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Abstract

Cellular compartments are essential for the organization of biological matter. Traditional compartments,
such as the nucleus, are characterized by lipid membranes that separate them from their surrounding
environment. In addition to these conventional organelles, there exists another category of
compartments known as membraneless organelles which includes compartments such as paraspeckles
and stress granules. Membraneless organelles, or bio-condensates in general, maintain distinct identities
and perform various functions despite lacking a membrane. Recent research suggests that they self-
assemble through the process of phase separation. In this process a homogenous solution segregates
into multiple distinct phases, each with unique compositions and properties. Phase separation processes
are classified by the material states (e.g., liquid, solid) of the different phases which can lead to various

transitions (e.g., a liquid-solid transition indicates a liquid environment and a solid-like compartment).

Bio-condensates have been linked to numerous cellular activities, encompassing processes such as
transcription, translation, and viral infection. The recognition of their significance has spurred a surge
in research aimed at characterizing natural organelles and constructing synthetic compartments. The
ability to design bio-condensates has significant implications for synthetic biology, particularly in

enhancing biosynthetic processes and serving as drug delivery systems.

In our research we developed an RNA based synthetic bio-condensate. We first demonstrated that
synthetic long non-coding RNA (sIncRNA) molecules, which fold into secondary structures containing
hairpin-like motifs, phase separate and form granules in-vitro. Using fluorescent RNA nucleotides, we
showed that these sIncRNAs form isolated puncta. Furthermore, the addition of a protein component
which selectively binds the RNA hairpins resulted in almost complete co-localization between the
proteins and sIncRNAs. Thus, this simple two-component system constitutes a platform for bio-

condensate formation.

We then developed a method to quantitatively measure the dynamics of solid-like granules by tracking
their fluorescence signals over extended durations. We demonstrated both on simulated signals, and
controlled experiments, that our algorithm successfully extracts important features from fluorescence
data. Utilizing this algorithm, we investigated our bio-condensates and found that their properties
depend on the number of hairpin motifs present in the RNA. Using disruption assays, we discovered
that the granules protect the molecules inside from external influences. These findings suggest that our
sIncRNA-protein granules can selectively store proteins within them. Finally, we functionalized our
bio-condensates by incorporating an additional component. Introducing a protein with a disordered
region which enables multivalent interactions allowed the proteins to phase separate independently. We
investigated the behavior of such condensates and found that this platform can be utilized to drastically

overexpress proteins in bacteria.
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Introduction

Cellular compartments and organelles play a crucial role in the structural organization of biological
matter. Well-established compartments such as the nucleus or Golgi apparatus are distinguished by the
presence of a lipid membrane boundary that separates them from the surrounding cellular milieu. In
addition to these conventional membrane-bound organelles, there exists another category of cellular
compartments known as membraneless organelles, and often referred to as biomolecular condensates.
This category includes compartments such as paraspeckles, stress granules and Cajal bodies among
others!2, These cellular entities are unique in that they remain distinct from the cellular environment
despite the absence of a membrane, while still performing numerous functions. Recent research
suggests that these biomolecular condensates, often characterized as supramolecular assemblies of
proteins and RNA molecules, self-assemble through the process of phase separation®.

Phase separation, or in the broader sense, phase transition, is a process by which a homogeneous
solution separates into multiple distinct phases, each with unique compositions and properties.
Typically, phase separation processes are classified by the different material states of the resulting
phases (e.g., liquid, gel, glass), which can lead to various transitions (for example, a liquid-solid
transition indicates a transformation from a liquid environment into a solid-like compartment). The
forms commonly encountered in cellular biology are liquid-liquid and liquid-gel, however determining
the characteristics and driving forces in a phase separating system within a living cellular environment

remains a challenging task.

The increasing recognition of the significance of phase separated compartments has spurred a surge in
research endeavors aimed at probing and characterizing natural biomolecular condensates, as well as
constructing entirely synthetic compartments®®. A primary method of investigation is in vitro
reconstitution. This method entails incubation of individual components of condensates in specific
conditions to test whether they phase separate in vitro®%1°, Alternative methods attempt to probe the
dynamics of the already-formed condensate using microscopy. These include the commonly used
fluorescence recovery after photobleaching (FRAP) which is utilized to assess the liquidity of phase
separated condensates, and fluorescence resonance energy transfer (FRET) which can measure
interaction kinetics within condensates including binding and unbinding kinetics. More recently,
fluorescence correlation spectroscopy (FCS) has been utilized to investigate diffusivity at the level of
individual molecules assuming sufficient sparsity”1112, Although FRAP is perhaps the most extensively
utilized fluorescence-based method, its applicability is limited to scenarios where the condensate is
liquid-like, in which case diffusion can be observed and measured. Alternatively, FRAP is useful when
attempting to determine the material state itself, as fluorescence recovery, or lack thereof, can

differentiate between liquid-like and solid-like condensates. Notably, FRAP is not always suitable when



investigating dynamics in condensates with solid-like characteristics, specifically, gel-like, where

molecular motion exists but at a significantly slower rate.

Biomolecular condensates have been linked to numerous cellular activities across all forms of life,
encompassing processes such as transcription, translation, viral infection, and extending to pathological
conditions like neurodegenerative disorders*!316. Of the many types of biomolecular condensates,
ribonucleoprotein (RNP) granules have attracted significant interest from the scientific community’-
20 primarily due to their involvement in gene expression?. Furthermore, research has linked disruption
in RNP granule function to the onset of specific cancers and neurological conditions®>. RNP granules
are widespread in eukaryatic cells, with notable examples including the nucleolus, stress granules and
P-bodies. Granules were also recently found to exist in bacterial cells, where they play a role in mMRNA
degradation?.

RNP granules are broadly characterized as macromolecular assemblies of RNAs and proteins, with
distinct granules containing different sets of macromolecules. The phase transition process of these
granules is facilitated through multivalent RNA-RNA, RNA-protein, or protein-protein interactions.
Notably, RNA molecules play an active role in both the formation and dissolution of granules. This has
been demonstrated in vitro, where RNA in small concentrations was shown to promote granule
formation, while RNA in concentrations higher than a certain threshold led to granule dissolution?2,
In addition, it has been demonstrated that RNA can modify certain physical characteristics of granules,

such as their three-dimensional structure?-28,

While RNAs play a crucial role in the formation and regulation of RNP granules, they represent only
one aspect of the system as these granules cannot exist without a protein component. Key properties of
granule-associated proteins include the existence of RNA-binding domains, and intrinsically disordered
regions (IDRs). IDRs are protein segments which exhibit rapid conformational changes at the nano- to
micro-second timescales, rendering them unlikely or incapable of forming a stable structure?-2, Due
to their unstructured nature, IDRs possess remarkable flexibility in their ability to form protein-protein
interactions, enabling them to associate with various cellular partners®*34, In the context of phase
separation, IDRs have been consistently reported as being able to change the material properties of

condensates, from solid-like to liquid-like, or vice versa®-¢,

In 2017, Jain & Vale*® reported on the phase transition process of RNA molecules associated with repeat
expansion diseases, both in vivo and in vitro. These RNA sequences, comprised of dozens of triplet-
repeats of CAG or CUG nucleobases, form intramolecular hairpin structures®, which facilitate
multivalent intermolecular interactions. The RNA granules presented features associated with liquid-
solid phase transition systems: a lack of internal mobility, virtually no fusion events, and dependence
on the number of repeats in the RNA sequence (i.e., cross linkers) rather than the concentration of the

RNA. These characteristics helped establish the granules as physical solids.



Hairpin forming RNA sequences are widespread in the RNA world and are not strictly associated with
disease phenotypes. Such sequences are commonly used in synthetic systems for biological research.
Perhaps the most ubiquitous system is composed of RNA sequences that encode multiple hairpin motifs
that can bind the phage coat proteins (CPs) of PP7 or MS2. Using this system to label the 5 or 3’ end
of a transcript has become commonplace in the last two decades**¢, and enables visualization of RNA
transcripts when the CPs are co-expressed. This approach, originally introduced by Singer and others*-
43, was devised for the purpose of probing the dynamics of transcription and other RNA-related
processes, irrespective of cell-type. When co-expressed, the coat-protein-bound RNA molecules yield

bright puncta, which are similar in appearance to natural biomolecular condensates.

In this research, we rely on our previous work*’ to design and synthesize a variety of PP7 coat-protein
(PCP) binding, synthetic long non-coding RNA molecules (sINcRNAs). Using fluorescent RNA
nucleotides, we demonstrate that these sincRNAs form isolated puncta in vitro in a manner dependent
on the number of hairpins encoded into the RNA. We further show that addition of fluorescent PCP to
the suspension results in almost complete co-localization between protein and sINCRNA.

We then developed a method to quantitatively measure the dynamics of phase separated gel-like
granules by tracking their fluorescence signals over extended durations. We demonstrate on synthetic
signals that via our algorithm we can distinguish between different types of possible signals (constant,
gradually changing, and bursty). Moreover, our algorithm successfully extracts important biophysical

features from the signals, even in the presence of measurement noise.

Utilizing this algorithm on our sincRNA-based granules, we discovered that the various puncta emitted
similar signals characterized by bursts of increasing or decreasing fluorescent intensity. We show that
signal intensities and temporal characteristics are dependent on the number of hairpins present in the
RNA. Using these observations, we conclude that these “fluorescence-bursts” corresponded to addition
or shedding of sIncRNA-PCP nucleoprotein complexes. These events occur at rates that are consistent
with the puncta being phase-separated solid-like granules. Consequently, we present these sincRNA-

protein granules as a genetically encoded platform for the selective storage of proteins.

Finally, we introduce a protein with an intrinsically disordered region to our system to increase its
complexity. We hypothesized that this could lead to a different set of behaviors and provide another
mechanism of control over granule characteristics and dynamics. To accomplish this, we introduced a
coat protein with a well-documented disordered region, originating from the bacteriophage Qp. This
IDR enables multivalent interactions between the proteins themselves. We demonstrate that the Qp coat
protein can phase separate on its own when overexpressed in cells, and that introduction of hairpin
containing RNA effectively modulates this behavior, yielding a complex RNA-valency dependent

phase behavior. We explore the behavior of the condensates as a function of RNA valency as determined



by the number of hairpins encoded into the RNA and demonstrate that this platform can be utilized to

drastically overexpress proteins in bacteria.

Background

Phase separation
From a theoretical perspective, phase separation can best be understood by examining the free energy

of a solution, and its derivative, the chemical potential. These two properties are determined by factors
such as molecular concentration, spatial distribution and the energy associated with chemical bonds
between molecules. In the simplest scenario of non-interacting solute molecules in a solvent, the free
energy exhibits a unimodal behavior, and the chemical potential demonstrates monotonic behavior as a
function of solute concentration (Figure 1 — red curves). Under such conditions, the solute molecules
are, on average, distributed homogeneously to maximize the entropy of the system. Thermal
fluctuations that produce local inhomogeneities in concentration (and chemical potential) are
counteracted by diffusive flux which equalizes differences in chemical potential across the system and

minimizes free energy.

When solute molecules interact with one another, the free energy curve becomes multimodal, and the
chemical potential behavior becomes non-monotonic, meaning some values of the chemical potential
correspond to two different solute concentrations. In such a case, the system’s free energy can be
minimized by separating the molecules into two compartments with different concentrations but equal

chemical potentials* (Figure 1 — blue curves).

A

1)

vy)

Free energy
Chemical potential

Solute concentration Solute concentration

Figure 1 — Theoretical free energy and chemical potential curves.

A. Theoretical free energy curves and B. Theoretical chemical potential curves of different types of systems. Red
curves— system with non-interacting molecules; Dashed black curves — one phase system with interacting
molecules; Blue curves — Phase separated system with two compartments.

Figure from reference 48.



In molecular terms, all molecules exhibit varying degrees of weak, nonspecific interactions with each
other and with the solvent (typically water in biological context). These interactions are characterized
by low affinity, transient nature, and relatively equal distribution across the surface of the molecule.
Given this, the concentration at which phase separation occurs is governed by a balance between weak
interactions between the molecules themselves, and those between molecules and the solvent. When
the interactions between the molecules are weaker than those with the solvent, the molecules will remain
dispersed in solution at all concentrations. However, when the molecule-molecule interactions are
stronger than molecule-solvent interactions, the system potential of the system to phase separate

increases.

In such systems, phase separation occurs when the energetics favoring molecule-molecule interactions
surpass the tendency of the solution to remain homogeneous. At this solubility limit, the molecular
mixture separates into two phases, a dilute phase with a large volume and low concentration, and a
condensed phase with small volume and high concentration. The phase separated state minimizes the
free energy of the system and equilibrates the chemical potential between both existing phases. This
essentially eliminates the net diffusive motion between the different phases, while allowing individual

molecules to move between them?*.

