCTATTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y p23

CCATCTGTAATGCTTAGGGGGGGTTTTAACAATTACACTCGGACCTCGTCGACATGCATT

NORAD_FLAP-Y_p24

CCTTCCTTCTCTGCCTTCAATCCAGTTTACACTCGGACCTCGTCGACATGCATT

FLAP-Y-Cy3

/5Cy3/AA TGC ATG TCG ACG AGG TCC GAG TGT AA/3Cy3Sp/
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11.3. ANNEX - Visualization and quantification of RNA-MS2 molecules

11.3.1. SmFISH

To be able to screen a lot of cells and have quantitative data, we turned to observations of fixed
cells. Single molecule fluorescence in situ hybridization (smFISH) is a technique that allows for the
visualization of individual RNAs in single cells, via the hybridization on a target RNA of 40 to 50 DNA
probes, all conjugated with a fluorophore!®. The combination of the numerous fluorescent probes
enables the visualization of the single molecules of RNA as bright, diffraction limited spots. Therefore,
the smFISH method opens the possibility to count RNA molecules and analyze their localization of
RNA in cells.

The high number of oligonucleotide probes increases the signal to noise ratio. However, this
large number of modified fluorescent oligonucleotide probes has a cost. Therefore, alternative smFISH
techniques have been developed, including the single molecule inexpensive FISH (smiFISH), which
has the simplest design“®. Here, two types of probes are used: first 12 to 48 unlabeled primary probes
(usually 24), composed of a 26 to 32 nucleotides target-specific sequence and of a shared 28-nucleotides
sequence called FLAP; secondly, secondary probes complementary to the FLAP sequence and labeled
with two fluorophores (Fig. 11.8). Primary and secondary probes are first hybridized in vitro, and the
complex is then hybridized on target RNAs in cell overnight. The smiFISH technique is much cheaper
that the smFISH method as the unlabeled primary probes are inexpensive and the same secondary probe
is used for all the primary probes and thus can be synthesized at large scale. Furthermore, different
fluorophores can be used for the secondary probes, allowing for multicolor imaging without extra cost.

Hereafter, for simplification, smiFISH will be called smFISH.

Gene-

Primary Secondary probe smiFISH FLAP specific
g probe FLAP probe Length [nf] 28 [26:32]
S\ |
S Bt '\ —’\_ ﬁ(f;rgm [-35:-31] [-36;-28]
— Gene-specific -
(3]
o
g Target \\ \\ \\ ...\\ \\ \\
= mRNA

24 smiFISH probes
Figure 11.8: mRNA detection using smiFISH. Adapted from*, 24 primary probes are first

hybridized in vitro with the fluorescent secondary probe via the FLAP sequence. The duplexes are
then hybridized on the target mRNA in cells. Red circles: Cy3 moieties.
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The visualization of RNA-MS2 with the smFISH method, using Cy3-labeled secondary probes,
in cells expressing ArtiGemcFPMCP condensates, showed that the RNA was exclusively recruited at the
surface of the condensates (Fig. 11.9A). Interestingly, it seemed that the RNA surface density on the
condensates was linked to their size. To test that hypothesis, a detection tool able to evaluate the number
of recruited RNAs, which appear as clusters on the surface of condensates and are undiscernible for the

unaided eyes, was required.

Dedicated tools for smFISH image analysis have been developed. A tricky part of the analysis
consists in quantifying the number of RNAs in clusters, for example at transcription sites, or here at the
surface of condensates, which is harder than detecting and counting individual RNAs in cells. FISH-
QUANT was developed to address this issue and was added in Matlab'#’. Very recently, a Python-based
improved version of FISH-QUANT, free, open-source, more user-friendly, and integrating the latest
open-source tools for data analysis, was devised'**. Its code is available under the name of Big-FISH.
We thus used the Big-FISH workflow to perform extensive quantitative analysis of RNA-MS2
localization in cells. The next part will describe the analysis steps illustrated with the example of a cell
expressing ArtiGemeFPMCP condensates, recruiting RNA-MS2 at their surfaces.

11.3.2. Big-FISH

Here will be described the outlines of the Big-FISH workflow applied on a cell expressing
ArtiGemeFPMCP condensates, without going into details in the algorithms. For a more detailed description
of the method and of the algorithms, tutorials are made available online by the FISH-quant method

developers (https://github.com/fish-quant/big-fish-examples).

Cells were imaged with an epifluorescence microscope, and for each field of view, a z-stack
acquisition was performed to consider the entirety of the cells. To analyze the RNA localization in cells,
I projected the 3D-acquisitions in 2D using a maximum intensity projection method, that keeps for each

pair of coordinates (x,y) the pixel along the z-stack with the highest intensity (Fig. 11.9A).

The first step to analyze the RNA-MS2 content of a cell was cell segmentation, i.e., detecting
the outline of the cell (Fig. 11.9B). Briefly, first the nucleus was segmented by applying a manually set

threshold, and in second step a watershed algorithm was applied to detect the cell boundaries.
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ArtiGemGFP/MCP RNA-MS2 -

Figure 11.9: Cell segmentation. A. Representative example of a HeLa cell expressing ArtiGemerP/McP
condensates (green) and RNA-MS2 (red). The image is a 2D maximum projection of a z-stack
acquisition. Bright dots in the cytoplasm correspond to individual RNA molecules. Numerous RNA
molecules are recruited at the surface of the condensates. The region delimited by a white square is
enlarged on the top left. Scale, 10 um. B. Segmentation of the nucleus (blue line) and of the cell (red
line) on the Cy3 channel (RNA-MS2 signal).

The second step consisted in detecting all the RNA molecules. First, all the local maxima
(spots), which could be either individual or clustered RNA molecules, were detected (Fig. 11.10A). RNA
clusters were then decomposed: in a simplified view, a reference median spot was built from the
predetected spots and the brighter regions were filled with as many reference spots as possible until

matching the regions intensity (Fig. 11.10B).

Figure 11.10: Detection of RNA molecules. A. Detection of all local maxima, labeled by red dots.
B. Decomposition of bright clusters in individual molecules of RNA, labeled by red dots. In (A) and
(B), the area delimited by a white square is enlarged on the top left of the image.
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The third step, once we had access to the total number of RNA molecules in the cell, was to
count the number of recruited molecules on the condensates. The Big-FISH workflow was of course
not particularly designed to do that, but | took advantage of the segmentation function that is used for
the nucleus to segment the condensates. For each instance, | manually modified the threshold to fit to
the cell expression. (Fig. 11.11A). As the RNA molecules are at the surface of the condensates, | enlarged
the detected condensates from a few pixels and then | compared the coordinates of each detected RNA

molecule in the image to the condensates’ coordinates, to keep only the recruited RNAs (Fig. II.11B).

A

M

.

Figure 11.11: Counting recruited RNA molecules. A. Detected condensates are marked in yellow.
B. RNA molecules considered as recruited are marked with red dots on the emGFP channel
(ArtiGemCFPMCPY The region delimited by a white square is enlarged on the top left.

Therefore, this workflow gives access to the number and the proportion of recruited RNA
molecules on ArtiGe™eFPMCP condensates. By measuring the surface of the condensates, | could then

calculate the RNA surface density.
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CHAPTER I11: Condensate functionalization with motors directs
their nucleation in space and allows manipulating RNA

localization

This chapter is based on the following pre-print:

Condensate functionalization with motors directs their nucleation in space and allows
manipulating RNA localization
Audrey Cochard, Adham Safieddine, Pauline Combe, Marie-Noélle Benassy, Dominique
Weil, Zoher Gueroui
Posted on BioRxiv, July 10, 2022
doi: https://doi.org/10.1101/2022.07.10.499452
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I11.1. Examining the importance of subcellular localization of organelles and
RNA

I11.1.1. Repositioning assays to study membrane-bound organelles

Repositioning assays of organelles are interesting to investigate organelle dynamics, and
establish causal relations between positions in cells and functions'#3149, Positioning of organelles rely
on cytoskeleton-based transport. Therefore, a first method to study the importance of organelles
positioning consists in disrupting the microtubule network, for example by treating cells with
nocodazole, an agent that binds to B-tubulin and disrupts microtubule assembly**®15t, However, such
action has broad effects on cell morphology and not only in the modification of organelles positioning.
Fusion of a cytoskeleton-interacting element to an organelle-enriched membrane protein circumvents
that issue and forces the transport of a specific organelle’®21%, This strategy was applied to restore
mitochondria presence in the axons of ric-7 C. elegans mutant, in which mitochondria are unable to
exit the neuron cell bodies and axons show enhanced degeneration®®3, Fusing the Kinesin-1 motor to
the Tom7 protein, that localized on the outer mitochondrial membrane (Fig. I11.1A), rescued
mitochondrial localization in the axons of ric-7 mutants and suppressed the degeneration phenotype,

thus demonstrating that mitochondria absence causes rapid axon degeneration®®2.

To add temporal control, dimerization assays either based on chemical induction or on
optogenetics were developed*. Chemically-induced dimerization (CID) using the FKBP-rapalog-FRB
heterodimerization system***, where FKPB or FRB is fused to an organelle-enriched protein while the
other is fused to a motor protein or an adaptor of a motor protein, has been extensively used to induce
irreversible delocalization of various organelles like mitochondria, peroxisomes, early or recycling
endosomes, and lysosomes!®21%5-162 - An example of application of this strategy is the rescue of
peroxisome dynamics in mutant hnTERT-RPE1 cells showing defects in contacts between peroxisomes
and primary cilia and reduced ciliary cholesterol levels compared to non-mutant cells*®. Addition of
rapamycin in the mutant cells expressing fusions of FRB to the peroxisomal membrane protein
Peroxisomal Biogenesis Factor 3 (PEX3-GFP-FRB), and of FKBP to the dynein adaptor BICD2
(tdTomato-BICD2-FKBP), targeted peroxisomes to the ciliary pocket and restored the ciliary pocket
cholesterol level (Fig. 111.1B). This study pointed out the peroxisome as a direct source of ciliary

membrane cholesterol®?.
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Figure 111.1: Methods to reposition membrane-bound organelles in cells. A. Direct fusion of an
organelle-enriched membrane protein, like here the Tom7 mitochondria protein, with a motor or
motor adaptor protein, here Kinesin-1 motor. Adapted from!:, B. FKBP-rapalog-FRB
heterodimerization system: the addition of rapamycin or a rapalog induces the interaction between
an organelle, here the peroxisome, and a motor, here the dynein via the dynein adaptor BicD2.
Adapted from®®!, C. Optogenetics systems: light-induced dimerization of two binding partners, here
iLID and SspB, one fused to an organelle membrane-protein, here the recycling endosome RAB11
protein, and the other to a motor, here the plus-end KIF1A motor. Adapted from*2,

The combination with an orthogonal dimerization system based on the plant hormone
gibberellin allowed for the recruitment of two different motors on the same cargo®®41%, A recently-
developed split FKBP/FRB system opened new possibilities by allowing chemically-induced

trimerization?6.
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While CID enables a sustained motor activity, optogenetics enables spatiotemporal control of
organelle transport in cells, with a rapid dissociation of the motor and the organelle after light extinction.
Among the principal optogenetic strategies, TULIP tags rely on the fusion of the photoreceptor LOV2
domain of Avena sativa phototropin 1 to a peptide epitope. Caged in the dark, the peptide is freed by
the unfolding of the LOV2 domain under blue light excitation and can then interact with a cognate
domain®®’. Similarly, the LOV2-derived improved light inducible dimer (iLID) cages the bacterial SsrA
peptide in the dark and prevents its binding to its partner SspB, while blue-light illumination allows for
a > 25-fold affinity increase. TULIPs and iLID systems were successfully used to induce delocalization

of organelles (Fig. 111.1C)58163.168-171

As with CID, the development of orthogonal systems enables the tethering of two different
motors!’2. A recent study combined the sustained motor recruitment of CID with the reversibility of
optogenetics by using a photolyzable dimerizer'’,

Repositioning studies have proven to be insightful. Indeed, in addition to the already discussed
roles of mitochondria in preventing axon degeneration®®® and of peroxisomes in bringing cholesterol to
the ciliary membranes®®, repositioning of organelles have brought to light other important cellular
functions of organelles, like the roles of endosomes in axon growth®® and of lysosomes in regulating
ER distribution and morphology™. Besides uncovering links between mislocalization of organelles and
pathologies, repositioning studies have also enabled to decipher how specific proteins and RNAs are
transported, like AMPA receptors by recycling endosomes®*® and EEA1 mRNA by early endosomes?®?,
and to investigate the motile properties of endogenous or engineered motors>>1%174 the motility of

organelles linked to different motors'58160165 and the mechanisms of motor recruitment to organelles®”.