Gelation
Gelation is a type of phase transition commonly encountered in biological systems. This transition refers

to a phenomenon in which a solution transforms from a dispersed state of monomers or oligomers, into
a cohesive three-dimensional network structure, termed a gel. This transition is driven by the physical,
non-covalent cross-linking of specific associative domains, also referred to as sticker motifs. Gelation
is governed by a critical concentration threshold, known as the percolation threshold which defines the

point at which the concentration of associative domains reaches a critical value®.

In biological context, the interactions mediated by the sticker motifs can be highly varied, these include
polar interactions involving charges or dipoles, hydrogen mediated interactions, etc. The extent of cross-
linking influences key properties of the gel, including its free volume, porosity, and average stiffness.
Additionally, the timescales associated with the formation and disruption of these physical cross-links

play a crucial role in determining the dynamic behavior of the gel®*-52,

Importance of phase transitions in cells
In cellular context, phase separation serves as the fundamental mechanism driving the formation of

membraneless organelles. These organelles, characterized by their dynamic nature and absence of a
surrounding lipid bilayer, have garnered increased attention in recent years owing to their pivotal
involvement in diverse cellular processes'?. Eukaryotic cells harbor a myriad of organelles, each
distinguished by a unique composition, spatial localization, and function®® (Figure 2). Certain organelles

are constitutively present in most cell types and contribute to essential housekeeping functions such as



ribosome biogenesis and RNA processing, while others assemble in response to specific environmental
conditions>*. Membraneless organelles were also recently discovered in prokaryotic cells, where they
contribute to pivotal processes such as RNA degradation and DNA organization®>-58,

Owing to their critical roles, dysregulation of either the formation or functions of membraneless
organelles is often associated with various pathological conditions, including neurodegenerative

disorders and cancer®. This highlights the importance of understanding the biophysical principles
governing their formation and regulation.
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Figure 2 - Membraneless organelles in the cell.

Illustration of the known membraneless organelles in the Eukaryotic cell.

Figure from reference 53.

Polyphasic linkage theory
Given the complex nature of membraneless organelles and their various components, it is necessary to

establish a theoretical framework to study the contribution of each molecular species. Polyphasic
linkage theory, formulated by Wyman and Gill*®, has been extensively developed and utilized to explain
how binding and linkage relations control phase transitions®®, This formalism considers multivalent
molecules driving phase transitions as scaffolds, while molecules binding the scaffolds and controlling

phase separation are known as ligands. Ligands do not undergo phase separation on their own and are
not required for the phase separation of scaffolds.



Ligands that preferentially bind to the scaffold in the dilute phase suppress phase separation either by
increasing the excluded volume of the scaffold, or by binding to sites that participate in scaffold-scaffold
interactions, thereby reducing the scaffold’s tendency to phase separate. Conversely, ligands that
preferentially bind to the scaffold in the dense phase can enhance phase separation by increasing the
partial concentration of the dense phase, or by serving as anchor points that can bind to additional

scaffold molecules in the case of multivalent ligands (Figure 3 - Schematic of polyphasic linkage).
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Figure 3 - Schematic of polyphasic linkage

According to polyphasic linkage theory, ligands can destabilize or promote phase separation according
to their binding preferences to the scaffold molecule. This mechanism is used by the cell to regulate
the phase separation process.

Figure from reference 60.

Intrinsically disordered protein regions
In the past, it was commonly accepted that the structure of a protein was directly related to its function,

a principle known as the structure-to-function paradigm. This principle asserts that a protein must fold
to a unique and stable 3D structure to carry out its biological activities. However, a considerable body
of evidence has accumulated over the past few decades, challenging the validity of this paradigm.
Although many proteins do conform to the paradigm and fold into a specific structure, a significant
portion of the proteome comprises regions that are unlikely or unable to adopt a stable structure, but
still exhibit functional activity. These regions are known as intrinsically disordered regions (IDRs), and

proteins that are entirely disordered are referred to as intrinsically disordered proteins (IDPSs).

The predominant theoretical model regarding the behavior of IDRs suggests that these regions exhibit
dynamic conformational changes at the nano- to micro- second time scales. Due to their unstructured
nature, IDRs possess remarkable flexibility in their protein-protein interactions, enabling them to form

weak associations with various cellular partners. As a result, IDRs have been identified as critical



components in protein-protein interaction networks®? and naturally occurring liquid-liquid phase

separated (LLPS) compartments®3.

Common characteristics of IDRs are well suited for driving phase transition processes. The lack of a
stable secondary and tertiary structures allows them to engage in a wide range of interactions. In
addition, IDRs frequently contain post translational modification sites, providing a mechanism for the
cell to regulate phase behavior. As a result, biomolecular condensates often contain many proteins with
IDRs®*. Interestingly, different species of condensates seem to be enriched with IDRs exhibiting
different sequence features. For example, nucleoli contain arginine-rich IDRs, while nuclear speckles
contain serine-rich IDRs. The different sequence features in different types of condensates suggest that

IDRs can drive phase separation in more than one way®.

RNA phase transitions in repeat expansion disorders
Trinucleotide repeat disorders comprise over 30 genetic disorders resulting from trinucleotide repeat

expansion, a mutation characterized by an increase in copy numbers of three-nucleotide repeats (i.e.,
‘CAG’, ‘CGG’, ‘CTG’, etc.). Well known examples of such disorders are Huntington’s disease and
Friedreich’s Ataxia. This genetic mutation leads to developmental, neurological, or neuromuscular
disorders. Generally, the magnitude of the repeat expansion correlates with the speed of disease onset
and the severity of the resulting disorder*®,

Three hypotheses have been proposed to explain the mechanisms through which repeat expansions lead
to pathogenicity. Firstly, repeat expansions might induce a gain or loss of function in the associated
protein, assuming they occur in a coding region. However, it has been observed that mutations or
deletion of the gene linked to the repeats do not consistently manifest the disease phenotype, whereas
the expression of expanded repeats alone is sufficient to trigger a pathological state in model systems®’-
69, Secondly, RNAs containing repeats have the potential for non-canonical translation, producing short
unnatural peptides which may lead to pathogenicity™. Thirdly, repeat containing RNAs can accumulate

in the nuclei, potentially sequestering various RNA binding proteins and disrupting cellular function.

In 2017, Jain and Vale® observed the formation of RNA granules in both in vivo and in vitro, from
RNA sequences characterized by triplet repeats (e.g., CAG, CUG). Such RNA molecules are commonly
associated with repeat expansion disorders. These sequences form intramolecular hairpin structures,
which promote multivalent intermolecular interactions. The RNA granules displayed several properties
indicative of liquid-solid phase transition systems, such as a lack of internal mobility, rare fusion events,

and a dependency on the number of repeats rather than RNA concentration.

RNA stem-loops
RNA stem-loops, also referred to as RNA hairpins, are structural motifs commonly found in RNA

molecules, characterized by a hairpin-like structure formed through base-pairing interactions within a

single-stranded region of the RNA sequence. The stem of the structure consists of complementary base

10



pairs, forming a double-stranded helical region, while the loop represents an unpaired region connecting
the base-paired stems’. RNA stem-loops are prevalent in diverse RNA molecules, including messenger
RNAs, transfer RNAs, and ribosomal RNAs, as well as non-coding RNAs. In terms of functionality,
stem-loops participate in many regulatory functions, such as binding to proteins, facilitating RNA-
protein interactions, and serving as recognition sites for various cellular processes, including RNA

splicing, translation, and RNA degradation?,

RNA stem-loops are also commonly used in synthetic systems for biological research. Perhaps the most
widely used application is the MS2-tagging method which utilizes RNA molecules that encode for
multiple hairpin motifs that can bind the phage coat proteins (CPs) of PP7 or MS2. Using this system
to label the 5° or 3’ end of a transcript enables visualization of RNA transcripts when the CPs are co-
expressed (Figure 4). This approach, originally introduced by Singer and others, was devised for the
purpose of probing the dynamics of transcription and other RNA-related processes, irrespective of cell-
type‘”*“s.

One caveat of this tagging method is that many copies of the stem-loop motif need to be added to the
untranslated region (UTR) of the target RNA to produce enough signal to view and track one RNA
molecule in the nucleus. This raises a significant difficulty as DNA tandem repeats are notoriously
hypermutable, often leading to destruction of the stem-loop binding site and reducing labelling efficacy
and leading to imaging artifacts*>”3. For this reason, Katz et. al. developed a deep-learning based
algorithm to generate synthetic stem-loop motifs with dissimilar sequences and high binding affinity to
their associated coat protein*’. The synthetic stem-loops allowed construction of large ‘cassettes’ of 30

or more stem-loops that proved to be stable over time in cells.
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Fluorescent
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RNA hairpin binding sites

Figure 4 - RNA tagging using phage coat proteins.

Schematic of the “MS2 tagging” method. Expression of a fluorescent reporter fused to an RNA-binding phage
coat protein, together with an RNA sequence which folds to a secondary structure containing multiple hairpin
binding sites leads to tagging of the RNA upon binding of the coat proteins.

Phage coat proteins
The coat (capsid) proteins of single-stranded RNA bacteriophages such as MS2, PP7 and Qp, serve dual

functions: they form the basis of the phage’s outer shell, encapsulating its genome, and act as
translational repressors. The repression occurs by the selective binding to an RNA stem-loop structure
in the phage genome, which includes the initiation codon of the phage replicase gene. By binding this
structure, the coat proteins are thought to stabilize the RNA’s secondary structure, thereby inhibiting
translation. Despite substantial differences in the sequences of the proteins and of the RNA loops which

they bind, this dual functionality is conserved among these bacteriophages.

The selective binding property of these coat proteins has been extensively utilized for tracking and
visualizing RNA molecules. This is done by cloning an RNA sequence encoding for multiple hairpins
to the 5’ or 3’ of the target RNA and expressing the coat protein fused to a fluorescent reporter®:42,
Given that these proteins are known to interact with copies of themselves to form the complete phage
capsid, modified versions have been developed for these applications, including in this work. For the
PP7 coat protein, deletion of residues 67-75 (known as the FG region), effectively nullifies the ability
of the protein to form the full viral capsid™. For the QP coat protein, it was found that fusion of a peptide
longer than 20 residues to the coat protein’s C-terminus, prevents capsid formation’8. Consequently,
all versions of the Qp coat protein used in this work are fused to an mCherry fluorescent protein at their

C-terminus.
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Research Objectives

Goals
1. Investigate the phase separation potential of RNA molecules containing hairpin like motifs.

2. Design a method to study the dynamics and signal characteristics of non-liquid-like phase
separated compartments.

3. Characterize the behavior of RNA hairpin-based condensates as a function of the number of
hairpins present on the RNA, and their architecture.

4. Investigate the behavior of RNA-protein condensates containing proteins with an intrinsically
disordered region.

Significance
Phase separation is now recognized as a crucial mechanism by which cells spatially and temporally

organize components and reactions. This understanding has spurred significant efforts to create
synthetic phase-separated condensates for various functions. These efforts typically involve the use of
well-characterized proteins that drive phase separation, combined with additional components.
Engineering completely synthetic RNA-based condensates that can form independently of protein
components and selectively incorporate proteins would expand the current toolkit of synthetic
condensates. This advancement would enable the development of condensates with programmable

characteristics for a wide range of applications.

Materials and Methods

Bacterial strains

E. coli BL21-DE3 cells which encode the gene for T7 RNAP downstream from an inducible pLac/Ara
promoter were used for all reported experiments. E. coli TOP10 (Invitrogen, Life Technologies, Cergy-

Pontoise) was used for cloning procedures.

Addgene plasmids
pCR4-24XPP7SL was a gift from Robert Singer (Addgene plasmid # 31864;

http://n2t.net/addgene:31864; RRID: Addgene_31864).

pBAC-lacZ was a gift from Keith Joung (Addgene plasmid # 13422; http://n2t.net/addgene:13422;
RRID: Addgene_13422).

Construction of sIncRNA plasmids for in vitro expression
All sequences encoding for the in vitro sSIncRNAs (i.e., PP7-3x, PP7-4x, PP7-3x/MS2-3x, PP7-4x/MS2-
4x, PP7-8x and PP7-14x/MS2-15x, Table 1) were ordered from Integrated DNA Technologies (IDT)
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(Coralville, lowa) as gBlock gene fragments downstream to a T7 promoter and flanked by EcoRI

restriction sites on both sides. The gBlocks were cloned into a high copy pCMV plasmid containing an

Ampicillin resistance gene and verified using Sanger sequencing.

Table 1 - in vitro expression sIncRNA sequences

sIncRNA DNA sequence

PP7-3x gagaaacgT TTCGACATTATATGGAATGCGAAAcacggaggatgcgggaaacatgaag
atcactcatgttcgcttaaccatggatagggatcacccatgtigeggtggtgegtcaacCAGAGAT
TTCATATGGGAAACTCTGggacacgctgtatttatacatgaggatcaccatgtgtgcttaaat
atgggtaATTCCAGTTTATATGGAAACGGA

PP7-4x gagaaacgTTTCGACATTATATGGAATGCGAAAcacggaggatgcgggaaacatgaag

atcactcatgttcgcttaaccatggatagggatcacccatgtigeggtggtgegtcaacCAGAGAT
TTCATATGGGAAACTCTGggacacgctgtatttatacatgaggatcaccatgtgtgcttaaat
atgggtaATTCCAGTTTATATGGAAACGGAATaagattagatatggtttAAACGACA
ATATATGGATTGCGTTTtggggcacgecgtctggttactgegatgggtgggaggtagaggga
ttctaagcttaaga

PP7-3x/MS2-3x

gagaaacgTTTCGACATTATATGGAATGCGAAAgtggaacgtaatggacaTGAAGA
CGATTACGCTTCAcacggaggatgcgggaaacatgaagatcacccacgcttaaccatggata
gggatcacccatgttgcggtggtgcgtcaacCAGAGATTTCATATGGGAAACTCTGggac
acgctgtatttatacatgaggatcaccatgtgtgcttaaatatgggtaAGTTGACCATTAGGCA
ACTgtaagatgctccggttaATTCCAGTTTATATGGAAACGGAATtgatgtaccgttgag
CaAGAACACGATTACGGTTCTtcgattagatatggggtgggaggtagagggattctegega
gaaga

PP7-4x/MS2-4x

gagaaacgTTTCGACATTATATGGAATGCGAAAgtggaacgtaatggacaTGAAGA
CGATTACGCTTCAcacggaggatgcgggaaacatgaagatcacccatgttcgcttaaccatgg
atagggatcacccatgttgecggtggtgcgtcaacCAGAGATTTCATATGGGAAACTCTGg
gacacgctgtatttatacatgaggatcaccatgtgtgcttaaatatgggtaAGTTGACCATTAG
GCAACTgtaagatgctccggttaATTCCAGTTTATATGGAAACGGAATtgatgtaccgt
tgagCcaAGAACACGATTACGGTTCTtcgattagatatggtttAAACGACAATATATGG
ATTGCGTTTtggggcacgecgtctggAGAAGACCATTAGGCTTC CTttactgegatgggtg
ggaggtagagggattctcgcgagaagaa

PP7-8x

gagaaacgTTTCGACATTATATGGAATGCGAAAcacggaggatgcgggaaacatgaag
atcacccatgttcgcttaaccatggatagggatcacccatgtigeggtggtgegtcaacCAGAGAT
TTCATATGGGAAACTCTGggacacgctgtatttatacatgaggatcaccatgtgtgcttaaat

atgggtaATTCCAGTTTATATGGAAACGGAATtaggctagagcatggeggtattgagttc

ggetttgAAACGACAATATATGGATTGCGTTTtggggcacgecgtctggAAAGGAGA

TTATATGAAATCCCTTTgcgcegcaaccgggtagaTACGAGTCAATATGGTGACCGT
AccttggtggggaagcgaTAAGCACATTATAAGGAATGGCTTAgtgctagaccctggtcet
TTTCGAGAAAATATGGTTTCCGAAAatgggtgggaggtagagggattctcgcgagaaga

a

PP7-14x/MS2-15x

gagaaacgTTTCGACATTATATGGAATGCGAAAgtggaacgtaatggacaTGAAGA
CGATTACGCTTCAcacggaggatgcgggaaacatgaagatcacccatgttcgcttaaccatgg
atagggatcacccatgttgeggtggtgcgtcaacCAGAGATTTCATATGGGAAACTCTGg
gacacgctgtatttatacatgaggatcaccatgtgtgcttaaatatgggtaAGTTGACCATTAG
GCAACTgtaagatgctccggttaATTCCAGTTTATATGGAAACGGAATtgatgtaccgt
tgagCcaAGAACACGATTACGGTTCTtcgattagatatggtttAAACGACAATATATGG
ATTGCGTTTtggggcacgccgtctggAGAAGACCATTAGGCTTC CTttactgegaccgea
ataAAAGGAGATTATATGAAATCCCTTTgcgcgcaaccgggtagaAGATCACCATT
AGGGATCTgtaactcacggcgctatTACGAGTCAATATGGTGACCGTAaagctaggg
catgtgccAGAAGAGCATTAGCCTT CTecttggtggggaagcgaTAAGCACATTATAA
GGAATGGCTTAaagtggtgcggcgggggACTTGACCATTAGGCAAGTgtgctagacc
ctggtctTTTCGAGAAAATATGGTTTCCGAAAgaactatacgaagtgacATGCGAGG
ATTACCCGCATatggtgcaaatgggagaATTGGAGTAAATATGGTTACCCAATagg
ctagagcatgacggCAGTGAGAATTATCCACTGgttagcgggttaccgagATTGCACAT
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TATATGGAATGGCAATtgattcatgecggtcgt TTGTGAGGAGTACCCACAAaatgg
gagggtgctataTAACCAGGTTATATGCAACCGGTTAggccgttgtgttagtttAGTTC

AGCATTAGCGAACTgtgcaagacccggtggcTAAGGAGTTTATATGGAAACCCTT

AgccctcgageatgctaACATGAGGATTACCCATGTgatggstttgaaacgtgCAATTAT
TTGATATGGCAAAAATTGggtagggcatggctgcaGCGTGAGAATTATCCACGCta
ggctagagcatggeggtattgagttcgggtttgAGATGACCATTAGGCATCTgtgctagagce
atgcgaaaacgacataatatggtatgegttttggggtgctagtataccACATGATGAGCACAC

ATGTatgggtgggaggtagagggattctcgcgagaaga

Binding site sequences are marked in capital letters: Underlined: PP7; Italicized: MS2

Construction of sincRNA plasmids for in vivo expression

The PP7-4x/QB-5x sIncRNA sequence (Table 2) was ordered from GenScript, Inc. (Piscataway, NJ),
as part of a puc57 plasmid, flanked by EcoRI and HindlIll restriction sites. pPBAC-lacZ backbone
plasmid was obtained from Addgene (plasmid #13422). Both insert and vector were digested using
EcoRI-HF (NEB, #R3101S) and Hindlll (NEB, #R3104S) and ligated to form a circular plasmid. The
sequence was verified by sanger sequencing.

The sequences for QB-1x/3x/5x/10x/12x/17x/NS (Table 2) were generated using the CARBP online
tool*” and ordered IDT as gBlock gene fragments downstream to a T7 promoter and flanked by Apal
and Awvrll restriction sites. The gBlocks were cloned into a pPROLAR vector containing a kanamycin
resistance gene, which was linearized using the above-mentioned restriction enzymes (NEB, #R0114S
and #R0174S, respectively), and excised from 1% agarose gel following electrophoresis to obtain the
relevant DNA segment. Sequences were verified using Sanger sequencing.

The DNA sequence of the TagBFP protein was ordered from IDT as a gBlock gene fragment flanked
by Avrll and Agel restriction sites and ligated to the sincRNA-containing pPROLAR vectors linearized
using the same restriction enzymes (NEB, # R0174S and #R3552S, respectively).

Table 2 - in vivo expression sIncRNA sequences

sIncRNA DNA sequence

PP7-4x/ QP -5x gagaaacctaggcgattatgacgttattctactttgattgtgATGCATGTCTAAGACAGCATcgectgetggt
cgtgacTAAGGAGTTTATATGGAAACCCTTAcgagacaatgctaccttaccggtcgggceccacttgttttt
acccatgATGCATGTCTAAGACAGCATcgcctgetggtcgtgacTAAGGAGTTTATATGGAAACC
CTTAgaaacagccgtcgecttgaagccgagaacaATGCATGTCTAAGACAGCATatggattgectgtctg
tTAAGGAGTTTATATGGAAACCCTTAcatcaggcttcgcagtatgcaacgcttgcgATGCATGTCTA
AGACAGCATttcaccgctttcctaagTAAGGAGTTTATATGGAAACCCTTAgtactaactcgcagAT
GCATGTCTAAGACAGCATcagaaacgtcacgtcctggetgtcga

Qp-NS CAGCGCTTATTCCAAAAGAAGGTTAGAACEGCTTTAGGAAAGCAACACATTTTATGACAT
TAGAAAGGGTCGTtTTGCGaGGAGCEgGAGTTCtGTCTGAGGGAGATGGCAATGTATGCA
AGTGGAGTACGTAAGGGTgATGCACTAAATAAGGTACGATCgGTGCATCTACCTGGGTC
ATAaACaACtCGAACTTAAGAATGaTgGAGGGGGTAAAAGTAATTGTGGCCCaAGTTaTT
AGCGggATCTATCCATtCCcAGAGCAGGCTATTGCTaGAGGGCTCCTGTACAaTGTGTGAG
CAAGTAtGTGGAgAAATTAGACEAGGGCTaCCtGCagTAGETAGACTGTGETGACCAAGG
TAGAGATGTCCTCTAATGCGGAGTGCCAGTCTaTCGACGCCGATTCTCGCGAgaa
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Qp-1x

CAGCGCTTaaggaactgtaacagtccttATTCCAAAAGAAGGTTAGAACEGCTTTAGGAAAGCA
ACACATTTTATGACATTAGAAAGGGTCGTETTGCGaGGAGCEGAGTTCtGTCTGAGGGAG
ATGGCAATGTATGCAAGTGGAGTACGTAAGGGTEATGCACTAAATAAGGTACGATCgGT
GCATCTACCTGGGTCATAaACaACtCGAACTTAAGAATGaTgGAGGGGGTAAAAGTAATT
GTGGCCCaAGTTaTTAGCGggATCTATCCATtCCcAGAGCAGGCTATTGCTaGAGGGCTCC
TGTACaTGTGTGAGCAAGTAtGTGGAgAAATTAGACEAGGGCTaCCtGCagTAGETAGACT
GTGgTGACCAAGGTAGAGATGTCCTCTAATGCGGAGTGCCAGTCTaTCGACGCCGATTC
TCGCGAgaa

Qp-3x

CAGCGCTTaaggaactgtaacagtccttctcgtgetgatcgtgacttggatgtccaagacaccaaCGAGACA

ATGCTACCTTACCGTCGGCCCACTTGTTTTTACCCATGacatgacgagatactcgcatgtATTCCA
AAAGAAGGTTAGAACEGCTTTAGGAAAGCAACACATTTTATGACATTAGAAAGGGTCGT
tTTGCGaGGAGCEGAGTTCtGTCTGAGGGAGATGGCAATGTATGCAAGTGGAGTACGTA
AGGGTgATGCACTAAATAAGGTACGATCgGTGCATCTACCTGGGTCATAAACaACtCGAA
CTTAAGAATGaTgGAGGGGGTAAAAETAATTGTGGCCCaAGTTaTTAGCGggATCTATCC

ATtCCcAGAGCAGGCTATTGCTaGAGGGCTCCTGTACaTGTGTGAGCAAGTAtGTGGAgA
AATTAGACEAGGGCTaCCtGCagTAGETAGACTGTGETGACCAAGGTAGAGATGTCCTCT

AATGCGGAGTGCCAGTCTaTCGACGCCGATTCTCGCGAgaa

Qp-5x

gagaaaaaggaactgtaacagtccttctcgtgetgategtgacttggatgtccaagacaccaaCGAGACAATG
CTACCTTACCGTCGGCCCACTTGTTTTTACCCATGacatgacgagatactcgcatgtcgectgetggtc
gtgacatgcatgtctaagacagcatGAAACAGCCGTCGCCTTGAAGCCGAGAACAttgcatgtcgaag
acagcaatggaa

Qp-10x

GAGAAAaaggaactgtaacagtccttCTCGTGCTGATCGTGACttggatgtccaagacaccaaCGAGA
CAATGCTACCTTACCGTCGGCCCACTTGTTTTTACCCATGacatgacgagatactcgcatgtCGCC
TGCTGGTCGTGACatgcatgtctaagacagcatGAAACAGCCGTCGCCTTGAAGCCGAGAACAL
tgcatgtcgaagacagcaaATGGATTGGGTCTCCAATTCCTGTCTGTttccatgactaagtcaggaaC
ATCAGGCTTCGCAGTATGCAACGCTTGCGatgcattgcaaagcaagcatTTCACCGCTTTCCTA
AGaaggatagtaatgactaccttGTACTAACTCGCAGatcgaactctaagagtcgat CAGAAACGTCAC
GTCCTGGCaaccatgtcagggacaggttTGGAA

Qp-12x

GAGAAAaaggaactgtaacagtcctt GAGCTTAACCATGCATGaatcgagaaaatatggtttccgattG
GCCGTTGTGTTAGTTTgaataaggattacctattcATGGATTGCCTGTCTGTtaagacagtattactgc
ttaGGACACGCTGTATTTATACATGAGGATCACCATGTGTGCTTAAATATGGGTAtaaggac
tttatatgtaaagccttaTCGATTAGATATGGT TTacataaggattacctatgtGTGCTAGAGCATGAG
GAccgtaataattatatacggGGCGATGGCTGACGTAGatacagttctaagaacgtatTGGCTAGAGC
ATGTGATACATGAGGTCACCCATGTGGTATTTGATCGTGGGCaatgcacatgctaacatggceatt
GTGCTAGAGCATGCGAaatgcacattatatggaatggcattAAGTGGTGCGGCGGGGGtacagatt
tcatatgggaaactgtaGGGCGTCGAGCGAATATACATGAAGATCACCCATGTGGGCTAGAG
CATGGTATtaaggagtttttatgtaaacccttaGTGGAA