Though a plethora of membrane-bound repositioning studies have been carried out, no similar
strategies have been applied to biomolecular condensates. In particular, such methods applied to
artificial RNA-containing condensates could help investigate the localization of RNAs in cells through

motor-based transport.
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111.1.2. Examples of studies investigating the importance of RNA localization in

cell

Different pathways underlie mMRNA positioning in cells. Most of the time, mRNA localization
relies on recognition of localization elements, or ZIP-codes, in the MRNA sequence by specific RBPs,
and subsequent incorporation into ribonucleoprotein (RNP) complexes or larger granules that are then
actively transported across cells by molecular motors. The ZIP code recognition is based on the primary
sequence of the mRNA and on its secondary structure!™> """, For example, the yeast Saccharomyces
cerevisiae ASH1 mRNA accumulates at the bud tip during anaphase via co-transcriptional recognition
of its four ZIP codes by the RBP She2, and then binding in the cytosol to She3, an adaptor of the myosin
motor Myo4, which induces the transport to the bud of the complex along actin filaments (Fig. 111.2,
left panel)!’®. The She2-She3 complex similarly promotes the active transport of tens of mMRNAs along
actin filaments!™®. The B-actin mRNA in mammalian cell undergoes a similar active transport along
both actin filaments and microtubules: it displays a bipartite motif recognized by the RBP zipcode-
binding protein 1, which associates with still unidentified motors. mMRNA can be transported as single
mRNAs, as it is the case for example for a great majority of B-actin mMRNAs in growing retinal ganglion
cell axons in Xenopus laevis 1’°, or may belong to larger assemblies, that can be homotypic or
heterotypic, i.e., they can contain several copies of one mMRNA species or gather different mMRNA
species'’®. Because of the inherent ability of many RBPs to form multivalent interactions and drive
LLPS (see Chapter 1), mRNA transport often relies on incorporation into phase-separated

condensates*’®.

In addition to mRNA localization by integration into RNP complexes or into larger phase-
separated assemblies directly associating with motors ensuing their directed transport in cells, other
translocation strategies are at play. mMRNAS can be recognized by RBPs that associate with moving
vesicles like lysosomes and endosomes!'8, This “hitchhiking” phenomenon regulates for example the
transport of the septin cdc3 mRNA in the fungus Ustilago maydis, which associates with endosomes as
part of an RNP complex (Fig. 111.2, second to left panel)!8. mRNA can also be localized by random
active motor-based transport of RNP complexes or mRNA diffusion in cells, followed in both instances
by a local anchorage at polarity sites. The bicoid mRNA thus localizes to the Drosophila oocyte anterior
by random active transport mediated by dynein motors, towards the minus-end extremity of randomly
orientated microtubules, followed by anterior anchoring (Fig. 111.2, second to right panel)!®. This
localization provides a local source of bicoid proteins that diffuse to form a morphogen gradient
required for embryonic patterning'®2. Nanos proteins also play a crucial role in the patterning of the
anterior-posterior body axis of Drosophila oocytes, via local translation of nanos mRNAs at the
posterior pole!®, The localization of the nanos mMRNAs relies here on diffusion processes and trapping

at the oocyte posterior (Fig. 111.2, right panel)®. These two last examples, bicoid and nanos mRNAs,

93



CHAPTER 11l: CONDENSATE FUNCTIONALIZATION WITH MOTORS DIRECTS THEIR
NUCLEATION IN SPACE AND ALLOWS MANIPULATING RNA LOCALIZATION

demonstrate the ability of cells lacking cytoskeletal polarity to still generate asymmetric RNA

distribution.
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Figure 111.2: Different translocation strategies to localize mRNA in cells. Adapted from®. A,
Some mRNAs, like the yeast Saccharomyces cerevisiae ASH1 mRNA are localized via directed
transport of RNP complexes by direct coupling to motor proteins. B. Some mRNAs, like the septin
cdc3 in the fungus Ustilago maydis, are “hitchhiking” on moving organelles like endosomes. C. Some
MRNAS, like the Drosophila oocyte bicoid mMRNA, undergo random motor-based transport followed
by local anchoring. D. Some mRNAs, like the Drosophila oocyte nanos mRNA, are localized via
diffusion followed by local anchoring.

One pathway of mRNA mislocalization, consisting in mutating the ZIP code sequence or
modifying its secondary structure to impede its recognition by RBP partners, was successfully applied
in various organisms, like the yeast and the drosophila, and cell types, like neurons!?%178.185.18 By ysing
this method, a recent study highlighted for the first time in the yeast Saccharomyces cerevisiae cyclin
CLB2 mRNA as an example of mRNA localized translation that does not lead to protein co-
localization®, On the contrary to ASH1 mRNA, whose local translation in the yeast bud allows local
translation and segregation of the protein in the bud, CLB2 protein is localized in the mother nucleus.
In this study, mutagenesis of the coding sequence was used to destroy the ZIP code structure without
altering the protein sequence (Fig. 111.3.A)®. As expected, the CLB2 mRNA localization in the yeast
bud was lost (Fig. 111.3.B). Interestingly, the loss of mRNA localization had an impact on protein
synthesis, which was significantly reduced for the mutant mMRNA compared with the wild-type mRNA.
This suggested that CLB2 mRNA localization was required for efficient translation in the bud, followed
by translation of the protein back to the mother nucleus. The authors proposed that the shuttling back
of CLB2 proteins to the mother nucleus acts as a sensor of the bud translation capacity and signals to
the mother cell when the bud is ready for mitosis. This study thus revealed a novel function for mRNA

localization.
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Figure 111.3: Mutating the ZIP code sequence of the yeast Saccharomyces cerevisiae cyclin
CLB2 mRNA successfully impedes its bud localization. Adapted from?!®, A. Nucleotide
sequences of the wild-type and mutant CLB2 (top and bottom sequences, respectively), which have
an identical corresponding amino acid sequence, given below. B. Visualization of CLB2 mRNAs for
the wild-type and mutant strain via smFISH (green in merge). Nuclei are stained with DAPI (blue in
merge). Scale, 3 um.

As illustrated by the study on the yeast CLB2 mRNA, ZIP code mutations can be very powerful
to impede proper mRNA localization and decipher the consequences of mMRNA localization. However,
this method results in a dispersion of the target RNA, unable to interact with its partner RBPs, but does
not allow for a precise repositioning of the RNA in cell. Controlling localization of a target RNA in
cells would facilitate the assessment of the importance of subcellular RNA localization. In that spirit,
the PUF (Pumilio and FBF homology domain)-assisted localization of RNA (PULR) system was
developed to induce the transport of a heterelogously-expressed or endogenous PUF target mRNA,
The system takes advantage of the PUF RBD of human Pumilio 1 protein, which was prevented from
binding its hundreds of endogenous mRNA partners by modifying its recognition sequence so that it
would have a significantly smaller number of partners. The PUF domain was subsequently fused with
one or two consecutive FKBP protein(s) and the enhanced green fluorescent protein (eGFP) (Fig.
I11.4A). The FRB protein, which very efficiently dimerizes with FKBP in presence of rapamycin or a
rapalog, was fused to either a truncated plus-end kinesin-1 KIF5B or the N-terminal of the Bicaudal D2

(BICDN), an adaptor of the dynein motor protein (Fig. 111.4A). The system was first assessed with a
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heterologous mMRNA, the Firefly luciferase (FLuc) mRNA, on which 10 PUF-binding sites were added
in the 3’UTR (Fig. 1I1.4A). Upon addition of a rapalog, the induced dimerization of FKBP and FRB
proteins successfully led to the transport and accumulation of the target FLuc mRNA to the cell
periphery for KIF5B (Fig. 111.4B and C) or to the centrosome for BICDN (Fig. 111.4D and E). Then, the
PUF sequence was mutated to recognize a sequence in B-actin mRNA. The KIF5B-based transport
system successfully increased the level of B-actin mRNA in the growth cone of embryonic rat
hippocampal neurons. The PULR system can thus localize both tagged mRNA and endogenous

untagged mRNA.

Another interesting strategy would be to reconstitute an mRNA transport system by
incorporation of a target MRNA into a phase-separated condensate. In that spirit, the second part of my
Ph.D. aimed first at building for the first time artificial phase-separated condensates with controlled
localization in cells, and in a second time at recruiting a target mRNA in the condensates to obtain its

reposition.

To do so, we first developed a derivative of the ArtiGranule system. Indeed, the ArtiGranule
system is very robust and can be functionalized by fusion of proteins of interest at the N-terminal of the
Ferritin monomers. However, the C-terminal is not available for fusion, as it would prohibit the
formation of the nanocage. We thus designed a linear system based on five repetitions of the Fm protein,
and thus called 5Fm, in order to expand our toolbox and to have a more versatile system (Fig. I11.5). In
the next sections, the linear 5Fm system will be detailed, and the workflow of the study will be

explained.
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Figure 111.4: PULR system can localize a target mRNA in cells. Adapted from?®’. A. Schematic of the
PULR system: in the presence of a rapalog (black squares), the PULR module proteins transport the
reporter FLuc mRNA to the plus (+) or minus (-) ends of microtubules, depending on the involved motor
protein. B. Schematic of the KIF5B-mediated transport, with microtubules represented as black arrows
pointing to their (+) ends. C. Fluorescence images of Hela cells expressing the KIF5B-based PULR
modules in the absence or presence of rapalog (top and bottom panels, respectively). The mRNA is imaged
by smFISH (pink in merge). Arrows indicate enriched spots. Nuclei are stained with Hoechst (blue in
merge). Scale, 20 um. D. Schematic of the BICDN-mediated transport, with microtubules represented as
black arrow pointed to their (-) ends. E. Same as (C) for the BICDN-based PULR system.
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Figure 111.5: Comparison of the scaffolds of the ArtiGranule (left) and 5Fm (right) systems.

111.1.3. The linear 5Fm system

The 5Fm system was inspired by reconstitution studies in vitro or in cells of condensates based
on linear repeats of folded domains able to heterodimerize, like SH3/PRM and SUMO/SIM, and by the
iPOLYMER system?3784_On the contrary to the latter approach that requires rapamycin to induce
FKBP/FRB interactions, here we used five repeats of the self-dimerizing Fm protein, separated by
flexible linkers to facilitate Fm-Fm interactions (5Fm, Fig. I11.6A). Transfection of the 5Fm construct,
labeled with fluorescent proteins for visualization, led, like for ArtiGranules, to condensates displaying
liquid-like properties, as expected for phase separated condensates: they are spherical (Fig. 111.6B), have
the ability to coalesce, contain a mobile fraction pointed out by FRAP experiments (a fraction of the
fluorescent signal (40%) recover with a timescale of about 2 minutes, Fig. 111.6C), and buffer the dilute
phase as revealed by the existence of a Cs. The divergence of material properties between these
condensates, that exhibit a liquid-like behavior, and the bodies obtained with the iPOLYMER method,
that are gel-like, can be explained by the difference in the strength of interaction of the modules. The
FKBP/FRB interaction (Kq in the nm range) is indeed much stronger than the homodimerization of Fm

proteins (Kq in the pm range)*€e.