Qp-17x

GAGAAAaaggaactgtaacagtcct TTACTGCGACCGCAATAaatgcacattatatggaatggcattAC
CTGTAACAGGGGGAGccgtaataattatatacggATGGATTGCCTGTCTGTtacagaacttatatgg
2agtctgtaAAGTGGTGCGGCGGGGGtaaggagtttaagtttaaacccttaAGGCTAGAGCATGAC
GGtaaggagtttttatgtaaacccttaGTTAGCGGGTTACCGAGatgcatgtcaaagacagcatCGCCT
GCTGGTCGTGACaaggatagtaatgactaccttTGGCTAGAGCATGTGATACATGAGGTCACCC
ATGTGGTATTTGATCGTGGGCaaacatgtctgagacagtttGGGCGTCGAGCGAATATACATG
AAGATCACCCATGTGGGCTAGAGCATGGTATtacagatttcatatgggaaactgtaTTATTGTTA
GAGTGAGCatacgagattatatggaatccgtatGGGCTAGAGCATGCGTAgtgaatatctaagatatca
cGAGTGTCCGGGAAGTCTatccatgtcaaagacaggatGGTAGGGCATGGCTGCAatttacttcta
agaagaaatTAGGCTAGAGCATGGCGGagatatccattcggtatctAAGCTAGGGCATGTGCC gt
acacgattacggtacaATGGGTGGGAGGTAGAGtaaggagtttcacagtaaacccttaTGGAA

Binding site sequences are marked: Underlined: PP7; red colored: Qf
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Design and construction of fusion-RBP plasmids

RNA binding proteins (RBP) sequences lacking a stop codon were amplified via PCR off either
Addgene or custom-ordered templates. Both RBPs presented (PCP and QCP) were cloned into the RBP
plasmid between restriction sites Kpnl and Agel, immediately upstream of an mCherry gene lacking a
start codon, under the RhIR promoter containing the rhlAB las box™ and induced by N-butyryl-L-
homoserine lactone (C4-HSL) (Cayman Chemicals, Ann Arbor, Michigan). The backbone contained

either an Ampicillin (Amp) or Kanamycin (Kan) resistance gene, depending on the experiment.

In vitro transcription of sIncRNA

A vector containing the sincRNA DNA sequence, flanked by two EcoRI restriction sites, was digested
with ECoRI-HF (NEB, #R3101S) per the manufacturer’s instructions to form a linear fragment encoding
the sIncRNA sequence. The enzyme was then heat-inactivated by incubating the restriction reaction at
65° C for 20 minutes. For fluorescently labelled RNA, 1 pg of the restriction product was used as
template for in vitro transcription using HighYield T7 Atto488 RNA labeling kit (Jena Bioscience, Jena,
Germany, RNT-101-488-S), according to the manufacturer’s instructions. Non-fluorescent RNA was
transcribed using the HiScribe™ T7 High Yield RNA Synthesis Kit (NEB, #E2040S). Following in
vitro transcription by either kit, the reaction was diluted to 90 ul and was supplemented with 10 pl
DNAse I buffer and 2 pl DNAse I enzyme (NEB #M0303S) and incubated for 15 minutes at 37° C to
degrade the DNA template. RNA products were purified using Monarch RNA Cleanup Kit (NEB,
#T2040S) and stored in -80°.

Protein expression and purification

A Dbacterial plasmid encoding his-tagged tdPP7-mCherry under the rhIR promoter (containing the las
box, inducible by N-butyryl-L-Homoserine lactone [C4-HSL], Cayman Chemical), ampicillin
resistance, and RhIR was transformed into E. coli TOP10 cells (Invitrogen Life Technologies, Cergy-
Pontoise). Cells containing the plasmid were grown in 10 ml Luria-Bertani medium (LB: 10 g NaCl,
10 g tryptone, and 5 g yeast extract in 1 L deionized water, autoclaved) containing 100 pg/ml ampicillin
(Amp) in a 50 ml falcon overnight, at 37 °C and 250 rpm. The culture was diluted into 500 ml terrific
broth (TB: 24 g yeast extract, 20 g tryptone, 4 ml glycerol in 1 L of water, autoclaved, and supplemented
with 17 mM KH2PO4 and 72 mM K2HPO4) containing 100 pg/ml Amp and 97 nM C4-HSL in a 2-
liter flask and grown for another day at 37 °C and 250 rpm. Culture was visibly pink the next morning.
Cells were centrifuged at 8000 rpm for 10 min in 250 ml bottles, supernatant was discarded, and the
visibly pink pellets were resuspended in resuspension buffer (RB: 50 mM Tris, 100 mM NacCl, 0.02%
sodium azide in deionized water, pH 7.0). The resuspended cells were lysed by passing the culture four
times through a high-pressure homogenizer (Emulsiflex, Avestin Inc, Canada) at an average working
pressure of 10-15 KPSI and maintained at 4 °C using a circulating bath (GMBH, Germany). The

collected lysate was centrifuged at 13 KRPM for 30 min. Clear, visibly pink supernatant was collected,
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and cell debris was discarded. The supernatant was incubated with Ni-coated beads (HisLink protein
purification resin, Promega) at room temperature for 1 hr, with 13 rpm overhead rotation. The his-
tagged proteins were then purified on a gravity-flow column (PolyPrep chromatography column,
Biorad) using the manufacturer’s protocol. The buffer of the eluted protein was changed to phosphate
buffered saline (PBS: Dulbecco’s phosphate buffered saline -calcium -magnesium, Biological
Industries) by rinsing multiple times with 1x PBS on a 3 kDa MWCO spin column (Amicon Ultra 0.5
mL, Merck Millipore).

In vitro granule preparation

In vitro experiments were performed in granule buffer (final concentrations: 750 mM NaCl, 1 mM
MgCl2, 10% PEG4000). Reactions were set up at the appropriate concentrations and allowed to rest at
room temperature for 1 hour. 3-5 pl from the reaction was then deposited on a glass slide prior to
microcopy.

For the RNase experiment, granules were first formed as described and allowed to rest at room
temperature for 1 hour. Following this, RNase A enzyme (Thermofisher, catalog: EN0531) was added
at 35 nM final concentration. The reaction was then immediately deposited on a glass slide and
proceeded to imaging.

For the competition experiment, granules were first formed with tdPCP-mCherry at a final
concentration of 40 nM and allowed to rest at room temperature for 1 hour. Following this, tdPCP-

mCerulean was added to the reaction at 80 nM final concentration prior to imaging.

Bacterial culture growth

BL21-DE3 cells expressing the two plasmid system (single copy plasmid containing the binding sites
array, and a multicopy plasmid containing the fluorescent protein fused to an RNA binding protein)
were grown overnight in 5 ml LB, at 37° with appropriate antibiotics (Cm, Amp), and in the presence
of two inducers — 1.6 ul Isopropyl B-D-1-thiogalactopyranoside (IPTG) (final concentration 1 mMm),
and 2.5 pl C4-HSL (final concentration 60 uM) to induce expression of T7 RNA polymerase and the
RBP-FP, respectively. Overnight culture was diluted 1:50 into 3 ml semi-poor medium consisting of
95% bioassay buffer (BA: for 1 L—0.5 g Tryptone [Bacto], 0.3 ml glycerol, 5.8 g NaCl, 50ml 1 M
MgS0O4, 1 ml 10xPBS buffer pH 7.4, 950 ml DDW) and 5% LB with appropriate antibiotics and
induced with 1 pl IPTG (final concentration 1 mM) and 1.5 pl C4-HSL (final concentration 60 uM).
For stationary phase tests, cells were diluted into 3 ml Dulbecco's phosphate-buffered saline (PBS)
(Biological Industries, Israel) with similar concentrations of inducers and antibiotics. Culture was
shaken for 3 hours at 37° before being applied to a gel slide [3 ml PBSx1, mixed with 0.045g SeaPlaque

low melting Agarose (Lonza, Switzerland), heated for 20 seconds and allowed to cool for 25 minutes]®.
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1.5 wl cell culture was deposited on a gel slide and allowed to settle for an additional 30 minutes before

imaging.

In vitro granule microscopy

Granules were imaged in a Nikon Eclipse Ti-E epifluorescent microscope (Nikon, Japan) with a 100x
1.45 NA oil immersion objective. Excitation was performed by a CooLED (Andover, UK) PE excitation
system at 488 nm (Atto 488) for experiments containing fluorescent RNA, 585 nm for mCherry protein,
and 405 nm for cerulean protein. Images were captured using the Andor iXon Ultra EMCCD camera
with a 250 msec exposure time for 488 nm, 250 msec exposure time for 585 nm, and 2 seconds for 405

nm.

Live cell microscopy for granule dynamics measurements

Gel slide was kept at 37° inside an Okolab microscope incubator (Okolab, Italy). A time lapse
experiment was carried out by tracking a field of view for 60 minutes on Nikon Eclipse Ti-E
epifluorescent microscope (Nikon, Japan) using an Andor iXon Ultra EMCCD camera at 6 frames-per-
minute with a 250 msec exposure time per frame. Excitation was performed at 585 nm (mCherry)
wavelength by a CooLED (Andover, UK) PE excitation system.

Quantification of the fraction of cells presenting puncta was done by taking 10-15 snapshots of different
fields of view (FOV) containing cells. The number of cells showing puncta and the total number of

fluorescent cells in the FOV were counted manually.

Structured Illumination super resolution microscopy

Super resolution images were captured using the Elyra 7 eLS lattice SIM super resolution microscope
(Zeiss, Germany) with an SCMOS camera, a 63x 1.46 NA water immersion objective, with a 1.6x
further optical magnification. 405 nm, 488 nm and 585 nm lasers were used for excitation of the
cerulean, Atto-488, and mCherry respectively. 16-bit 2D image sets were collected with 13 phases and

analyzed using the SIM”2 image processing tool by Zeiss.

Fluorescence recovery after photobleaching (FRAP) measurements

For fluorescence recovery after photobleaching (FRAP) measurements, cells were grown overnight
with appropriate antibiotics and diluted 1:100 in the morning in a solution of BA-LB (95%-5% v/v)
with the relevant induction (0.33 mM IPTG and 60 pM C4-HSL) and allowed to grow for 3-4 hours

prior to measurement.

Gel slides for bacterial setting were prepared as follows: A solution of 1.5% (w/v) low melting agarose

(Lonza, Switzerland) in PBS was heated for approximately 20 seconds to allow full melting of the
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agarose. Approximately 50 pl was deposited on a microscope slide, and a coverslip was immediately
applied. When the agarose had hardened, the coverslip was carefully removed, leaving a thin pad of
agarose on the slide. Ten microliters of a bacterial culture were then deposited on a fresh coverslip, and
the microscope slide and pad were placed on top with the agarose facing down so that the culture was
spread between the pad and coverslip. Translucent nail polish was then applied to the edges of the cover

slip to seal the liquid and prevent evaporation.

FRAP measurements were done using an LSM-880 laser scanning confocal microscope (Zeiss,
Germany) with an sCMOS camera, and a 63x 1.46 NA oil immersion objective. Following
identification of a live cell, photobleaching of a localized region was done using a 488 nm laser at full
power (25 mW). mCherry fluorescence recovery was measured using excitation with a 594 nm laser
with 1% power (0.1 mW) with images taken every 15 seconds for a total of 5 minutes. FRAP image
analysis was done using the ImageJ software with the Stowers plugin suite.

Flow cytometry measurements

IPTG / C4HSL-induced or non-induced E. coli BL21 cells were grown overnight at 37° with
appropriate antibiotics. In the morning, the bacterial culture was diluted 1:100 into 3 ml of semi-poor
medium consisting of 95% bioassay buffer (BA: for 1 L—0.5 g Tryptone [Bacto], 0.3 ml glycerol,
5.8 g NaCl, 50 ml 1 M MgS04, 1 ml 10xPBS buffer pH 7.4, 950 ml DDW) and 5% LB supplemented
with the relevant inducers (IPTG and/or C4-HSL). The diluted cells were shaken for several hours
prior to measurement to allow sufficient time for induction and protein expression. Samples and
appropriate controls were loaded onto a 96-wells plate (Thermo Scientific, cat. 167008) in triplicates,
each well containing 200 pl of diluted bacterial cells. The cells were then measured using
flowcytometry (MACSquant VY B, Miltenyi Biotec), with the 561 nm excitation laser and the Y2
detector channel (a 615/20 nm filter). The flow cytometer was calibrated using MacsQuant calibration
beads (Miltenyi Biotec) before measurement. Running buffer, washing solution, and storage solution
were all purchased from the manufacturer (catalog numbers 130092747, 130092749, and 130092748,
Miltenyi Biotec, respectively).