Like the ArtiGranule system, the formation of 5Fm condensates is based on the Fm-Fm
dimerization. Thus, condensate formation can be impeded by the addition of FK506 right after
transfection, and addition of the chemical competitor after formation of the condensates very efficiently

dissolves them.
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Figure 111.6: The 5Fm system. Adapted from Cochard et al., BioRxiv, 2022. A. Schematic of the
5Fm system. B. Representative epifluorescence image of a HelLa cell expressing spherical 5Fm
condensates 24 h after transfection of mCh-5Fm and emGFP-5Fm. The nucleus was stained with
DAPI (blue in merge). Grayscales inserts correspond to separate channels of the zone delineated by
a white dashed square. Scale bar, 10 um. C. Mean of fluorescence recovery after photobleaching (N
= 9 condensates, unpublished).
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111.1.4. Workflow to build RNA-containing artificial condensates localized in

cells

To build artificial biomolecular condensates with controlled localization in cells, we fused
motor or motor adaptor domains to the scaffold of our linear 5Fm system. We investigated two plus-
end kinesin motor proteins (KIF1A and KIF5B), one minus-end motor (KIFC1) and one adaptor of the
dynein motor protein (BICD2). Fixed cell imaging and immunofluorescence assays to image the
centrosome were used to investigate the localization of our artificial condensates, which showed robust
asymmetrical localization either at the cell periphery or near the centrosome, depending on the motor
at play (Fig. l11.7A). To investigate the pathway of localization, we turned to live imaging by confocal
microscopy, which revealed a localized nucleation. In addition to this system, we developed a method
to induce the transport and localization of preformed condensates in cells. To do so, we took advantage

of the FKBP/FRB chemically-induced dimerization to bridge motor domains and condensates.

In a second time, we investigated the possibility to use our system to localize a mRNA in cell.
We used the MCP RBP, which, as a reminder of the previous chapter, specifically binds to RNA stem
loops of the MS2 bacteriophage genome, called MS2 stem loops. We first targeted the same
heterelogously-expressed RNA-MS2 as in Chapter 11, that we visualized by smFISH. In a second step,
our collaborator A. Safieddine made use of a stable cell line he developed previously to target a MS2-
tagged endogenous ASPM mRNA, which normally localizes at the centrosome during mitosis (Fig.
111.7B),
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Figure I11.7: Schematic of the strategy to reconstitute RNA-containing localized condensates in
cells. Adapted from Cochard et al., BioRxiv, 2022. A. Transfection of fusions of the 5Fm module
with motor domains to localize artificial condensates in cells. B. Condensates functionalized with
plus-end motor domains and MCP (green in merge) delocalizes ASPM-MS2 mRNA (labeled by
smFISH, red in merge) from the centrosome to the cell periphery in mitotic cells.
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ABSTRACT

The localization of RNAs in cells is critical for many cellular processes. Whereas motor-driven
transport of RNP condensates plays a prominent role in RNA localization in cells, their studies
remain limited by the scarcity of available tools allowing to manipulate condensates in a spatial
manner. To fill this gap, we reconstitute in cellula a minimal RNP transport system based on
bioengineered condensates which were functionalized with kinesins and dynein-like motors,
allowing for their positioning at either the cell periphery or centrosomes. This targeting mostly
occurs through the active transport of the condensate scaffolds, which leads to localized
nucleation of phase-separated condensates. Then, programming the condensates to recruit
specific mRNAs is able to shift the localization of these mRNAs towards the cell periphery or
the centrosomes. Our method opens novel perspectives to examine the role of RNA localization
as a driver of cellular functions.



INTRODUCTION

The spatial organization of signaling network and biochemical reactions is of vital
importance for many cellular functions. To organize the cell inner space, biomolecules and
subcellular structures can be dispatched by active transport mechanisms. Long-range motor-
based transport of cellular compartments along cytoskeletal networks is essential for rapid
reorganization of the cellular space in response to environmental changes!. Microtubule-based
transport is for instance necessary for the endocytic pathway, for long-distance transport of
mitochondria and for lipid droplets contacts with organelles?*. Although less documented than
membrane-bound organelles, biomolecular condensates are also prone to interact with
cytoskeletal fibers in various ways. As the main microtubule organizing center, the centrosome
can be viewed as a condensate facilitating microtubule nucleation by concentrating tubulins®.
Other examples include RNA-containing condensates such as stress granules and P-bodies,
whose growth by fusion and disassembly by fission involves by microtubule-based transport®-
1, The functional importance of condensate-microtubule interactions is also exemplified by the
transport and localization of mRNAs through RNP granule transport.

Subcellular mRNA localization is a widespread process that involves mRNA transport
as isolated molecules or as part of phase-separated RNP condensates!>!3. This localization is
vital for many developmental and cellular processes, from the establishment of embryo
polarization to local protein synthesis at the synapses!*!>. Motor-based positioning of specific
mRNAs and subsequent local translation has for instance been described during the
establishment of asymmetrical processes such as morphogen gradients in developing embryo!6-
19 cell migration?’, neural development and synaptic plasticity?!?2. Additionally, disruption of
axonal RNP granule transport is associated with a broad range of neurodegenerative
diseases®>?*. Localizing mRNAs and RNP granules, rather than proteins, into subcellular
compartments before translation favors spatially restricted protein synthesis and provides
'outposts' operating far from the soma?>%%. In addition, localizing mRNAs is likely to be more
energy-efficient than moving separately each protein to the right location®.

Due to the critical importance of RNA localization to cell fate determination, numerous
methods were recently developed to describe how RNAs find their way to distinct subcellular
compartments, and how this impacts RNA functions and processing. For example, the direct
visualization of RNA molecules in living cells and organisms has been instrumental to elaborate
our current understanding of RNA localization mechanisms?’-?%. Complementary to imaging
approaches, transcriptomic RNA sequencing-based methods also described a variety of RNAs
enriched in specific subcellular areas®*!. Motor proteins from all three families, i.e., kinesin,
dynein, and myosin, have been identified as the drivers of short- and long-range mRNA
transport along the cytoskeleton®?33. Though further studies are necessary to decipher the
building blocks required to recruit, direct and release specific mRNAs to a particular destination,
one recurrent scenario involves RNA binding proteins (RBP) and motor adaptors, linking
mRNAs and motor proteins!'?34-37,

Beside its role in guiding long-range transport, the cytoskeleton also contributes to the
mechanical integrity of cells. Due to its inherent heterogeneity and dynamic nature, determining
how such a meshwork impacts RNP condensation remains difficult to quantify. Yet, some
biophysical implications of the cytoskeleton meshwork on phase separation mechanisms have
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recently started to be investigated both theoretically or experimentally. For example, the
cytoskeleton modeled as an elastic meshwork, and acting at length scales comparable to
condensate sizes, has been seen to modify nucleation and coarsening of phase separation
systems**40, In the very large Xenopus oocytes, the actin meshwork provides steric hindrance
limiting nucleolar fusion as well as counter balancing sedimentation by gravity*'. In epithelial
cells, it has been shown that weak and non-specific interactions between cytoskeleton elements
and the condensate surface may account for mutual influences*?. One missing element in this
description is the effect of molecular motors on phase-separated condensates to explore how
transport could shape condensate formation and localization. To fill this gap, and examine how
motor proteins could impact RNP phase separation, we adopted an approach allowing the
reconstitution in cells of motor-functionalized condensates.

Novel tools have been developed allowing the formation of artificial condensates with
programmable properties in cells. Indeed, such technologies bring novel perspectives both for
addressing new biological questions and for further biotechnological improvements*-4, In this
context, we engineered artificial condensates made of protein scaffolds that are prone to phase
separate and functionalized them to interact with microtubule-bound motor proteins. Our first
aim was to examine how motor proteins would affect condensate formation and localization. A
second goal was to build minimal RNP condensates recruiting a unique RNA, making it
possible to explore condensate-mediated RNA delocalization.

Condensates are thought to form through liquid-liquid phase separation (LLPS) induced
by weakly interacting multivalent biomolecules. Based on this observation, our system relies
on a self-interacting multivalent protein driving the formation of the condensates and fused to
microtubule-interacting domains (from either a motor protein or a motor adaptor). We
previously developed the ArtiGranule system, which relies on multivalent cores of ferritin
monomers cross-linked by the self-interacting domain F36M-FKBP (Fm)*6>4. Here, we
replaced the ferritin core by a multimerization domain consisting of five consecutive Fm repeats
(5Fm)*. We investigated two plus-end motors (KIF1A and KIF5B), one minus-end motor
(KIFC1) and one adaptor of the dynein motor protein (BICD2). We first showed that the
resulting scaffold proteins underwent LLPS in cells and that condensates functionalized with
plus-end kinesins (thereafter called plus-end motor-condensates) were robustly positioned at
the edge of cells. In contrast, condensates functionalized with the minus-end kinesin or the
dynein adaptor (thereafter called minus-end motor-condensates) eventually formed a unique
body at the centrosome. Interestingly, the localization of condensates was determined at the
nucleation step. Our observations support a two-step process; first, motors moved quickly either
towards the cell periphery or the centrosome, depending on the motor; then this led to the local
accumulation of the multivalent protein on microtubules, and eventually to the formation of
asymmetrically positioned large condensates through phase separation. In the case of BICD2,
we additionally observed some condensate nucleation throughout the cytosol, followed by their
directed transport to the vicinity of the centrosome and their coalescence.

In addition to our assay based on constitutive interactions between condensates with
microtubules, we also developed a system where condensate interaction with motors or dynein
adaptors could be chemically triggered using a chemically-inducible dimerization strategy°.
Here, we observed that, upon induction of their interaction with the cytoskeleton, preformed



condensates re-localized at the cell periphery or at the centrosomes, depending on the
directionality of the motors.

Finally, we engineered motor condensates programmed to recruit either exogenous or
endogenous mRNAs, using the MS2-MCP (MS2 Coat Protein) system. We found that bi-
functionalized condensates, with both MCP and motor proteins (motor/MCP condensates),
were asymmetrical positioned in cells and recruited heterologous MS2-containing mRNAs. We
then studied the ASPM mRNA, which normally localizes at the centrosome during mitosis>’
and showed that our motor/MCP condensates successfully perturb the spatial distribution of
endogenous MS2-tagged ASPM mRNA.

RESULTS

Plus-end motor condensates localize at the periphery of cells

To build model condensates functionalized with plus-end kinesin motors in living cells,
we generated a chimeric construct composed of two functional parts: a multivalent protein
domain triggering LLPS in cells, fused to a kinesin motor domain to ensure trafficking along
microtubule tracks. As a multivalent protein domain, we designed the SFm module, composed
of five repetitions of the dimerizable mutant F36M of the FKBP protein (Fm) (Fig. 1A)%.
Expression of enGFP-5Fm and mCh-5Fm in HeLa cells for 24h led to the formation of hybrid
micrometric condensates composed of both emGFP and mCherry fusion proteins and randomly
localized throughout the cytosolic space (Fig. 1B, left panel). For the kinesin motor domain, we
first considered a truncation of the human kinesin-3 KIF1A (aa 1-383), which ensures the
processivity of the motor (Fig. 1A)*®>°. KIF1A(1-383) was fused to emGFP-5Fm (giving rise
to the KIF1A-emGFP-5Fm plasmid), and the localization of the fusion protein was compared
to the control LLPS scaffold emGFP-5Fm lacking any motor. Interestingly, when both the
motor-LLPS scaffold (KIF1A-emGFP-5Fm) and the LLPS scaffold (mCh-5Fm) were co-
expressed in HeLa cells during 24h, chimeric condensates were mostly found localized at the
vicinity of the cell periphery, next to the membrane. In these conditions, almost all cells
displayed highly asymmetrical localization patterns, often consisting of 3-5 micrometric
condensates per cell (Fig. 1B, middle panel). To quantify the degree of asymmetry among cells,
we measured the fraction of mCherry fluorescence, i.e. of the non-motor part of the scaffold, in
the 25% peripheral area of the cells (Is) (Methods)®. Using the motor-less scaffold, as expected,
condensates did not display any asymmetrical positioning and gave a I>s value 0f20% +/- 9%
(mean +/- SD, Fig. 1C). In contrast, for the chimeric condensates containing the KIF1A(1-383)
motor, the Is value was higher (34 +/- 9 %), in accordance with the visualization of asymmetric
patterns. Therefore, KIF1A condensates are efficiently localized at the cell periphery.