Events were defined using an FSC-height trigger of 3. An FSC-area over SSC-area gate (gate-1) was
created around the densest population in the negative control (non-induced cells), and events falling
inside this gate were considered live bacteria. From the gate-1-positive cells, an SSC-height over SSC-
area gate (gate-2) was created along the main diagonal, and events falling inside this gate were
considered single bacterium. Finally, from the gate-2-positive cells, a histogram of mCherry distribution
was created, with the threshold for mCherry-positive cells set by leaving around 0.1% positive events

in the negative control.
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Image analysis for in-vitro and in-vivo granule microscopy

The brightest spots (top 10%) in the field of view were tracked over time and space via the imageJ
MosaicSuite plugin®-23, A typical field of view usually contained dozens of granules (in-vitro) or cells

containing puncta (in vivo).

The tracking data, (x,y,t coordinates of the bright spots centroids), together with the raw microscopy
images were fed to a custom built Matlab (The Mathworks, Natick, MA) script designed to normalize
the relevant spot data. Normalization was carried out as follows: for each bright spot, a 14-pixel wide
sub-frame was extracted from the field of view, with the spot at its center. Each pixel in the sub-frame
was classified to one of three categories according to its intensity value. The brightest pixels were
classified as ‘spot region’ and would usually appear in a cluster, corresponding to the spot itself. The
dimmest pixels were classified as ‘dark background’, corresponding to an empty region in the field of
view. Lastly, values in between were classified as ‘cell background’. We note that for the in vitro
experiments the ‘dark background’ and ‘cell background’ pixel groups yield similar intensity values.
This, however, does not affect the performance of the algorithm for in vitro experiments. Classification
was done automatically using Otsu’s method®. From each sub-frame, two values were extracted, the
mean of the ‘spot region’ pixels and the mean of the ‘cell background’ pixels, corresponding to spot
intensity value and cell intensity value. This was repeated for each spot from each frame in the data,

resulting in sequences of intensity vs. time for the spot itself and for the cell background.
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Results

Chapter 1 — Formation of synthetic RNA and RNA-protein granules

Hairpin containing RNA phase separates in vitro into gel-like granules
To test whether hairpin containing RNA can phase separate in vitro we designed six synthetic long non-

coding RNA (sIncRNA) binding-site cassettes using our binding site resource*’##, We divided our
sIncRNAs into two groups. For the first group (class | sIncRNAs), we designed three cassettes
consisting of three, four, or eight hairpins that encode for PCP binding sites (PCP-3x, PCP-4x, and PCP-
8x, respectively). In this group, hairpins were spaced by a randomized sequence that did not encode for
a particular structure. For the second group (class Il sincRNAs), we encoded three cassettes that
consisted of three, four, and fourteen PCP binding sites that were each spaced by hairpin structures that
do not bind PCP (PCP-3x/MCP-3x, PCP-4x/MCP-4x, and PCP-14x/MCP-15x, respectively). In
addition, we designed a negative control sincRNA which does not contain any hairpin binding sites. To
ensure that the negative control sequence has a similar GC content as the other sincRNA molecules
(45%), it was designed as a permutation of the PCP-8x sequence. The sequences encoding for the
sIncRNAs were cloned downstream to a pT7 promoter and transcribed in vitro to generate the
corresponding RNA. To visualize the RNA, we incorporated fluorescent nucleotides in the transcription
reaction such that an estimated 35% of uracil bases were tagged by Atto-488 fluorescent dye. Each
sIncRNA-type was separately mixed with granule forming buffer (Figure 5A) at equal concentration
(8.5 nM final concentration) and incubated for 1 hour at room temperature. 2-5 pl of the granule reaction

were then deposited on a glass slide and imaged using an epi-fluorescent microscope.

The images show that reactions with sSiIncRNA molecules which contain hairpin binding sites result in
the formation of a multitude of bright localized fluorescent condensates, with the exception of the PCP-
3x case (Figure 5B). Interestingly, when increasing the sIncRNA concentration in the PCP-3x case,
sporadic granules do begin to form at 20 nM, and more robustly at 40 nM (Figure 5C), reminiscent of a
concentration dependent, liquid-like phase separation rather than gel-like. In contrast to the above, the
granule reaction containing the negative control sincRNA does not result in any discernible puncta
(Figure 5D). In addition to the localized, small condensates, we note the formation of larger structures
in the reactions prepared with the longer sincRNA molecules (e.g., PCP-8x and PCP-14x/MCP-15x),

consistent with a gel like solid network (Figure 5E).
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Figure 5 - In vitro RNA-only granules microscopy.

A. Construct diagram depicting in vitro transcription of hairpin containing sincRNA molecules used and their
gelation under suitable conditions. B. Microscopy images showing dependence of structure morphology on the
number of binding sites in the sIncRNA. PP7-3x results in no visible puncta, while other sincRNAs shows multiple
isolated puncta and additional larger fluorescent structures. All scale bars are 10 um. C. Sample microscopy
images of granule reactions with different concentrations of PCP-3x sIncRNA. The images show the formation of
weak granules at concentration of 20 nM, and brighter, larger granules at 40 nM. Concentration written on the
images. Scalebars are 10 um. D. Negative control sIncRNA only granule reaction. Scalebar is 10 um. E. Sample
image of a PCP-8x granule reaction depicting a larger structure. Scale bar is 10 um.
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We examined the median condensate fluorescence obtained per sIncRNA sequence. To get a
standardized measurement, we normalized the measured fluorescence values by the number of
estimated labeled uracil bases in each sequence (assuming a 35% labeling efficacy as reported by the
manufacturer). The standardized quantity is then dependent on the number of molecules in a condensate,
as well as on the average fluorescence of a single uracil Atto-488 label. Working under the assumption
that the average fluorescence of a single base should not change drastically, the normalized quantity
should serve as a rough measure to the number of RNA molecules inside the condensate. The results
(Figure 6A) reveal a dependence on sIncRNA class, where class | sSIncRNA molecules yield condensates
with weaker fluorescence when compared with class 1l. The exception to this is PCP-14x/MCP-15x
which appears to be weakest on average. This can be due to the reduced fluorescence of a single uracil
label brought about by quenching. We further examined the background fluorescence from each
sIncRNA granule reaction and found roughly similar background levels for all sIncRNAs (350-450
[A.U]) (Figure 6B). Normalization of the background (under the assumption that the main contribution
to the background is free floating sIncRNAS), reveals a dependence on size with the shorter sSIncRNAs
(PCP-4x and PCP-3x/MCP-3x) showing higher normalized fluorescence compared to the negative
control (Figure 6C), and longer siIncRNAs showing weaker values. Quantification of the area of the
localized condensates shows that granule size is generally dependent on sincRNA length rather than on

number of hairpins, with shorter sSIncRNAs resulting in smaller granules (Figure 6D).
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Figure 6 - Further RNA-only granule analysis.
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A. Violin plots of median condensate fluorescence of sIncRNA-only condensates. B. Comparison between the
absolute background fluorescence levels from different sincRNA reactions. C. Background fluorescence values
normalized by the estimated number of labelled uracil bases on each sIncRNA molecule. D. Boxplots showing
area (in pixels) of localized condensates, showing that longer sIncRNA molecules typically result in larger
condensates. Asterisks denote statistical significance at the 5% level according to a two-sample t test. (p-values:
PCP-4x vs. PCP-8x: 4e-4; PCP-4x vs. PCP-14x/MCP-14x: 0.046; PCP-4x vs. PCP-3x/MCP-3x: 0.043; PCP-8x vs. PCP-
4x/MCP-4x: 0.025; PCP-4x/MCP-4x vs. PCP-14x/MCP-14x: 0.031). On each box, the central mark indicates the
median, and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The value
for ‘Whisker’ corresponds to +1.5 IQR (interquartile rate) and extends to the adjacent value, which is the most
extreme data value that is not an outlier. The outliers are plotted individually as plus signs.
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To further analyze the condensate structure, we fitted the normalized condensate fluorescence intensity
distributions to a modified Poisson distribution of the form:

|
ﬂ,ko e—l
p(l) = Y (1.1)
!
k0
where | is the observed fluorescence amplitude, A is the Poisson parameter (rate), and k, is a fitting
parameter whose value corresponds to the fluorescence intensity associated with a single fluorescent

molecule within the burst.

The fits (Figure 7 A-E) reveal three characteristic distributions. For PCP-4x, an exponential distribution
is recorded (i.e., A=0). For PCP-3x/MCP-3x, and PCP-4x/MCP-4x, a Poisson distribution of A~1 seems
to be the best fit. Finally, for PCP-8x, and PCP-14x/MCP-15x, a Poisson distribution of A~2-3 fit best.
These results are consistent with the formation of condensates that are characterized by an increasing
number of sincRNA molecules that are cross-linked to form a gel-like "granule”, where the number of
hairpins encoded into the sincRNA determines the average number of molecules or cross-links within
the observed field of granules. Moreover, the interpretation suggested by the shape of the distribution
is contrasted by the counter-intuitive observation of decreasing value of the of the fitting parameter KO
as a function of an increasing number of hairpins (Figure 7F). In this particular context, this observation
is manifested by a significantly more gradual increase in mean or median granule fluorescence as
compared to what would be naively expected by a simple rescale that takes into account the number of
hairpins. Together, these observations suggest that sSIncRNA granules form via cross-linking interaction
of multiple sincRNA molecules, and that an increasing number of hairpins and cross-links lead to a
denser condensate. Denser granules, in turn, may result in fluorescence quenching of the labelled uracil

bases®” leading only to a gradual and disproportionate increase in fluorescence observed.
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Figure 7 — In vitro RNA-only granules Poisson analysis.

A-E. (Left) Poisson function fits for the median fluorescence intensities of the sIncRNA granules. (Right) Quantile-
guantile (QQ) plots showing agreement between sample data (experimental observations) and the theoretical
Poisson distribution for the fits on the left. F. k, estimates calculated from the Poisson fits, showing a
dependence on the number of binding sites in the sincRNA molecule.

RNA-based granules co-localize with protein-binding partners
To test if the hairpins retain their ability to bind the PP7 phage coat protein while in the granule state,

we added recombinant tandem dimer PP7 coat protein fused to mCherry (tdPCP-mCherry) to the
granule formation reaction in large excess (reactions were set up with 10-20 nM sIncRNA concentration
and 800 nM protein concentration) to saturate the sincRNA molecules while accounting for the multiple
binding sites present on one sIncRNA molecule (Figure 8A). The tdPCP-mCherry version used lacks
the necessary moiety to form the wildtype viral capsid (i.e., the FG region)’. The images (Figure 8B)

show colocalization between the 488 nm channel (Atto-488) and the 585 nm channel (mCherry) for all
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sIncRNA designs used in the experiment implying that PP7 coat proteins can bind the RNA hairpins in
the condensed state. Hence, the sIncRNA and their protein partners form synthetic RNA-protein
(SRNP) granules. Unexpectedly, PP7-3x granules were witnessed in the presence of the protein,
implying that tdPCP-mCherry adds a measure of multivalency to the system, and thus triggers
condensation of RNA molecules that do not phase separate on their own at the concentration used. To
check that this condensation was hairpin dependent, we tested whether the control RNA (of the same
length and GC content as PCP-8x) containing no designed hairpins, condenses either on its own or in
the presence of tdPCP-mCherry. In both cases, no condensates were detected in either the 488 nm or
585 nm channels (Figure 8C). Finally, unlike for the sIncRNA only case, SRNP granules (particularly
for high number of hairpins) show an increased propensity to form large-scale extended structures,
suggesting a more complex structure formation and condensation for the SRNP granules as compared

with the sincRNA-only case.

To check that the observed colocalization is due to affinity between the coat protein and the
corresponding binding sites, we repeated the granule formation reactions with a tandem dimer MS2
coat protein fused to mCherry (tdMCP-mCherry) protein. In this case, granules formed with class |
sIncRNAs showed no colocalization with the protein, while those formed with class Il sSincRNAs (which

contain MCP binding sites) were colocalized (Figure 8 D, E).

To authenticate the granules as being solid-like RNA-protein structures, we imaged them using
structured illumination microscopy (SIM) super resolution microscope with 120 nm resolution. Figure
8F-left shows a sample image of a PCP-14x/MCP-15x granule containing the tdPCP-mCherry protein.
The image shows that the siIncRNA is found mainly in the periphery of the granule, with filaments
protruding into its core, where a high amount of protein is amassed in a network like configuration. The
RNA seems to encase the protein cargo in a dense shell-like structure. Figure 8F-right shows a sample
image of PCP-4x granules, depicting cage-like structures with a solid protein core and sIncRNA
filaments protruding and connecting the different structures. RNA-only granules on the other hand

appear to be more compact and uniform in nature, akin to solids (Figure 8G).
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Figure 8 - In vitro RNA-Protein granule microscopy.