In order to extend our assay, we next examined cells expressing a second plus-end
directed motor domain fused to LLPS scaffolds, KIF5B(1-555)-emGFP-5Fm (Fig. 1A). The
KIF5B(1-555) truncated proteins contains the motor and neck domains and part of the coiled-
coil domain of mouse KIF5B®. As with KIF1A-LLPS scaffolds, epifluorescence imaging of
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HeLa cells 24 h after co-transfection of KIFSB-LLPS scaffolds (KIF5B-emGFP-5Fm) and
LLPS scaffolds (mCh-5Fm) showed an asymmetrical localization of condensates at the
periphery of cells (Fig. 1B, right panel). In accordance with these observations, the I>s value
was 32% +/- 8% (mean +/- SD, Fig. 1C). Altogether our data showed that plus-end kinesin
condensates are robustly positioned at the edge of cells.

To verify that the motor domain needs to be part of the LLPS scaffold for the condensate
to be relocated, we examined the localization of non-functionalized LLPS scaffold (mCh-5Fm)
in the presence of motor domains lacking the SFm multivalent domain (KIF1A-emGFP or
KIF5B-emGFP). In these conditions, mCherry condensates were randomly dispersed
throughout the cytosol, (Fig. S1A, red), whereas the motor domains accumulated in some
regions of the cell periphery as expected (Fig. S1A, green). As a second control, we assessed
the importance of multivalent LLPS scaffold interactions in the localization of plus-end motor
condensates. By design, condensates should be disrupted by adding a competitive ligand of Fm
dimerization (FK506). HeLa cells were transfected with KIF1A-emGFP-5Fm and mCh-5Fm,
and FK506 was added at micromolar range either directly after transfection (to probe
condensate formation) or 24 hours after transfection (to probe condensate dissociation). In both
situations, after 26 hours of transfection, we found an absence of condensates (Fig. S1B, red)
and a motor domain signal that either formed a gradient of concentration towards some regions
of the cell periphery or was homogeneously diffuse in the cytoplasm (Fig. SIB, green). Time-
lapse microscopy following addition of FK506 24 h after transfection showed a very fast
dissolution of the condensates, with the LLPS scaffold (mCherry signal) diffusing in the whole
cell in a few seconds and the motor-LLPS scaffold (emGFP signal) losing its condensed state
but remaining at the cell periphery. Our method thus allows for the controlled inhibition and
disassembly of plus-end motor condensates upon drug addition.

Dynamics of formation and localization of plus-end motor condensates

While condensate positioning at the cell periphery is consistent with an active transport
mediated by plus-end motors along microtubules, the localization kinetics remained to be
determined. One possible chronology is, first, condensate nucleation throughout the cytosol,
followed by condensate transport along microtubules. Alternatively, transport of LLPS
scaffolds powered by motors could first induce their accumulation at peripherical sites, which
would then trigger local condensate nucleation. To distinguish between the two scenarios, we
monitored the early times of condensate formation using time-lapse microscopy
(Supplementary movie 1). 4 h after co-transfection of KIF1A-LLPS and LLPS scaffolds
(KIF1A-emGFP-5Fm and mCh-5Fm), we firstly noticed the strong accumulation of the motor
scaffolds at the tips of the cells, illustrating the capacity of kinesins to localize within short time
scales (Fig. 1D). Very often, the fast peripheral nucleation of KIF1A condensates occurred as
soon as fluorescent KIF1A-LLPS scaffolds became detectable in the cytosol (Fig. 1E). These
condensates tended to grow to eventually form large spherical bodies that could reach few
micrometers. In addition, nearby condensates tended to coalesce (Fig. 1F).

Interestingly, we found that KIF1A-LLPS scaffolds condensed systematically ahead of
LLPS scaffolds, with LLPS scaffolds then accumulating in preformed KIF1A condensates (Fig.
1D). This contrasts with the intrinsic ability of LLPS scaffolds to form randomly localized
condensates, as seen in cells expressing KIF1A-emGFP lacking the LLPS domain (Fig. S1A).
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Altogether, these observations indicate that KIF1A condensates recruit the non-functionalized
LLPS scaffolds, thus preventing their independent phase separation. In addition to peripheral
condensate nucleation, we also observed rare events of long-ranged (2 to 5 pm/min) condensate
transports towards the periphery (Fig. S1C).

The same dynamic characteristics were found when observing the formation of KIF5B
condensates (KIF5B-emGFP-5Fm and mCherry-5Fm) (Supplementary movie 2). Early
observations of KIF5B-LLPS scaffolds showed an immediate asymmetrical pattern, with a
sharp gradient of fluorescence forming at the membrane and shortly preceding nucleation
events (Fig. 1G). The condensation of KIFSB-LLPS scaffolds at the cell periphery also occurred
ahead, followed by the recruitment of LLPS scaffolds (Fig. IH). Condensates in close proximity
tended to coalesce (Fig. 11). As for KIF1A condensates, rare directed transport events were
observed (Fig. S1D).

Taken together, our observations showed that condensate positioning at the cell
periphery occurred predominantly by nucleating phase separation directly at the final sites
rather than by transporting already formed condensates to their destination.

Minus-end motor condensates localize at the centrosomes

We next examined the positioning of condensates using minus-end motors conjugated
to LLPS scaffolds. We first used the human KIFC1(125-673) truncation that includes the coiled
coil and motor domains required for motor processing®. KIFC1(125-673) was fused to emGFP-
5Fm, and the resulting emGFP-5Fm-KIFC1 scaffold was co-transfected along with the LLPS
scaffold (mCh-5Fm) in HeLa cells (Fig. 2A). Strikingly, after 24 h of expression, most cells
displayed a single condensate in the cytosol near the nucleus (mean number of condensates per
cell = 1.4 +/- 0.9, Fig. 2B, middle panel, and Fig. 2C). This contrasted with control cells
transfected only with LLPS scaffolds (emGFP-5Fm and mCh-5Fm), which displayed in
average 4 condensates per cell (mean +/- SD = 4.0 +/- 3.0, Fig. 2B, left panel, and Fig. 2C). As
an alternative to minus-end kinesin motor, we also assessed the mouse dynein adaptor BICD2
(aa 15-595)%. We co-transfected BICD2-emGFP-5Fm along with the LLPS scaffold (mCh-
5Fm) in HeLa cells (Fig. 2A). As observed with KIFC1, most cells displayed after 24 h a single
condensate localized near the nucleus (mean number per cell = 1.2 +/- 0.6, Fig. 2B, right panel,
and Fig. 2C). Interestingly, for both KIFCI and BICD2, the single condensates docked at the
centrosomes, as demonstrated by immunostaining of pericentrin (Fig. 2D). Altogether, minus-
end motor functionalization of LLPS scaffold robustly led to the formation of a single
condensate at the centrosome.

As expected, the control co-expression of motor constructs lacking the LLPS
multivalent domain (emGFP-KIFC1 or BICD2-emGFP) and non-functionalized LLPS scaffold
(mCh-5Fm) led to cells displaying mCherry condensates randomly distributed though the
cytosol (Fig. S2A). Of note, unlike the efficient peripheric localization of KIF1A-emGFP and
KIF5B-emGFP, we observed little centrosomal accumulation of emGFP-KIFC1 or BICD2-
emGFP. As for the plus-end kinesin scaffolds, adding the Fm competitor ligand FK506,
immediately or 24h after transfection, suppressed condensates (Fig. S2B). These controls
demonstrated the requirement of motor-LLPS scaffolds to localize condensates, as well as the
need of a multivalent scaffold to trigger LLPS.



Dynamics of formation and localization of minus-end motor condensates

To examine the pathway leading to the emergence of single condensates at the
centrosomes, we monitored the early steps of their formation, starting 4 hours after transfection
of emGFP-5Fm-KIFC1 or BICD2-emGFP-5Fm along with mCh-5Fm (Supplementary movies
3 and 4). In both cases, we found that condensates primarily nucleated at the vicinity of the
nucleus (Fig. 2E-F). This led to the emergence of a single condensate that kept on growing,
including by coalescence of smaller condensates appearing nearby. As observed with the plus-
end motors, the non-functionalized scaffold accumulated exclusively at the site of motor
condensates (Fig. 2E-F). In the case of BICD2 condensates, we also observed long-range
transport of condensates nucleated far from the nucleus, coalescing into one large condensate
during transport (Fig. 2F and S2C).

Taken together, our observations showed that minus-end motor condensates mainly
nucleate at the vicinity of the nucleus, and then recruit non-functionalized scaffolds.

The timing of non-functionalized scaffold enrichment into motor condensates depends on
their localization in cells

One interesting feature shared by the four motor condensates is their ability to capture
the non-functionalized LLPS scaffolds. Yet, the intracellular space being very heterogenous in
term of physical properties, such as crowding and geometry, condensates' subcellular location
may impact some of their characteristics. To examine further this aspect, we studied more
closely the enrichment of non-functionalized scaffolds into condensates depending on their
localization in cells. We quantified the delay between the initial nucleation of motor
condensates and the first discernible enrichment of the non-functionalized LLPS scaffold. We
found that co-localization occurred after 1 to 2 hours using the plus-end motors (mean 83 min
with a coefficient of variation CV 0of 40% and 74 min with a CV of 39% for KIF1A and KIF5B,
respectively, Fig. 3A and 3B), contrasting with less than 20 min using the minus-end motors
(mean 8 min with CV of 163% and 18 min with CV of 89% for KIFC1 and BICD?2, respectively,
Fig. 3A and 3C). Therefore, the delay of LLPS scaffold enrichment into preformed motor
condensates was much longer for plus-end than minus-end motors. This difference in
temporality may result from two non-exclusives factors: first, plus-end and minus-end motor
condensates localized in two different areas of the cell where the pool of available LLPS
scaffold may strongly differ because of the cell geometry, narrower at the periphery than close
to the nucleus (Fig. 3D). Additionally, molecular crowding may strongly vary between the
centrosome and the cell membrane area. Secondly, the processivity of our plus-end and minus-
end motor differ, with only the plus-end motor scaffolds leading a rapid leap in concentration
and condensate nucleation (Fig. 1E and 1G). Nucleation could thus occur before the non-
functionalized LLPS scaffold reaches a sufficient concentration for enrichment. Altogether our
data show that the timing of the enrichment of non-functionalized scaffolds into motor
condensates depends on their localization in cells.