A. Construct diagram depicting the suspension of tdPCP-mCherry recombinant protein together with in vitro
transcribed sIncRNA, resulting in synthetic RNA-protein granules. B. Microscopy images showing an overlay of
the 585 nm channel (mCherry) and the 488 nm channel (sIncRNA). All scale bars are 10 um. C. Negative control
sIncRNA-Protein granule reaction. Top — 488 nm channel; Bottom — 585 nm channel. Scalebars are 10 um. D.
Granule reaction with class Il sincRNA (PCP-3x/MCP-3x) labelled in AF405 labelling (left), and tdMCP-mCherry
(right), showing colocalization between the protein and the RNA. E. Granule reaction with class | sincRNA (PCP-
8x labelled in AF405 labelling (left), and tdMCP-mCherry (right), showing RNA structures with no corresponding
protein fluorescence. Scalebars are 10 um. F. Structured illumination super resolution images of (left) PCP-
14x\MCP-15x sIncRNA-protein granule, and (right) PCP-4x sincRNA-protein granules. Colorbar indicates
fluorescence intensity. G. Structured illumination super resolution images of PCP-14x/MCP-14x sIncRNA-only
granules. Scale bar is 2 um. Color bar indicates fluorescence intensity.

Next, we measured the median fluorescence intensity of the mCherry protein in different SRNP
granules. The distributions of median values (Figure 9A) show a clear dependence on the number of
binding sites available for protein binding. First, the PCP-3x/MCP-3x and PCP-4x granules appear to
have a similar number of proteins in the granules and are both weaker than PCP-4x/MCP-4x granules,
suggesting that PCP-4x sIncRNAs inside the granules are not fully occupied by proteins. In addition,
the PCP-14x/MCP-15x granules seems to be >2-fold brighter as compared with the PCP-8x granules,
despite having <2-fold the number of hairpins. This stands in contrast to the observation that PCP-

14x/MCP-15x granules appear to be ~3 times brighter than PCP-4x/MCP-4x granules, reflecting the
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difference in the number of binding sites available for binding. Finally, PCP-3x granules appear to be
half as bright as PCP-14x/MCP-15x granules, providing more evidence that the former are not RNA-
dependent entities. We also observe that when the spacing regions within the siIncRNA encode for the
MCP hairpins, the formed granules contain a larger protein cargo.

To confirm this observation, we also observed the SRNP granules in the 488 nm channel. Here a slightly
more complex image emerges, whereby the median normalized fluorescence values for the RNA
granules decline as the number of hairpins increases, hinting once again at a quenching process due to
the tightly packed nature of the condensates. In contrast, measurements of RNA-protein granules reveal
an increase in fluorescence which is proportional to the number of binding sites available for protein
binding. This trend peaks at PCP-8x before the effects of quenching become more dominant for the
PCP-14x/MCP-15x. This behavior indicates the existence of an optimum point for sSIncRNA design in
terms of number of binding sites and complexity of the design. (Figure 9B). Together, the observations
in both channels indicate that SRNP granules are less dense gel-like structures as compared with the
sincRNA-only granules.

Finally, we explored the phase space of SRNP granule formation. To do so, we characterized formation
of the PCP-14x/MCP-15x SRNP granules as a function of both sincRNA and protein concentration. For
this we produced non-fluorescent RNA molecules (for higher concentrations) and mixed different titers
of sIncRNA and tdPCP-mCherry protein, each varied over two orders of magnitude. Puncta like
structures were detected only for sIncRNA and proteins concentrations of 10 nM and 100 nM
respectively, or above (Figure 9C). The images display bright puncta that are embedded within a
filamentous structure. Quantification of the maximal intensity of the puncta both at time T=0 (i.e.,
beginning of the reaction) and time T=1 [hr] (Figure 9D) reveals a fluorescent intensity distribution
which declines by two orders of magnitude (i.e., from ~10° to ~10%) in a step-like function as the RNA
concentration is reduced from 100 to 1 nM, providing further indication that RNA is essential for
granule formation. Likewise, the intensity distribution of the puncta declines in a more gradual fashion

as the protein concentration is reduced, but overall, a similar disappearance of puncta is observed.
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Figure 9 - RNA-Protein granules intensity analysis.

A. Boxplots of median 585 nm (mCherry) fluorescence intensity values collected from multiple granules. On each
box, the central mark indicates the median, and the bottom and top edges of the box indicate the 25th and 75th
percentiles, respectively. The value for ‘Whisker’ corresponds to +1.5 IQR (interquartile rate) and extends to the
adjacent value, which is the most extreme data value that is not an outlier. The outliers are plotted individually
as plus signs. B. Top - median 488 nm (Atto488) fluorescence intensity values collected from multiple sincRNA
granules (blue) and sIncRNA-protein granules (orange). Quenching for the sIncRNA granules is empirically
estimated at 1x for the PCP-4x and PCP-3x/MCP-3x, 1.34x for the PCP-4x/MCP-4x, 1.37 for the PCP-8x, and 4.2x
for PCP-14x/MCP-15x. Note that we assume no quenching for the SRNP granules, except for the case of PCP-
14x/MCP-15x. Data presented as median values + SE. Bottom—Increase in Atto-488 fluorescence between
sIncRNA-protein granules and sIncRNA only granules, for the different sincRNA molecules. Data in top and
bottom panels was collected from: 112 PCP-3x/MCP-3x, 165 PCP-4x, 204 PCP-4x/MCP-4x, 121 PCP-8x, and 89
PCP-14x/MCP-15x, RNA-only granule, and from 91 PCP-3x, 69 PCP-3x/MCP-3x, 30 PCP-4x, 92 PCP-4x/MCP-4x,
85 PCP-8x, and 37 PCP-14x/MCP-15x RNA-protein granules. C. Microscopy images for serial dilutions of reaction
components taken at T = 1 hr after reaction setup. Highest concentrations show the formation of highly
fluorescent filamentous structures, as seen in the top left image. Lower RNA concentrations result in smaller
structures, while lower protein concentration result in weaker fluorescence. Scale bar is 10 um. Due to high
dynamic range, the intensities presented are the square root of the raw data images. D. Maximal observed
intensity values for each reaction condition at time T=0 and T=1 hr. All distributions were derived from 5
separate microscopy images of granule reaction prepared with the listed concentrations. On each box, the
central mark indicates the median, and the bottom and top edges of the box indicate the 25th and 75th
percentiles, respectively. The value for ‘Whisker’ corresponds to +1.5 IQR (interquartile rate) and extends to the
adjacent value, which is the most extreme data value that is not an outlier. The outliers are plotted individually
as plus signs.
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Chapter 2 — Development of an analysis algorithm for gel-like granules

Assumptions
We refer here to a scenario of a gel-like phase separated, localized granule, with fluorescently marked

components (either the components themselves are fluorescent or are tagged with a fluorescent marker)
residing within a dilute solution that can itself contain a low concentration of fluorescent molecules.
We assume an experimental setting wherein a field of view containing both highly fluorescent granules
and a dark background, is monitored for a total duration (T), with constant intervals (t) between

fluorescence intensity measurements.

We assume that the total fluorescence of the granule consists of three signal components: granule
fluorescence, background fluorescence and noise. Granule fluorescence represents the sum of
fluorescence intensities of the molecules within the granule core, with occasional addition or subtraction
of intensity resulting from molecules entering or exiting the granule. Background fluorescence denotes
the fluorescence intensity of the surrounding dilute phase, which contains similar components to the
granule albeit at a much lower concentration. Noise here refers to various sources which commonly
affect fluorescence microscopy, including shot noise, electronic noise, and dark current noise®. The
sum of these processes is assumed to be a symmetric, memory-less process (i.e., white noise). We
further assume that background fluorescence changes slowly over time, in contrast to granule

fluorescence which depends on the dynamic insertion and shedding events occurring in the granule.

Based on these assumptions, we define a general model for the fluorescence intensity signal comprised
of both additive and exponential components, corresponding to fluorescent molecules, and

photobleaching. This can be described as follows:

y(®) = (S(®) +c(1)- (1) (2.1)
c(t) =, (1) - () (2.2)

where Y(t) is the observed fluorescent signal, S(t) is the underlying granule signal which we try to
extract, C(t) is the observed background signal, C,(t) is the underlying background signal and f (t)

is the photobleaching component.

Signal extraction
To find the underlying granule signal S(t), we assume:

C, (t) = ¢, =const (2.3)
This leads to:
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y(t) S(t)+c, (2.4)

ct) ¢
o[ YO L [ YO
S(t)‘c‘)[c(t)J C"_C{c(t) j @9

Noticeably, this model lacks the contribution of high frequency noise effects stemming from physical
measurements in a fluorescence microscope. These affect the measured granule signal y(t), and the
measured background signal c(t). To reduce these effects, and since we do not require the background
signal at high temporal resolution, we fit the measured background signal to a 3rd degree polynomial.
This is done to capture the general trend of the signal (i.e., the photobleaching component) while
eliminating fluctuations due to random noise. In contrast, the measured granule signal which does
contain biologically relevant data is filtered with a moving average filter with a window span dependent

on experimental considerations.

Identifying signal bursts
A hallmark of phase separated compartments is the ability of macromolecules to traverse the phase

boundary in either direction®°. In terms of fluorescence intensity, such movement should manifest as
a change in signal intensity, lasting over multiple time points and resulting in a higher or lower stable
signal level. We term such shifts in the signal as “signal bursts”. To identify such shifts in the baseline
fluorescence intensity, we apply a moving-average filter to smooth the data as described in the signal
extraction section. This operation biases the fluctuations of the smoothed noisy signal near the bursts
towards a gradual increase or decrease in the signal (Figure 10a). Random single fluctuations that do
not establish a new baseline level are unlikely to produce a gradual and continuous increase or decrease
over multiple time points. We note that this operation alone can mask biologically relevant events that
occur on very short timescales, rendering this algorithm less effective for liquid-like condensates with
fast molecular motion.

Following this filtering step, we search for contiguous segments of gradual increase or decrease and
record only those whose probability for occurrence is 1 in 1000 or less given a Null hypothesis of
randomly fluctuating noise. To translate this probability to a computational threshold, we first compute

the intensity difference distribution for every trace separately. This distribution is computed by

collecting all the instantaneous differences in signal AS(t;) =S(t)—S(t. ;) and binning them (Figure

10b). For a given trace, the likelihood of observing an instantaneous signal increase event at a specific
time-point can be computed as follows
_ N(AS(t) >0)

inc N (26)

tot
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Where N(AS(t;) >0) and N correspond to the number of increasing instantaneous events and total

number of events in a trace respectively. Likewise, the number of decreasing instantaneous events is
defined as:
~ N(AS(t;) <0)

2.7
dec N ( )

tot

This in turn allows us to compute the number of consecutive instantaneous signal increase events (m)
to satisfy our 1 in 1000 threshold for a significant signal increase burst event m as follows:

I = 2 = mlog, (p,) = —j = m=-—3— 9

2! log, (Pirc)

Here, (j) is a stringency parameter which allows us to control the threshold probability. For example, a
value of j = 10 would correspond to a probability of 1/1024 which is the maximal probability we allow.
This freedom of stringency is required since different systems will have different levels of noise,
resulting in more false positive events being detected. The threshold is calculated for each signal
separately and an analogous threshold is calculated for decrements in the signal and is typically in the
range [m —1,m + 1].
Using this definition of m, we can identify segments within the signal trace corresponding to signal
bursts. Segments within the signal that are not classified as either a negative or positive burst event are
considered unclassified. Unclassified segments are typically signal elements whose noise profile does
not allow us to make a classification into one or the other event-type. In Figure 10c we mark the
classifications on a sample trace with positive bursts, negative burst, and non-classified events in green,
red, and blue, respectively. We confine our segment analysis between the first and last significant

segments identified in each signal, since we cannot correctly classify signal sections that extend beyond
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the observed trace. For each identified segment we record the amplitude ( Al ), duration (At ), and time

between successive events of the same type (e.g., the time between two positive burst events).
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Figure 10 - Identification of burst events.

A. Top: simulated step signal (blue) with added white Gaussian noise (orange). Bottom: noisy signal after moving
average filter. B. Intensity difference distribution for the signal presented in panel A. C. Sample experimental
signal (orange) overlaid with markers indicating identified segments in green, blue, and red, corresponding to
positive bursts, quiescent segments, and negative bursts.

Estimating signal parameters

Our model posits that a varying number of discrete molecules participate in a burst event (either positive
or negative), therefore a Poisson distribution would be best suited for describing the data. However,
given the fact that we cannot directly infer the fluorescence intensity of a single macromolecule, we

chose to fit the amplitude distribution to a modified Poisson function of the form:

p(l) = El—e] (2.9)
|

kO

where | is the observed fluorescence amplitude, A is the Poisson parameter (rate), and k, is a fitting

parameter whose value corresponds to the fluorescence intensity associated with a single fluorescent
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molecule within the burst. For each pair of A and k, values we calculate the theoretical Poisson
distribution (Figure 11A) and evaluate its distance from the experimental amplitude distribution in terms
of mean squared error (MSE). We then choose the values that minimize the MSE (Figure 11B) as the
best fit.
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Figure 11 - Poisson fitting example.

A. Sample fitting of an amplitude distribution to three modified Poisson functions, each with a different rate
and k, parameters. B. Heatmap showing MSE values as a function of A and k, values.

Differentiating between different sets of simulated data

As an initial evaluation of our algorithm, we simulated three distinct types of base signals. For each
simulation category, we generated and analyzed 1000 signals consisting of 360 time-points to align
with our experimental setup. The three signal types are: (1) signals featuring multiple burst events aimed
at emulating the characteristic behavior of phase-separated condensates, reflecting molecules
transitioning between dense and dilute phases; (2) constant flat signals representing a stationary
observable akin to a phase-separated solid, (e.g., a glass phase with arrested dynamics); and (3)
gradually increasing signals simulating a continuous flux of fluorescent molecules moving
unidirectionally. In all simulations, we incorporated two noise components according to our noise
model: white Gaussian noise with a peak-to-peak amplitude of 40 [A.U], matching the value estimated
from experimental traces in our hands, and an exponential component simulating photobleaching
(Figure 12).

Prior to analysis, we first calibrated our algorithm such that the constant signals will output roughly one
identified event per 1000 time points. For this, we applied our burst detection algorithm on the flat
constant signals with three different levels of stringency (parameter j in equation 1.8) — 10,12,14

1 1
1024 " 4096 12384

corresponding to probabilities of . In accordance with the given parameters, our
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algorithm identified 5.2, 2.5, and 1.1 segments per 1000 time points. Thus, a threshold parameter of 14,

1
corresponding to a probability of 12384 was determined to be optimal for the simulation parameters

stated above. We note that our coarse simulation does not perfectly represent biological signals with all

their innate complexity, therefore this setting might not be optimal for an experimental signal.

We first applied our burst-detection algorithm to 1000 signals containing randomly distributed,
increasing, or decreasing instantaneous bursts with an amplitude of 60 [A.U] X m with m being a
random number generated from a Poisson distribution with A=2 (Figure 12A). The resulting burst
amplitudes appear symmetric in nature with relatively similar numbers of positive and negative bursts
detected (>1000). Additionally, the range of amplitudes observed is 0-300 [A.U], indicating a
significant contribution of the added noise to the underlying amplitudes inserted in the signal (Figure
12B).

Analysis of the constant simulated signals (Figure 12C) reveals once again a symmetric positive and
negative amplitude distribution; however, a close examination of the results reveals that the burst
amplitude width is smaller by a factor of ~5 as compared with the results of the bursty signals (Figure
12D). To compute whether the number of burst events identified via our algorithm is statistically
significant, we utilized a chi-squared test. Our algorithm identified 414 positive bursts in 1000 constant
signals. For 1000 simulated signals containing bursts, 1720 positive bursts were identified, yielding a

p-value of 1e-5 indicating a statistically significant difference between constant and bursty signals.

For the gradually increasing signals (Figure 12E, F) a negligible number of negative burst-like events
was detected by our algorithm, with a pronounced bias towards positive events (~10 negative events vs.
~500 positive events). The scarcity of events can be explained by the positive bias in the signal which
results in a steep increase in the statistical threshold for event identification. Similar simulations with a

decreasing signal show a mirror image of amplitude distribution (data not shown).

Taken together, these results demonstrate that through our algorithm, we can differentiate between
different types of signals, each corresponding to a different behavior profile. A constant signal would
correspond to a static observable, akin to a phase separated solid (i.e., glass phase with arrested
dynamics). A gradually changing signal would correspond to a constant flux of fluorescent molecules
traveling in a single direction. Finally, a bursty signal should best mimic the known behavior of phase

separated condensates, corresponding to molecules randomly moving in or out of the dense phase.
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Figure 12- Signal type simulations.

A. Simulated signal with burst events (blue), with photobleaching (orange), and added noise (green). B.
Amplitude distributions of burst events identified from 1000 bursty signals. C. Simulated constant signal (blue),
with photobleaching (orange), and added noise (green). D. Amplitude distributions of burst events identified
from 1000 constant signals. E. Simulated signal with slope (blue), with photobleaching (orange), and added noise
(green). F. Amplitude distributions of burst events identified from 1000 sloped signals.

Estimating simulated signal parameters
The simulated bursty signals were generated with burst amplitudes which are a product of two values:

a constant intensity k,, and a random number generated from on an underlying Poisson distribution
with a specified A parameter. To examine whether we can correctly identify the signal parameters, we
generated three sets of simulated signals with different A, values - 1,2,4, and fitted the extracted

positive amplitude data to our modified Poisson function.
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The positive amplitude distributions for the three cases, demonstrate a visible change in the distributions
with higher A, values (Figure 13 - Estimating simulation parameters.). The estimation results
corresponding to the A values used in the simulation are also presented (Figure 13 - Estimating
simulation parameters. D-F). In all three scenarios, the algorithm managed to estimate a k, value
relatively close to the ground truth (60 [A.U]). ko, , = 68 for 4,5, = 1, 67 for A5 = 2, and 63 for
Aest = 4. Similarly, the algorithm estimated A, values within the range [Agim — 1, Asim + 1]. For
Asim = 1 the best estimate according to the MSE metric was A.5; = 2, FOr Agy, = 2, Aose = 2, While
for signals generated with A, = 4, the best estimate was A, = 3. This slight discrepancy
underscores the importance of verifying A.¢; values through visual inspection of the QQ-plots, or by

additional controls and experiments.

We further tested the estimation performance under different signal to noise ratios (SNRs) by simulating
two more sets of signals. The first set with A, = 2 and ky = 200, and a white Gaussian noise of
magnitude 40 [A.U] (SNR of 5). The second set had Ag;,,, = 2, ky = 60, and white Gaussian noise of
120 [A.U] (SNR of 0.5). We estimated the Poisson parameters of the amplitude data gathered from
these signals (Figure 13 - Estimating simulation parameters.). In the high SNR case, our algorithm
correctly estimated Agse = 2, ko, , = 223 (Figure 13l), In the low SNR case, while k, was correctly
estimated (k,,,, = 61), the A value was shifted to A.,; = 3 (Figure 13J). These findings illustrate that
high noise levels compared to the base amplitude of the bursts can lead to incorrect estimation of the

underlying distribution, with lower signal to noise ratio likely leading to a higher estimation bias.
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Figure 13 - Estimating simulation parameters.
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A-C. Amplitude distributions gathered from 1000 bursty simulated signals with similar base intensity (ky) and
different Poisson parameter (Ag;,,) values. (A) Agimm = 1 (B) Agim = 2 (C) Agi, = 4. The distributions demonstrate
a visible shift in accordance with the Poisson parameter used in the simulation. D-F. Poisson distribution fits of
the A value used in the simulation. Blue points show the measured amplitude distribution, red lines are the
theoretical Poisson distribution. The fits show a relative accurate estimation of the base intensity value (k). G-
H. Amplitude distributions gathered from 1000 bursty simulated signals with different SNR conditions. (G)
SNR=0.5, (H) SNR=5. I-J. Poisson distribution fits of the best estimates according to the algorithm in terms of
means squared error. In both cases the algorithm correctly estimates the base fluorescence (k,), however in
low SNR conditions, the estimation of the Poisson parameter is shifted to A = 3.
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Chapter 3 — Characterization of synthetic gel-like granules

Dynamic signal analysis of SRNP granules reveals a structure with gel-like characteristics
A hallmark of liquid-liquid phase separation is the exchange of molecules between the dilute phase and

the dense phase. This is also true for gels with non-permanent intermolecular interactions, wherein
random breaks and rearrangement of the connections which form the inner network allow
macromolecules (monomers and small polymers) to diffuse in and out of the gel phase3*%°-%2, albeit at
a significantly slower rate as compared with a high-density liquid phase. These exchange events are
predicted to occur independently of one another, at a rate which depends on multiple parameters: the
probability of cross linking within the gel network (i.e., number of hairpins), the transient concentration
of the molecules in the surrounding solution, and the average diffusion rate of the monomers. The
movement of molecules (fluorescent CPs, sIncRNA, and CP-bound sIncRNA complexes) between the
different phases should be reflected by changes in granule fluorescence intensity.

To test whether the synthetic granules display this characteristic we utilized our algorithm described in
chapter 2. For this we tracked the fluorescence intensity in both the 488 nm channel (for sSIncRNA), and
the 585 nm channel (for protein), of each granule in a given field-of-view for 60 minutes. As expected,
the resulting signals are either decreasing or increasing in overall intensity, and dispersed within them
are sharp variations in brightness, that are also either increasing or decreasing (Figure 14A). In Figure
14B we plot the distributions of amplitudes for all three event types, obtained from ~156 signal traces,
each gathered from a different granule composed of PCP-14x/MCP-15x and tdPCP-mCherry. We
observe a bias towards negative burst or shedding events. Assuming an interpretation that fluorescent
burst events correspond to entry and shedding events of sIncRNA-CP complexes into or out of the
synthetic granules, the amplitude bias towards negative events is consistent with RNA degradation and
lack of transcription within the in vitro suspension, leading to a net shedding of sIncRNA-protein

complexes out of the granules over time.

To confirm that we are observing entry and shedding events of what are likely single sIncRNA
molecules into and out of the fluorescent granules vis-a-vis the signal bursts, we tracked the intensity
of PCP-14x/MCP-15x RNA-only granules with and without the presence of RNase A. We first found
that at enzyme concentrations above 35 nM, no granules were observed whatsoever, indicating correct
activity of the enzyme. At a concentration of 35 nM, we were able to track identified granules for at
least 60 minutes. Figure 14C depicts a typical signal of a granule in the presence of RNase, showing a
steady decline over several minutes. In addition, while shedding events seem to maintain their
amplitude, re-entry events seem to rapidly diminish in amplitude to a median level that is ~10-20% of
the original entry burst level (Figure 14D). In particular, the entry burst amplitude reduced in a
statistically significant fashion in the latter part of the tracking (30-60’) as compared with the first part
of the experiment (0-30° — Wilcoxon rank test p-value<0.01). Together, this indicates that SInNCRNA
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degradation occurs outside of the granules, while inside the structure they seem to be protected from
degradation, consistent with a gel-like phase.

We then proceeded to gather statistical tracking data for granules produced from all previously
described sIncRNA designs (including the PP7-3x which does not phase separate on its own at our
working concentration). Comparison of the amplitude distributions per design (class I vs. 1), (Figure
14E) reveals a dependence on the number of hairpins available for protein binding, where more protein
binding sites translate directly into larger amplitudes. As before, PCP-3X is revealed to be an outlier in
this case, presenting amplitudes akin to those observed in PCP-4x/MCP-4x granules, providing another

indication of a different phase behavior.

In addition, we measured the time duration between events for each granule type. The observed rate
(~10 minutes or more) is two orders of magnitude above the typical rate observed in liquid phase
separated condensates®® but is in line with the measurements performed on RNA gels®, providing
additional confirmation that the SRNP granules are gel-like particles (Figure 14F). Examination of the
median time between bursts reveals that shedding events (negative bursts) occur roughly every 10
minutes, regardless of sSINCRNA design and number of binding sites, indicating a global behavior of the
formed granules Figure 14G-top). Entry events (positive bursts) on the other hand, appear to
demonstrate some dependence on the number of binding sites available for protein binding, at least for
the sIncRNAs with four or more binding sites. For these, the average time between events rises,
signifying a reduced ability of bound sincRNA molecules to enter the granules (Figure 14G-bottom).
Such a behavior could indicate saturation of the granule, or a high degree of entanglement in the internal
granule structure, hindering entrance of new molecules, while also allowing the stochastic shedding of

molecules from the periphery of the granule.
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Figure 14 - In vitro dynamic signal analysis.