Chemical induction of condensate transport and localization

Several endogenous condensates were found to interact and undergo transport along the
cytoskeleton tracks®!. Our motor-LLPS scaffolds could, by design, constitutively interact with
microtubule fibers as soon as they are translated. We thus sought to examine the consequence
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of a sudden induction of the interaction between condensates randomly distributed through the
cytosol and molecular motors. To this end, we devised an assay based on the rapamycin-
dependent heterodimerization of FRB and FKBP (Fig. 4A). On one side we fused plus-end and
minus-end motors to mCh-FRB (giving rise to KIF1IA-mCh-FRB and BICD2-mCh-FRB,
respectively) (Fig. 4A). On the other side, we fused our LLPS scaffold emGFP-5Fm to FKBP
(FKBP-emGFP-5Fm) (Fig. 4A). We first analyzed the behavior of these proteins in the absence
of rapamycin. After 24 h co-expression of FKBP-emGFP-5Fm and either KIF1A-mCh-FRB or
BICD2-mCh-FRB, cells displayed several FKBP condensates, randomly dispersed in the
cytosol and coexisting without interactions with FRB-fused motors (Fig. 4B). In some cells
KIF1A-mCh-FRB accumulated at the cell periphery, while no particular enrichment of BICD2-
mCh-FRB could be observed close to the nucleus (Fig. 4B).

We then added rapamycin (24 h after transfection) to induce interaction between the
FKBP-condensates and KIF1A-mCh-FRB, and monitored the consequences using time-lapse
microscopy. Within a couple of minutes, we could observe some events of long-range
condensate transport toward the cell periphery. On Fig. 4C, we report an example of converging
motions of condensates, which coalesced together at the cell extremity within a few minutes
(Fig. 4D). The other cells, however, did not display obvious transport of condensates, which
may be explained if initially the distribution of KIF1A motors was highly polarized towards the
plasma membrane, making them unavailable for interaction with disperse condensates.

With BICD2-mCh-FRB, upon addition of rapamycin, we first observed the recruitment
of the FRB-fused motor on the surface of the FKBP-emGFP-5Fm condensates, with a distinct
mCherry corona forming in less than 1 min (Fig. 4E). Then, BICD2-mCh-FRB diffused towards
the inner part of the FKBP condensates, driven by an internal mixing of the components, which
occurred within 10 to 30 minutes (depending on the condensate size) (Fig. 4E and 4F).
Subsequently, two types of directed motions towards the cell center were observed: some
condensates were transported in a few minutes with no morphological change (Fig. 4G), while
others underwent a striking deformation consistent with the rheological properties of a
cytoplasm acting as a stiff and porous meshwork (Fig. 4H)%2.

In conclusion, this assay allowed to chemically induce the rapid transport of condensates
to either the cell periphery or the cell center.

Localizing exogenous RNAs through the spatial positioning of condensates

The co-assembly of RNAs and RBPs into membrane-less organelles could potentially
play a role in RNA trafficking to specific subcompartments or distal positions. Using a
biomimetic approach, we thus sought to localize mRNAs by engineering motor condensates
programmed to recruit a specific mRNA. Our strategy consisted of fusing MCP to our LLPS
scaffold to enable the recruitment of RNAs with MS2 stem loops (Fig. 5A) *°. MCP scaffolds
(MCP-5Fm) were then co-transfected with motor-LLPS scaffolds (KIF1A-emGFP-5Fm or
BICD2-emGFP-5Fm), and with a plasmid expressing an RNA containing four MS2 repeats
(RNA-MS2) (Fig. 5A).

We found that after 24 h of expression, bi-functionalized motor/MCP condensates were
efficiently positioned at the cell periphery or at the centrosome depending on the motor's
directionality. Using single molecule FISH (smFISH), we demonstrated the recruitment of
RNA-MS2 molecules in the motor condensates (each Cy3 dot corresponds to individual RNA
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molecule) (Fig. 5B). As specificity controls, the endogenous B-actin mRNA lacking MS2 stem
loops was not recruited to MCP condensates (Fig. 5C), and the RNA-MS2 was not recruited on
condensates lacking MCP (Fig. 5D). Therefore, condensates formed using a combination of
motor- and MCP-LLPS scaffolds efficiently and specifically recruit MS2-containing RNAs.

Overall, these results demonstrate the specific localization of RNA via artificial
condensates.

Delocalizing endogenously tagged ASPM mRNA using motor condensates

To highlight a second application of our condensates, we aimed to use them as a tool to
alter the subcellular localization of an endogenous RNA. To this end, we used a HeLa cell line
in which 24 MS2 repeats were inserted in the 3’UTR of the Abnormal Spindle-like
Microcephaly-associated (4SPM) gene using CRISPR-Cas9 (HeLa/ASPM-MS2). The
resulting clone thus expresses the ASPM-MS2 mRNA in a stable manner, under the control of
its endogenous promoter, which can be visualized by smFISH using a probe directed against
the MS2 sequence’’. Like untagged ASPM mRNA, ASPM-MS2 mRNA was weakly expressed
during interphase and its expression increased during mitosis, with the mRNA localizing to
centrosomes, particularly from early mitotic stages till metaphase (Fig. 6A)°"%. This created a
striking local concentration of ASPM-MS2 mRNA on centrosomes making it an ideal candidate
for delocalization attempts.

To test this delocalization, we transiently transfected HeLa/ASPM-MS?2 cells with our
MCP and KIF1A scaffolds (MCP-5Fm with KIF1A-emGFP-5Fm). Remarkably, the
KIFIA/MCP condensates successfully delocalized ASPM-MS2 mRNAs away from
centrosomes towards the cell membrane across mitosis (Fig. 6B). As a negative control, we
expressed condensates without MCP (5Fm only) functionalized with the KIF1A motor (KIF1A-
emGFP-5Fm). In this condition, condensates localized at the cell periphery without recruiting
ASPM-MS2 mRNA (Fig. 6C, D), thus confirming the specificity of the system. Moreover, we
observed three patterns of KIF1A condensates in mitotic cells: local clustering of condensates
at the membrane (i); or condensates distributed under the cell membrane producing either a half
(i1) or a full (iii) crown pattern (Fig. S3). Interestingly, the ASPM-MS2 mRNA tended to
distribute like the condensates, demonstrating the robustness of this tool (Fig. S3).

Conversely, we tested the possibility of forcing centrosomal localization of ASPM-MS2
mRNA in interphasic cells. First, as expected, condensates without motor (formed using
emGFP-5Fm) were randomly localized in the cytoplasm and were able to recruit ASPM-MS2
mRNAs only in the presence of MCP-5Fm (Fig. S4A, B). In contrast, the BICD2 scaffold
(BICD2-emGFP-5Fm) led to a single condensate at the centrosome, which was able to
artificially localize some ASPM-MS2 mRNAs at the vicinity of centrosomes during interphase
(Fig. S4C, D), at a time where the mRNA should not localize there.

Taken together, motor condensates are a versatile tool for altering the subcellular
localization of RNA in living cells.
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DISCUSSION

How is the spatial positioning of biomolecular condensates orchestrated in cells?
Whereas many mechanisms of spatial regulation have been described for membrane-bound
organelles and other cargos, much less is known for condensates. Yet, despite the diversity of
cytoplasmic RNP condensates, including RNA transport granules, stress granules, and P-bodies,
one common feature relies on their interactions with microtubule-based cytoskeleton. In this
study, we engineered artificial condensates functionalized with kinesin motor and dynein
adaptor domains in order to examine their interplay with microtubules and its consequences on
condensate formation and localization. We found that motor condensates were robustly
positioned at the periphery of cells or at the vicinity of the centrosomes, as predicted from the
direction of processivity of the motors. Next, we asked whether one could reconstitute a
minimal RNP transport system to localize RNAs in cells. By incorporating MCP proteins into
our motor condensates, we succeeded in recruiting MS2-tagged RNAs in asymmetrically
positioned condensates.

In a first setting, LLPS scaffolds were directly fused to plus-end motors (KIFI1A or
KIF5B), or to minus-end motor / motor adaptor (KIFC1 or BICD2) and constitutively expressed
in cells. Using this approach, we could investigate the formation of condensates made of
proteins prone to phase-separate while interacting with microtubule fibers.
Indeed, at early stage, motor-LLPS scaffolds underwent phase separation on microtubule fibers
due to motor accumulation at the cell periphery or near the centrosome. One hypothesis is that
the accumulation of motor-LLPS scaffolds on microtubule increases their local concentration
which may account for their local condensation on microtubule surface lattice. The cooperative
binding of the motor-LLPS scaffold on fibers, mediated by the repetitive nature of the LLPS
scaffolds, could therefore favor prewetting on microtubules and phase separation below the
expected saturation concentration . This process has recently been proposed for Tau and TPX2,
two microtubule-associated proteins involved in the stabilization/nucleation of microtubule
fibers®, or in a different context for the condensation of the transcription factor K1f4 on DNA
molecules®.

To infer how nucleation of condensates was dependent on the capacity of the scaffolds
to interact with microtubules, we monitored both motor-functionalized and non-functionalized
LLPS scaffolds. Interestingly, we found that the condensation of the two LLPS scaffolds was
sequential, with motor-LLPS scaffolds condensing systematically ahead of non-functionalized
LLPS scaffolds. Non-functionalized scaffolds predominately accumulated at the sites of
preformed motor condensates (Fig. 1D, 1F, 2E, 2F).

Classical nucleation theory predicts that phase-separated condensates can either form
with no specific localization or, in contrast, at specific sites acting as seeds overcoming the
kinetic barrier of nucleation. Recent studies showed how specific biomolecules can act as seeds
and govern condensate nucleation at specific sites, such as DNA break sites®, the membrane®’-
9 or the apical side of the nucleus for nucleolus’. Our study provides an alternative scheme
for the spatial positioning of nucleation. Here, we highlighted the positioning of condensates at
polarity sites powered by microtubule-based motor proteins. In our system, condensate
positioning occurred predominantly by nucleating phase separation at the destination sites of
transported molecules rather than by transporting already formed condensates to their
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destination. This suggests a two-step mechanism (Fig. 7A): (i) active transport of the
condensate scaffolds leading to their localization at polarity sites (microtubules extremities),
(i1) nucleation of motor condensates through a mechanism possibly mediated by prewetting or
cooperative binding. The pathway to such condensate localization is similar for the four motor
domains studied. However, and in contrast to kinesin condensates, we also observed some
events of nucleation of BICD2 condensates dispersed throughout the cytosol, which then were
transported to the cell centrosome to eventually coalesce into a large condensate (Fig. 2F and
S2C). This formation of BICD2 condensates in the cytosol prior to their transportation may be
due to the requirement to assemble a high number of dyneins on the condensate surface to
generate large collective forces and efficient transport’!. Subsequently, recruitment of non-
functionalized scaffolds in the preformed condensates could be observed.

Coalescence of smaller BICD2 condensates into one larger condensate is reminiscent of
the coalescence of stress granules upon transport along microtubules mediated by the dynein
adaptor BICD 16319, Previous studies on stress granules emphasized that their assembly follows
distinct temporal steps, with first the formation of stable cores through multiple stable
interactions, and secondly evolution into larger assemblies by recruiting a less dense shell’.
Here, our studies highlight a simple mechanism based on LLPS where compositional
complexity of granules builds during assembly processes in a sequential fashion. In our system,
the localized nucleation of motor condensates provides a platform for the subsequent
enrichment of non-functionalized LLPS scaffolds. This is reminiscent of the sequential
localization of mRNAs observed during P-body formation in yeast’. Interestingly, in our
system, the timing of enrichment of non-functionalized scaffolds into motor condensates
depends on their localization in cells (Fig. 3). Therefore, site-specific nucleation combined with
sequential enrichment provides a simple mechanism to build, in an ordered fashion,
multicomponent condensates.

Other the last years, several chemical and optogenetic tools have been developed to
perturb and control organelles positioning, interactions, and trafficking. Here, inspired by
repositioning assays of membrane-bound organelles using chemically-induced dimerization
strategy’®, we extended our system to chemically trigger the interactions between dispersed
condensates and microtubule motor proteins. With this approach, we obtained a temporal
control of induction of condensate transport and localization at the cell periphery or at the
vicinity of the centrosome (Fig. 4). Harnessing the trafficking of artificial condensates is a first
step towards the assembly of biomimetic RNP transport system in cells.

Many RNAs are found localized in specific area of cells, and local translation is thought
to participate to many functions dictating cell fate!’. Complementary, mislocalization of RNA
is reported to be associated with disease development?*. There is consequently a strong
emphasis to enlarge the current toolbox to analyze and study RNA localization and translation.
The methodologies developed so far range from the visualization of RNP transport and
translation with single molecule resolution, to spatial transcriptomics to map RNP
interactomes?!-2728:30.75.76 " In this context, we extended our assay to use it for the spatial
manipulation of RNAs in cells. We showed that artificial condensates, functionalized with both
motor domains and MCP proteins could be used as minimal RNP condensates recruiting a
unique RNA, making it possible to explore condensate-mediated RNA delocalization. As a first
proof-of-concept, we demonstrated the efficient recruitment of exogenous RNAs on motor
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condensates that were positioned at the cell periphery or at the centrosome depending on the
motor directionality (Fig. 5). Combined with a temporal control of assembly/disassembly, one
could anticipate future developments, where these artificial structures could act as platform
organizing biochemistry in space and time.

Then, we demonstrated the ability of our system to strongly perturb the spatial
distribution of endogenously tagged mRNAs. Artificial condensates drove the delocalization of
individual ASPM-MS2 mRNAs at the cell periphery (Fig. 6,7B). This demonstrates how our
system could outperform endogenous mRNA localization mechanisms by rewiring the
transport machinery between the cytoplasm, the centrosome and the cell periphery. Competing
with endogenous ASPM mRNA localization using artificial condensates provides interesting
insights. On one hand, it has been shown that the ASPM RNA (as well as other centrosomal
transcripts) naturally localizes to centrosomes through an active transport mechanism involving
the microtubules and molecular motors®’. This trafficking is dependent on the encoded nascent
peptide and occurs rapidly at the onset of mitosis: within a couple of minutes, scattered RNA
readily concentrates on centrosomes, as revealed by live imaging®’. On the other hand, KIF1A
condensates traffic away from the centrosomes and thus drag ASPM-MS2 mRNA. Since both
the natural and artificial transport systems share microtubules for transit, the location where the
RNA ends up provides an estimation of which localization process is more efficient. In most
cells, the artificial condensates won the contest.

Several non-exclusive processes, that all rely on the capacity of KIF1A condensates to
generate mechanical forces, could account for ASPM mRNA delocalization at the cell
periphery: (i) Pulling forces applied by the condensates on individual ASPM mRNAs
accumulated at the centrosome, allowing to convey RNAs along microtubule tracks. This
suggests KIFIA forces are stronger than the cohesive forces bridging ASPM mRNA to
centrosomal material. (ii) A tug-of-war between the KIF1A condensates and the endogenous
transport machinery of ASPM mRNA to the centrosomes. For instance, KIF1A condensates
can link individual RNAs to many more motors than a single nascent peptide or an endogenous
adapter canonically would. They can be seen as a transport particle pulled by several molecular
motors in a cooperative manner, allowing them to surpass the natural mechanism of ASPM
mRNA transport. (iii) The direct capture and transportation of freely-diffusing ASMP RNAs
by KIF1A condensates, upstream of their transport to the centrosome.

Interestingly, ASMP mRNA delocalization experiments provide a first benchmarking
of the performance of our artificial condensates. This approach could open novel perspectives
to examine the importance of RNA localization for cellular functions and may be extended to
rewire the trafficking of other biomolecules of interest.
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MATERIAL AND METHODS

Experimental model

Human epithelioid carcinoma HeLa cells (ATCC, ccl-2) were kept in Dulbecco’s modified
Eagle’s medium (with 4.5 g/L D-glucose, HyClone) with 10% fetal bovine serum (Gibco,
10,270,106) and 1% Penicillin-Streptomycin (Sigma, P4333), at 37°C in a 5% CO; humidified
atmosphere. Tests for mycoplasma contamination were routinely carried out.

Plasmids

To generate the constructs containing 5 repeats of FKPB-F36M, a first plasmid puCIDT-Amp-
S5Fm was designed containing five repeats of FKBP-F36M separated by sequences coding for
linkers of four GGS repeats (12 amino acids total). To avoid recombination, degenerate repeats
were used. The first repeat was preceded by a Nhe and an Afel restriction sites and the last one
was followed by a Xbal restriction site. This plasmid was purchased from IDT. To obtain the
pcDNA3.1-5Fm plasmid (called hereafter SFm), puCIDT-Amp-5Fm was digested with Nhel
and Xbal, and the SFm containing fragment was subcloned between Nhel and Xbal sites in the
pcDNA3.1 (+) vector (Invitrogen). pcDNA3.1-emGFP-5Fm, pcDNA3.1-mCh-5Fm (called
hereafter mCh-5Fm) and pcDNA3.1-MCP-5Fm (called hereafter MCP-5Fm) were then
obtained by inserting emGFP, mCherry or a tandem MCP coding sequence, respectively,
between HindIII and Afel restriction sites.

Coding sequences for human KIF1A(1-383), mouse KIF5B(1-555), human KIFC1(125-673)
and mouse BICD2(15-595) were obtained from Addgene (plasmids #133242, #120170
#120169, and #120168 respectively)®®’”. KIF1A and KIF5B coding sequences were inserted in
pcDNA3.1-5Fm between Nhel and Afel restriction sites, with respectively EcoR1 and Notl
restriction sites ahead of Afel for subsequent sub-cloning. Then emGFP was inserted in
pcDNA3.1-KIF1A-5Fm between EcoRI and Afel, and in pcDNA3.1-KIF5B-5Fm between
Notl and Afel restriction sites. KIFC1 coding sequence was inserted in pcDNA3.1-emGFP-
SFm between Xbal and Agel restriction sites. pcDNA3.1-BICD2-emGFP-5Fm plasmid was
obtained by adding a Nhel restriction site ahead of emGFP in pcDNA3.1-emGFP-5Fm, and
inserting the BICD2 coding sequence between HindIIl and Nhel restriction sites. The four
pcDNA3.1 constructs KIF1A-emGFP-5Fm, KIF5B-emGFP-5Fm, emGFP-KIFC1-5Fm and
BICD2-emGFP-5Fm, are hereafter called the motor-LLPS scaffolds.

Transfection

For imaging after cell fixation, HeLa cells were cultured on 22x22 mm glass coverslips (VWR)
in 6-well plates (Falcon, 3.5x10° cells per well). For live imaging, HeLa cells were seeded on
35-mm-dishes with polymer coverslip bottom (Ibidi, 1.5x10° cells per dish). For both, cells
were transfected 24 hours later using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. For fixed cell imaging, cells were transfected with a 2:1:1 ratio of 5Fm,
mCh-5Fm and motor-LLPS scaffold (2 pg total per well). The same conditions were followed
for control experiments with motors lacking the LLPS 5Fm domain. In the case of KIFC1, cells
were transfected with a modified ratio of 2.5:1:0.5. For live imaging (formation, dissolution
and induction acquisitions), cells were transfected with a 1:1 ratio of motor-LLPS and 5Fm
scaffolds (800 ng total per pu-dish). For smFISH experiments, cells were transfected with a 1:1:2
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ratio of motor-5Fm scaffold, 5SFm, and MCP-5Fm (2 pg total per well) and 50 ng of RNA-MS2
plasmid. The ratio was modified to 0.5:1.5:2 in the case of KIFCI.

To probe condensate inhibition and dissolution (Fig. S1 and S2), FK506 (Sigma, F4679) was
used at 2.5 pM. For chemical induction experiments of condensate transport (Fig. 3), rapamycin
was used at 0.4 M.

ASPM-MS?2 cell line generation

HeLa Kyoto cells were transfected with a combination of plasmids expressing the Cas9-nickase
protein, two guide RNAs targeting the end of the ASPM gene, and a repair template harbouring
500 nucleotide homology arms. Homology arms flanked 3 HA tags, a stop codon, 24 MS2
repeats and an IRES-NeoR-stop codon sequence. This repair template was designed to allow
insertion at the endogenous ASPM stop codon. Following neomycin selection at 400 pg/ml for
7-10 days, clones were isolated and characterized by PCR genotyping and smFISH to ensure
proper cassette insertion and edited RNA localization. The clone used in this study is
heterozygous as described in detail in Safieddine et al®’. The sequences targeted by the guide
RNAs are: TCTCTTCTCAAAACCCAATCtgg for guide 1, and
GCAAGCTATTCAAATGGTGAtgg for guide 2, where lowercase corresponds to PAM
sequences.

Single-molecule fluorescence in situ hybridization

Single RNA molecule detection of the heterelogously expressed RNA-MS2 was performed
according to the previously described smiFISH (single-molecule inexpensive FISH) method’®.
Briefly, cells were fixed in 4% paraformaldehyde (PFA) for 20 min at RT, and permeabilized
with 70% ethanol in phosphate buffer saline (PBS) at 4°C overnight. A mix of gene specific
(described previously®*) and Cy3 FLAP probes in hybridization buffer (50 pl/coverslip) was
used for overnight hybridization at 37°C in a humidity chamber. After washing twice for 30
min at 37°C in 15% formamide in SSC buffer and rinsing twice in PBS, cells were either
mounted with VECTASHIELD mounting medium containing DAPI (Vector Laboratories, H-
1200) or processed through immunofluorescence steps.

smFISH against the MS2 sequence in HeLa/ASPM-MS?2 cells was done using a single probe
(25 ng of probe per 100 pl of hybridization mixture) that had the following sequence:
5’AT*GTCGACCTGCAGACAT*GGGTGATCCTCAT*GTTTTCTAGGCAATT*A where
* denotes a thymidine conjugated with a Cy3 molecule. Hybridization was done on cells grown
on a glass coverslip in a buffer containing 20% formamide (Sigma-Aldrich), 1x SSC, 0.34
mg/ml tRNA (Sigma-Aldrich), 2 mM VRC (Sigma-Aldrich), 0.2 mg/ml RNAse-free bovine
serum albumin (BSA, Roche Diagnostics) and 10% dextran sulfate (MP Biomedicals).
Hybridization was done overnight at 37°C and coverslips were washed the next day in a 20%
formamide 1x SSC solution twice, each at least for 40 mins at 37°C. Coverslips were then
mounted using VECTASHIELD containing DAPI (Vector Laboratories, H-1200).

Immunofluorescence

For centrosome imaging in Figure 2, cells were fixed 24 h after transfection in methanol at -
20°C for 10 minutes. They were then permeabilized with a solution of 0.2% Triton X-100 and
0.1% BSA in PBS for 30 min, incubated for 1 h with the primary antibody (rabbit anti-
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pericentrin, Covance PRB-432C, 1:500 dilution), washed three times with PBS at RT for 5 min,
incubated for 1 h with the secondary antibody (AffiniPure Goat Anti-Rabbit conjugated with
Alexa Fluor 488 dye), washed three times with PBS at RT for 5 min, and finally mounted with
VECTASHIELD containing DAPI (Vector Laboratories, H-1200).

Imaging

For live imaging, cells were imaged on a Zeiss LSM 710 META laser scanning confocal
microscope using an x63 oil-immersion objective (PlanApochromatic, numerical aperture (NA)
1.4), at 37°C in a 5% CO2 humidified atmosphere, starting 4 h after transfection (formation).
Microscope hardware and image acquisition were controlled with LSM Software Zen 2012. For
fixed experiments, cells were imaged using an IX81 microscope (Olympus) and 60x oil
immersion objective (PlanApo, NA 1.42), equipped with a CMOS camera, Orca-Fusion
(Hamamatsu, Corporation), and a LED system of illumination (Spectra X, Lumencor).
Microscope settings were controlled using Micro-manager on ImageJ. Images were analyzed
using Fiji.

Data analysis

To quantify the degree of asymmetry of the condensate distribution, the fraction of mCh-5Fm
fluorescence in the peripheral 25% of the cells (I>s) was measured by adapting a previously
published method*®. For each cell, a first circle encompassing the entire cell and having for
center a point in the nucleus was drawn. A concentric circle with a 10-pixel diameter was then
drawn, from which a series of concentric circles were derived by iteratively enlarging the
diameter by 10 pixels until reaching the first circle size. 5-pixel rings were then built by
subtracting each circle to the next one in the series. Final regions of interest (ROI) were defined
as the overlap between each ring and the cytoplasm. The images were subsequently processed
by applying Gaussian blur (5-pixel radius) to eliminate strong local variations in intensity. For
each ROI, the area and the mean and minimal intensities were measured. Minimal intensities
were subtracted to mean values to remove background, and integrated intensity were calculated
for each ROI. The peripheral 25% of a cell was defined as the sum of consecutive ROI, starting
from the most peripheral one, reaching 25% of the total cell area. For each cell, I.s was obtained
by calculating the ratio between the integrated fluorescence of the mCherry signal in the
peripheral 25% over the integrated fluorescence of the entire cell.

Statistical analysis

For Fig. 1C and 3A, Wilcoxon rank-sum tests (nonparametric test to compare two distributions)
were performed using the ranksum MATLAB function (MathWorks). For Fig. 2C, Pearson's
chi-squared tests (nonparametric test for nominal variables) were performed using the Python’s
chi2_contingency function.
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Legends of supplementary movies

Movie S1: Time-lapse confocal microscopy of the formation of KIF1A condensates in a Hela
cell after transfection of KIF1A-emGFP-5Fm (green) and mCh-5Fm (red). Acquisitions were
taken every 4 minutes.

Movie S2: Time-lapse confocal microscopy of the formation of KIF1A condensates in two
Hela cells after transfection of KIF5B-emGFP-5Fm (green) and mCh-5Fm (red). Acquisitions
were taken every 4 minutes.

Movie S3: Time-lapse confocal microscopy of the formation of a KIFC1 condensate in a Hela
cell after transfection of emGFP-5Fm-KIFC1 (green) and mCh-5Fm (red). Acquisitions were
taken every 4 minutes.

Movie S4: Time-lapse confocal microscopy of the formation of a BICD2 condensate in a Hela
cell after transfection of BICD2-emGFP-5Fm (green) and mCh-5Fm (red). Acquisitions were
taken every 4 minutes.
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Figure 1: Functionalization of artificial condensates with plus-end motors drives their localization at the cell
periphery. A. Schematic of the expected peripheral localization of condensates following transfection of mCh-5Fm and
KIF1A-emGFP-5Fm or KIF5B-emGFP-5Fm (Fm = F36M-FKBP) in HeLa cells. B. Representative epifluorescence
imaging of three cells expressing non-functionalized condensates (left panel), and KIF1A of KIF5B condensates (middle
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and right panel, respectively). Nuclei were stained with DAPI (blue). Grayscales inserts correspond to the red (mCh) and
green (emGFP) channels of the regions delineated by dashed squares. Scale bar, 10 um. C. Distribution of the fraction of
mCherry fluorescence in the peripheral 25% of the cell (I»s) for cells displaying non-functionalized condensates (left), and
KIF1A or KIF5B condensates (middle and right, respectively), with each dot representing one cell (N = 87, 67 and 53,
respectively, each from three independent experiments). Differences between no motor and KIF1A or KIF5B were
statistically significant using a Wilcoxon rank-sum test (****: p-values < 10'"). D. Time-lapse confocal imaging of the
formation of KIF1A condensates in a cell (delineated by a dashed line), starting 4 h after transfection. The dashed squares
indicate the region enlarged in the time-lapse images below (separate red and green channels). Scale bar, 20 um. E.
Epifluorescence imaging of the early time points of KIF1A-LLPS scaffold expression. Scale bar, 10 pum. F. Confocal
imaging of coalescence events of KIF1A condensates. Scale bar, 2 um. G. Epifluorescence imaging of the early time points
of KIF5B-LLPS scaffold expression. Scale bar, 10 pum. H. Same as (D) for KIF5B condensates. I. Confocal imaging of
coalescence events of KIF5B condensates. Scale bar, 2 um.
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Figure S1: Cells expressing plus-end motors lacking the LLPS domain; chemical inhibition of condensates; and
directed transport of condensates. A. Representative epifluorescence imaging of HeLa cells transfected with KIF1A-
emGFP or KIF5B-emGFP (without LLPS domain) and mCh-5Fm. Nuclei were stained with DAPI (blue in merge). Scale
bar, 20 pm. B. Epifluorescence imaging of HelLa cells expressing KIF1A- or KIF5B-emGFP-5Fm and mCh-5Fm after
FK506 addition either right after transfection to forestall the formation of condensates (left) or 24 h after transfection to
dissolve the condensates (right) (two examples for each condition). Nuclei were stained with DAPI (blue in merge). Scale
bar, 20 pum. C. Directed transport of a KIF1A condensate. Scale bar, 10 um. D. Directed transport of a KIF5B condensate
(white arrows). The dashed yellow line represents the condensate trajectory. Scale bar, 10 pm. E. Kymograph analysis along
the condensate trajectory shown in (C). Scale bar, 10 um.
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Figure 2: Functionalization of artificial condensates with a minus-end motor or a dynein adaptor drives their
localization at the centrosome. A. Schematic of the expected centrosomal localization of condensates following
transfection of mCh-5Fm and emGFP-5Fm-KIFC1 or BICD2-emGFP-5Fm (Fm = F36M-FKBP) in HeLa cells. B.
Representative epifluorescence imaging of three cells expressing non-functionalized condensates (left panel), and KIFC1
or BICD2 condensates (middle and right panel, respectively). Nuclei were stained with DAPI (blue). Grayscale inserts
correspond to the red (mCh) and green (emGFP) channels of the region delineated by dashed squares. Scale bar, 10 pm. C.
Percentage of cells displaying 1, 2, 3, 4 or more than 5 condensates, for cells expressing non-functionalized condensates
(left, N = 89 cells from three independent experiments), and KIFC1 or BICD2 condensates (middle, N = 85, and right, N =
73, respectively, each from three independent experiments). Differences between no motor and KIFC1 or BICD2 were
statistically significant using a Pearson's chi-squared test (****: p-values < 10%°). D. Epifluorescence imaging of cells
displaying a KIFC1 or BiCD2 functionalized condensate (red, left and right, respectively) after immunostaining of
pericentrin (green) as a centrosome marker. Nuclei were stained with DAPI (blue). Scale bar, 10 um. E. Time-lapse confocal
imaging of the formation of a KIFC1 condensate in a cell, starting 4 h after transfection. The dashed squares indicate the
region enlarged on the right. Scale bar, 10 um. F. Same as (E) for a BICD2 condensate. Scale bar, 10 pm.
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Figure S2: Cells expressing minus-end motors lacking the LLPS domain; chemical inhibition of condensates; and
coalescence of BICD2 condensates. A. Representative epifluorescence imaging of HeLa cells transfected with emGFP-
KIFC1 (upper panel) or BICD2-emGFP (lower panel) and mCh-5Fm. Nuclei were stained with DAPI (blue in merge). Scale
bar, 10 pm. B. Epifluorescence imaging of HeLa cells expressing enGFP-5Fm-KIFC1 (left) or BICD2-emGFP-5Fm (right)
and mCh-5Fm after FK506 addition either right after transfection to forestall the formation of condensates (top) or 24 h
after transfection to dissolve the condensates (bottom). Nuclei were stained with DAPI (blue in merge). Scale bar, 10 pm.
C. Time-lapse confocal imaging of occasionally dispersed nucleation of BICD2 condensates, followed by a delayed
enrichment of the non-functionalized LLPS scaffold, directed transport towards the centrosome and coalescence. The white
dashed line delineates the nucleus. Scale bar, 10 pm.
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Figure 3: The enrichment of non-functionalized scaffolds in motor condensates differs depending on their cellular

localization. A. Top: Delays between nucleation of the motor-LLPS scaffold and first detectable non-functionalized

scaffold (mCherry signal) enrichment in condensates, for plus-end motors KIF1A (N = 12 cells) and KIF5B (N = 5), minus-
end motor KIFC1 (N = 12) and dynein adaptor BICD2 (N = 6). Measurements were carried out on at least three independent

experiments for each condition. Differences between plus-end motors and minus-end motor / motor adaptor were
statistically significant using a Wilcoxon rank-sum test (s+: p < 107%; sss: p < 107; sxs: p < 10™*). Bottom: Schematic of the

subcellular location of condensates at the centrosome and at the cell periphery. B. Time lapse epifluorescence images of the

delayed enrichment of mCh-5Fm in KIF1A condensates in a representative cell. The green and red arrows correspond to
the nucleation of the condensate and the first visible enrichment of mCh-5Fm, respectively. Scale bar, 10 um. C. Same as

(B) for a KIFC1 condensate.
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Figure 4: Chemically-induced binding of non-functionalized condensates to molecular motors led to their
repositioning in cells. A. Schematic of the expected transport of FKBP condensates upon induction of their interaction with
plus-end (KIF1A) or minus-end motors (dynein through BICD2) using Rapamycin (RAP) in HeLa cells. B. Representative
epifluorescence imaging of cells expressing the FKBP-emGFP-5Fm LLPS scaffold and KIF1A-mCh-FRB (left) or BICD2-
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mCh-FRB (right) in the absence of rapamycin. Nuclei were stained with DAPI (blue). Grayscale inserts correspond to the
green (emGFP) and red (mCh) channels of the region delineated by dashed squares. Scale bar, 10 pm. C. Time-lapse
epifluorescence imaging of FKBP-emGFP-5Fm condensates undergoing transport towards the cell periphery and
coalescence after addition of rapamycin at time 0. Scale bar, 10 pm. D. For the cell shown in (C), kymograph analysis along
the 200 px-wide strip delineated by the arrows (~ 21.7 pm), showing the coalescence of condensates over time. Scale bar,
2 pm. E. Epifluorescence imaging of the recruitment of BICD2-mCh-FRB (top) around a FKBP condensate (bottom),
followed by progressive mixing of the two components. The black arrow corresponds to where the profile plots in (F) were
plotted. Scale bar, 2 um. F. Evolution of the mCherry intensity along the black arrow in E over time. G. Epifluorescence
imaging of the transport of two FKBP condensates in a cell expressing BICD2-mCh-FRB after addition of rapamycin. Scale
bar, 5 pm. H. Epifluorescence imaging of the recruitment and incorporation of BICD2-mCh-FRB (top) in a FKBP
condensate (bottom) after addition of rapamycin, followed by transport towards the nuclear envelope with a liquid-like
behavior. Scale bar, 10 pm.
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Figure 5: Motor/MCP condensates recruit RNA-MS2 and are efficiently positioned at the cell periphery or at the
centrosome. A. Schematic of the formation of KIF1A/MCP condensates able to recruit the heterologous RNA-MS2. B.
Representative epifluorescence imaging of cells containing KIF1A/MCP or BICD2/MCP condensates (green, left and right
panels, respectively) following RNA-MS2 analysis by smiFISH (Cy3 probe, red). Nuclei were stained with DAPI (blue).
The red channel setup allows for the visualization of dispersed RNA molecules while saturating the signal in the condensate.
Grayscale inserts (1) correspond to the non-saturated green (emGFP) and red (Cy3) channels of the regions delineated by
dashed squares. Insert 2 shows isolated RNA-MS2 molecules. Scale bar, 10 um. C. Epifluorescence imaging of cells
containing MCP condensates (green) following B-actin mRNA analysis by smiFISH (Cy3 probe, red). Scale bar, 10 um. D.
Epifluorescence imaging of cells containing condensates lacking MCP (green) following RNA-MS2 analysis by smiFISH
(Cy3 probe, red). Scale bar, 10 pm.
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Figure 6: KIF1A condensates can efficiently delocalize ASPM-MS2 RNA towards the cell membrane during mitosis.
A. Epifluorescence imaging of HeLa/ASPM-MS?2 cells at different stages of mitosis after immunostaining of FOP (green)
as a centrosome marker. The RNA was revealed by smFISH using a MS2 probe (red). DNA was stained with DAPI (blue).
Scale bar, 10 um. White arrows point to centrosomal mRNA accumulation. B. Epifluorescence imaging of HeLa/ASPM-
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MS2 containing KIF1A/MCP condensates at different stages of mitosis. Middle and bottom panels show the ASPM-MS2
mRNA revealed by smFISH (red channel) and the GFP condensates (green channel), respectively. Upper panels show the
merged channels with DAPI-stained DNA in blue. Scale bar, 10 um. Squares depicting areas near the cell membrane where
granules and RNA co-localize are enlarged below. C. Epifluorescence imaging of prometaphase cells untransfected or
expressing KIF1A condensates, with or without MCP. Left panels show the merged channels with DAPI-stained DNA in
blue. Middle and right panels show the ASPM-MS2 mRNA revealed by smFISH (red channel) and the GFP condensates
(green channel), respectively. Scale bar, 10 pm. Arrows point to centrosomal mRNA accumulation. Scale bar, 10 um. The
boxed area where the RNA and granules co-localize at the cell membrane, is enlarged below. Scale bar, 1 um. D. For the
two conditions shown in (C), bar graph representing the % of mitotic cells with ASPM-MS2 mRNA localized at the cell
periphery, dispersed in the cytoplasm, or localized on centrosome (N= 31 and 15 cells, as indicated, each from two
independent experiments).
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Figure S3: KIF1A/MCP condensates delocalized ASPM-MS2 mRNAs away from centrosomes and display three
patterns in mitotic cells. Epifluorescence imaging of prometaphasic HeLa/ASPM-MS2 cells containing KIF1A/MCP
condensates. Left panels show the merged channels with DAPI-stained DNA in blue. Left and middle panels show the
ASPM-MS2 mRNA revealed by smFISH (red channel) and the GFP condensates (green channel), respectively. Scale bar,
10 pm. Squares depicting areas near the cell membrane where granules and RNA co-localize are enlarged below. Scale bar,

1 pm.
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Figure S4: Motor-free BICD2 condensates can recruit ASPM-MS2 RNA in interphase. A. Epifluorescence imaging of
interphasic HeLa/ASPM-MS2 cells containing motor-free condensates. Left and middle panels show the ASPM-MS2
mRNA revealed by smFISH (red channel) and the GFP condensates (green channel), respectively, either with (upper panels)
or without (lower panels) MCP. Right panels show the merged channels with DAPI-stained nuclei in blue. Scale bar, 10
um. Squares containing condensates that may (upper panels) or may not (lower panels) contain RNA are enlarged below.
Scale bar, 1 um. B. For the two conditions shown in (A), the bar graph shows the number of ASPM-MS2 RNAs per cell
co-localizing or not with a condensate (N=39 and 29 cells, as indicated, each from two independent experiments). C, D.
Same as in (A, B) for condensates containing the BICD2 motor adaptor.
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Figure 7: Model of localized nucleation and growth of condensates allowing for delocalization of ASPM-MS2 mRNA.
A. Schematic model of the spatial localization of motor-functionalized condensates based on a stepwise mechanism: (1)
active transport of the condensate scaffolds leading to their localization at microtubules extremities; (2) nucleation of motor

condensates through a mechanism possibly mediated by prewetting or cooperative binding; (3) non-functionalized LLPS
scaffolds accumulate in the preformed condensates. B. Artificial condensates drive the delocalization of individual ASPM-
MS2 mRNAs at the cell periphery, suggesting that they outperform endogenous mRNA localization mechanisms by
rewiring the transport machinery.
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CONCLUSION

Bioengineering phase-separated condensates in cells, by allowing the same compositional
control as in vitro experiments, circumvents the complexity of native biomolecular condensates while
providing the ability to work in the cellular context. Such approaches can undoubtedly be powerful to
examine the mechanisms underlying the formation of condensates and regulating their biophysical

properties (size, number, material properties...).

My Ph.D. work consisted in building new tools falling within these lines. It aimed first at
investigating how RNA, a ubiquitous component of cytosolic condensates, could impact their
formation. Here, | took advantage of the ArtiGranule system, developed before the beginning of my
Ph.D. by Zoher Gueroui’s lab. Transfection of the ArtiGranule modules results in the spontaneous
formation of artificial condensates in cells by liquid-liquid phase separation. For a quantitative insight
on the role of RNA in the formation of condensates, we added in the scaffold of ArtiGranules the MCP
RBP which is orthogonal to the cell and specifically binds to a single heterelogously-expressed RNA
species, RNA-MS2. As revealed by the labelling of the target RNA-MS2 molecules via smFISH, the
recruited molecules were localized at the surface of ArtiGranules condensates. We showed that this
surface recruitment induced a hardening of the condensates. Moreover, our ability to detect individual
RNA-MS2 molecules allowed us for the first time to quantify the effect of surface RNA on condensates
size and number. We found that the higher the RNA surface density was, the smaller and more numerous
the condensates were. High RNA surface density moreover also correlates with clusters of condensates
reminiscent of hindered coalescence events. Our findings can be explained by physical constraints
limiting condensates growth by sub-unit addition and coalescence. These new insights on the impact of
surface RNA on condensate biophysical properties may be relevant for endogenous condensates, whose
interface is emerging as distinct from the cores of the condensates or the surrounding cellular
environment, with its own composition and organization. These results are the subject of a paper

published in Biophysical Journal (Cochard et al., Biophysical Journal, 2022).

In the second part of my Ph.D., we looked into the interplay between proteins able to phase
separate and microtubules. To do so, we first developed a variant of the ArtiGranule system, based on
a linear fusion of five repeats of the Fm protein that can homodimerize. This linear system, called 5Fm,
benefits from the possibility to fuse proteins of interest of both sides of the repeats. Fusion of kinesin
motor or dynein adaptor domains to the repeats led to bioengineered condensates that were robustly
positioned at the periphery of cells or near the centrosome, depending on the direction of processivity
of motors. Interestingly, time-lapse imaging uncovered a pathway for the spatial positioning of
biomolecular condensates whereby nucleation of motor-functionalized condensates is favored at

polarity sites. Adding the MCP RBP in the scaffold of the 5Fm system already functionalized with
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CONCLUSION

motor domains allowed us to manipulate the localization of target mMRNAs in cells, both heterelogously-
expressed or endogenous. These proof-of-concept experiments showed that our system may be a
powerful tool to examine the importance of MRNA subcellular localization. These results are online on
BioRxiv (Cochard et al., BioRxiv, 2022).

Altogether, the two projects of my Ph.D. showed the high potential of our bioengineering
approach to address broad questions still elusive about biomolecular condensates. The ArtiGranule and
5Fm systems display interesting advantages. First, both are easy to implement. Secondly, the formation
and dissolution of the condensates in both systems can be temporally controlled, which brings
flexibility. Finally, the systems are highly modular. The multivalence of the interacting proteins
underlying phase separation and formation of the condensates can be readily modified, which would
lead to condensates with different material properties (more or less liquid-like). Adding different
proteins of interest could moreover allow to look into different aspects of condensate biology, in
particular related to the evolution from healthy to pathological condensates involved in

neurodegenerative diseases and cancer.
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RESUME

Les condensats biomoléculaires, comme les nucléoles, les corps PML, les granules de stress et les P-bodies, sont
essentiels a 1’organisation cellulaire. Un modéle commun de formation par séparation de phase liquide-liquide a
récemment émergé. La composition biochimique et les fonctions des condensats commencent a étre décrites, mais
la facon dont les cellules contrdlent leurs propriétés biophysiques (taille, nombre, morphologie...) reste incertaine.
Des études de reconstitution ont été développées pour contourner la composition complexe des condensats
endogénes, mais la plupart de ces études ont été menées in vitro en raison du manque d’outil pour travailler dans le
contexte cellulaire. Ici, nous avons développé une méthode pour construire en cellules des condensats artificiels,
combinant le controle des études de reconstitution in vitro et le contexte cellulaire. Leur formation est basée sur la
dimérisation de protéines multivalentes qui se séparent en deux phases au-dessus d’une concentration seuil. Nous
avons montré la possibilité de prévenir la formation des condensats ou de les dissoudre par addition d’un
compétiteur chimique de I’homodimérisation. En outre, les condensats peuvent étre enrichis en une protéine de
liaison a I’ARN qui recrute un unique ARN synthétique exogeéne. L’imagerie des molécules d’ARN a montré
qu’elles étaient principalement recrutées a la surface des condensats. La quantification du recrutement nous a permis
d’établir une corrélation entre la densité d’ARN a la surface et la taille et la morphologie des condensats.

Dans un second temps, le projet doctoral s’est intéressé a la localisation intracellulaire des condensats quand ils sont
transportés par des moteurs moléculaires, ce qui peut entre autres permettre la traduction localisée des ARNs des
condensats. Pour examiner I’effet des moteurs sur les condensats, nous avons développé une méthode de
fonctionnalisation des condensats artificiels en cellules avec des moteurs. Nous avons montré que les condensats
étaient localisés dés la nucléation aux extrémités des microtubules. Ensuite, nous avons utilisé cette méthode pour
localiser un ARN cible, soit exogéne soit endogéne. Ces résultats ouvrent de nouvelles possibilités pour étudier
I’importance de la localisation intracellulaire des ARN.

MOTS-CLEFS

Condensats biomoléculaires — Séparation de phase liquide-liquide — Moteurs moléculaires — Granules ARN —
Localisation de I’ARN

ABSTRACT

Biomolecular condensates, like nucleoli, PML bodies, stress granules, and P-bodies, are key elements of the
subcellular organization, with liquid-liquid phase separation (LLPS) as a common model of formation. The
biochemical composition and functions of the condensates begin to be deciphered, but how cells regulate their
biophysical properties (size, number, morphology...) remains unclear. Reconstitution studies have been developed
to circumvent the compositional complexity of endogenous condensates, but most of them are carried out in vitro
because of a lack of tool to work in a cellular context. Here, we developed a method to build artificial condensates
in living cells, combining both the control of in vitro reconstitution studies and the cellular environment. Their
formation is based on multivalent proteins that dimerize and spontaneously phase separate over a threshold
concentration. We showed that we were able to both prevent the formation of the condensates and dissolve them by
adding a small chemical competitor. Moreover, the condensates can be enriched in a specific RNA-binding protein
that recruits a unique synthetic exogenous RNA. By imaging the RNA molecules, we found that they were mainly
recruited on the surface of condensates. Quantifying the recruitment allowed us to highlight a correlation between
RNA surface density and the size and morphology of the condensates.

A second part of the doctoral project concerned the subcellular localization of condensates when they undergo
transport via interactions with motor proteins, a process that can notably localize the translation of MRNA contained
in the condensates. To investigate the effect of molecular motors on phase-separated condensates, we developed a
method to reconstitute in cells motor-functionalized condensates. We showed that the condensates displayed as
from nucleation robust localization at the microtubules ends. Next, we successfully used this method to localize a
target RNA species, heterelogously-expressed or endogenous. These proof-of-concept experiments open new
possibilities for the investigation of the importance of mMRNA subcellular localization.
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Biomolecular condensates — liquid-liquid phase separation — Molecular motor — RNA granules — RNA localization
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