A. Matching sample traces of both sIncRNA fluorescence (top) and protein fluorescence (bottom) measured
from a single granule over the course of 60 min. Signals are overlaid with annotations of puncta signal.
Annotations represent increasing intensity burst events (green), decreasing intensity burst events (red), and
non-classified signal (blue), respectively. B. Amplitude distributions gathered from ~156 signal traces in vitro,
each collected from a PCP-14x/MCP-15x granule. C. Sample signal obtained from the tracking a PCP-14x/MCP-
15x granules in the presence of 35 nM RNase A enzyme. D. Boxplots showing burst amplitudes measured from
PCP-14x/MCP-15x RNA-only granules with and without the presence of RNase A. Amplitudes are normalized by
the estimated number of labelled uracil bases in the sincRNA molecule. Asterisk denotes statistical significance
at the 5% level according to a Wilcoxon rank sum test (p-value 0.0139). E. Boxplots depicting positive amplitude
distributions for all sincRNAs. F. Sample boxplots depicting distributions of durations between a positive burst
and a subsequent positive burst (green), and durations between a negative burst and a subsequent negative
burst (red). In (d—f) On each box, the central mark indicates the median, and the bottom and top edges of the
box indicate the 25th and 75th percentiles, respectively. The value for ‘Whisker’ corresponds to +1.5IQR
(interquartile rate) and extends to the adjacent value, which is the most extreme data value that is not an outlier.
The outliers are plotted individually as plus signs. G. Top—median time between successive shedding events,
(N =39 PCP-3x, 30 PCP-3x/MCP-3x, 26 PCP-4x, 45 PCP-4x/MCP-4x, 128 PCP-8x, and 29 PCP-14x/MCP-15x).
Bottom—median time between successive entry events, (N = 23 PCP-3x, 6 PCP-3x/MCP-3x, 6 PCP-4x, 18 PCP-
4x/MCP-4x, 58 PCP-8x, and 9 PCP-14x/MCP-15x). Data in both panels appears as median values * SE.
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Competition experiments reveal slow granule equilibration times
We next carried out protein exchange or competition experiments on PCP-14x/MCP-15x granules and

measured the dynamics and timescales associated with protein replacement. To do so we initially
prepared PCP-14x/MCP-15x granules with tdPCP-mcherry and allowed the system to equilibrate. Then,
immediately prior to imaging, we added tdPCP-mCerulean and observed the granule dynamics in all
three channels (i.e. 405nm for tdPCP-mCerulean, 488 nm for sIncRNA, and 585 nm for tdPCP-
mCherry). Altogether, we tracked 39 co-labelled granules in multiple experiments. Tracking of the
formed granules in both channels (405 nm for cerulean, and 585 nm for mCherry) reveals a variety of
signals, indicating various types of mixing of the two labels. For instance, we observed events of
apparent displacement where one signal increases as the other decreases (Figure 15A-right) indicating
a replacement of the mCherry by mCerulean within the granules. Other signals showed a relatively
synchronized signal indicating equilibration of the two protein labels at least within the solution (Figure
15A — left). We next computed the Pearson correlation for each pair of signals and plotted the
distribution of correlation coefficients in Figure 15B. The correlation computation shows that while a
synchronized signal can be detected in 24 of the 39 signals (R>0.8), an anticorrelated or unsynchronized
signal is still detected in a significant number of the pairs (15 of 39 signals R<0.8) indicating that a
significant percentage of the granules are not found in equilibrium.

Comparing the total number of events in both channels during the first 20’ reveals that while the number
of entry events is similar (Figure 15C- N=25 for mCherry and N=36 for mCerulean), the number of
shedding events is significantly lower in the mCerulean channel (Figure 15D). N=40 and N=2 for the
mCherry and mCerulean channels respectively). At longer tracking durations (20-60’), more mCerulean
shedding events are observed (N=23) but are nevertheless x3 lower than the total number of mCherry
shedding events (N=69) over the same duration. Together, the significantly smaller number of shedding
events over the one-hour tracking period in the mCerulean channel (N=109 for mCherry vs N=25 for
mCerulean) as compared with the relatively equal number of entry events (N=69 for mCherry vs N=63
for mCerulean) indicates that while the unbound protein equilibrated as expected, the contents of the
granules are still not in equilibrium after 1 hr. This interpretation is supported by time interval
measurements between successive burst events (Figure 15E). This analysis reveals a similar rate of entry
of tdPCP-cerulean and tdPCP-mCherry proteins into the granules (Figure 15E-left), while a discrepancy
between the two rates is observed for the shedding events (Figure 15E-right) in both the duration and

total amount of events (N=73 for tdPCP-mCherry and N=4 for tdPCP-mCerulean, respectively).

We next examined the burst amplitudes as a function of tracking duration intervals (Figure 15 F, G) in
the mCherry channel. The data reveals that burst amplitudes for both entry and shedding events decrease
over time with a time scale of ~10 minutes. Specifically, burst amplitudes for the mCherry channel are

higher in the first 20 minutes as compared with the 20-40- and 40-60-minute time window in the latter

44



part of the tracking. This indicates a transition from sIncRNAs that are fully occupied by tdPCP-
mCherry to ones that are increasingly dominated by the tdPCP-mCerulean consistent with rapid
equilibration of the proteins within buffer. Consequently, the equilibration of the tdPCP-mCherry and
tdPCP-mCerulean within the solution, and the apparent lack of equilibration within the granules at least
over the 1 hr duration of the experiments indicated by the unbalanced number of shedding events in
both channels, provides additional evidence for a liquid-gel phase transition associated with the SRNP

granulation process.
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Figure 15 - Competition experiments provide support for liquid-gel phase transition.

A. Sample traces of cerulean fluorescence (top) and mCherry fluorescence (bottom), showing correlation (left)
and anti-correlation (right) between the signals. B. Pearson correlation distribution plot computed for the 39 co-
labelled tracks. Number of entry (C) and shedding (D) events for both channels for different tracking intervals:
(left) 2—20’, (center) 20—40’, and (right) 40—60’. E. Boxplots depicting distributions of durations between an entry
event (left), and durations between shedding events (right), for cerulean fluorescence (blue). Burst amplitudes
recorded for entry (F) and shedding (G) events for the mCherry channel as function of the different tracking
intervals: (left) 2-20’, (center) 20-40’, and (right) 40-60’. In (E-G) On each box, the central mark indicates the
median, and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The value
for ‘Whisker’ corresponds to +1.5 IQR (interquartile rate) and extends to the adjacent value, which is the most
extreme data value that is not an outlier. The outliers are plotted individually as plus signs.
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SRNP granules function as protein capacitors
To provide a measure for the number of sSIncRNA molecules within the granules, we computed the ratio

between the mean granule fluorescence and the mean burst amplitude, assuming the average burst
corresponds to one sincRNA molecule bound by proteins. The results (Figure 16 A,B) show that type |
gel-like granules (PCP-4x and PCP-8x) have a smaller median number of sincRNAs (~5), as compared
with type Il gel-like granules (~8-10), suggesting that type Il granules form better crosslinked structures.
For the PCP-3x/MCP-3x, PCP-4x/MCP-4x, and PCP-14x/MCP-15x the ratio in the red channel
displays a dependence on the number of hairpins supporting a more robust solid-like behavior when
compared with the type I SRNP granules. We next calculated the “net rate of slncRNA loss”, defined
as the difference between the total number of observed shedding and entry events, divided by the
number of tracked granules (wherein one granule constitutes one hour of tracking data). The rates
(Figure 16C) show a difference between class | and class Il granules, as well. While the net loss rate for
class I granules increases with the number of binding sites, it decreases with the number of binding sites
for class Il granules. This observation is consistent with type | and type Il structures that are
characterized by a decreasing and increasing amount of cross-linking, respectively, as a function of the
number of hairpins on the sincRNA. Together, this data and the super-resolution microscopy images
(Figure 8F) suggest that class | and Il granules form different types of gel-like phases, with the former
forming a structure that is permeable to proteins while the latter seem to form robust protein storage
nanoparticles. In particular, the class Il granule characteristics are reminiscent of data and energy
storage devices (e.g., capacitors), with the protein cargo replacing the electric charge in the biochemical

analog.

To further characterize the “capacitor-like” behavior of the type II granules, we performed a titration
experiment with PCP-14x/MCP-15x sIncRNAs. We formed granules with a constant sIncRNA
concentration (120 nM) and different protein concentrations, resulting in a 1:1, 10:1 and 100:1 protein
to RNA ratio. We collected shedding burst data for each condition and calculated the previously
reported observables. Comparison of the shedding burst amplitudes (Figure 16D) reveals that granules
formed with 10:1 and 100:1 ratio have almost identical burst amplitudes, indicating sincRNA binding
saturation. A 1:1 protein to RNA ratio results in amplitudes one tenth the intensity, as expected.
Interestingly, the increase in burst amplitude also apparently leads to an increase in the number of
sIncRNA molecules within the granules. This can be seen from the “duration-between-successive-
events” distribution (Figure 16E), which shows that the time intervals between entry events in the ratio
“1” granules are significantly larger than the ratio “10” and “100” intervals (Wilcoxon p-value <0.005).
This combined with a constant rate of shedding independent of ratio leads to granules that are composed
of a smaller number of siIncRNAs for the ratio “1”” as compared with ratio “10” and “100”. Finally, the
dependence of the stored protein load on the burst amplitude allows us to define a proportionality

constant uniquely for every granule-type. This type of proportionality constant is analogous to
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electrostatic “capacitance”, and can be defined by a biochemical analog to the capacitance equation
g=CV. Here, the biochemical “charge” is the total amount of protein stored within the granules, and the
protein concentration within the solution corresponds to a biochemical “voltage”. Consequently, the
protein to sIncRNA titration measurement provides a more solid footing for the capacitor analogy,
suggesting that a potential protein-storage set of applications may be facilitated both in vitro and in

Vivo.
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Figure 16 - Granules act as protein capacitors.

A. Boxplots depicting ratio between granule protein fluorescence and median burst amplitude, providing a
measure of the protein content inside the granules. B. Boxplots depicting ratio between granule sIncRNA
fluorescence and mean burst amplitude providing a measure of the sincRNA content inside the granules. C. Rate
of net sIncRNA loss for each granule type, showing a difference in trend between class | and class Il
sIncRNA. D. Boxplots depicting burst amplitudes measured from granules with different ratios of protein to
sIncRNA. Granules formed with ratio of 10:1 and 100:1 appear to have similar amplitudes, indicating siIncRNA
binding saturation. E. Boxplots depicting distributions of durations between an entry event (green), and
durations between shedding events (red), measured from granules with different ratios of protein to sIncRNA.
In (A, B, D, E) On each box, the central mark indicates the median, and the bottom and top edges of the box
indicate the 25th and 75th percentiles, respectively. The value for ‘Whisker’ corresponds to +1.5IQR
(interquartile rate) and extends to the adjacent value, which is the most extreme data value that is not an outlier.
The outliers are plotted individually as plus signs.

Expression of sincRNAs and protein in bacteria yields puncta-like condensates
Given the capacitor analogy, we hypothesized that in vivo granules can be used as devices that store

granule-bound proteins indefinitely. This is due to the steady state production of sSIncRNAs and proteins
via cellular transcriptional and translational machinery, that ensures a constant flux of proteins into the

granules. To show this, we first proceeded to test whether the granule material characteristics that are
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measured in vivo match the in vitro measurements. To do so, we decided to utilize two previously
reported sIncRNA designs which were shown to yield bright localized puncta in vivo in earlier work*’.
The first sSIncRNA is of a class Il design, PCP-4x/ QCP-5x, consisting of four native PCP binding sites
and five native Qf coat protein (QCP) hairpins used as spacers in an interlaced manner. The second
sIncRNA is the ubiquitous PCP-24x cassette®*, which from the perspective of this work can be regarded

as a class | design sincRNA.

To confirm the formation of condensates in vivo, we encoded the sSincRNA component under the control
of a T7 promoter, and the tdPCP-mCherry under the control of an inducible pRhIR promoter (Figure
17A). We first wanted to test whether puncta develop in vivo and whether they are dependent on the
existence of hairpins in the RNA. For this we co-transformed plasmids encoding either the negative
control RNA or the PCP-4x/QCP-5x sIncRNA, together with a plasmid encoding for the tdPCP-
mCherry protein, into BL21-DE3 E. coli cells. Examination of cells expressing the sSIncRNA and protein
following overnight induction of all components revealed the formation of bright puncta at the cell poles
(Figure 17B), which were absent in cells expressing the control RNA which lacks hairpins (Figure 17C).
In addition, the difference between the cultures was even visible to the naked eye (Figure 17D),
indicating copious amounts of protein which appear to be dependent on number of binding sites encoded
in the sIncRNA. We believe this phenomenon was missed in the past since such binding sites were
exclusively used to track individual mMRNA transcripts in vivo where both low concentrations and the

effects of translation might hinder the formation of large macro-molecular structures.

Next, to test whether cellular concentration of sSIncRNA influences the formation of the granules, we
guantified the fraction of puncta per cell for cells expressing the PCP-4x/QCP-5x from a multicopy
expression vector, and cells expressing the same sIncRNA from a bacterial artificial chromosome
(BAC) expression vector which is maintained at a single copy level in cells. We found that cells
containing the multicopy plasmid frequently present puncta in at least one of the poles, while cells
containing the single copy generally show between zero and one punctum (Figure 17E). Given that cells
expressing the sincRNAs from single copy vectors still present puncta, we decided to continue using
this expression vector in follow-up experiments to reduce variability stemming from copy number

differences.

We compared cells expressing the PCP-4x/ QCP-5x or the PCP-24x (expressed from a BAC vector) in
terms of the spot per cell fraction. Much like in the in vitro experiments, we found a dependence on the
number of binding sites in accordance with the in vitro results and the cross-linking model of gel phase
formation®%, Finally, to test whether the polar localization of the granules is a consequence of nucleoid
exclusion®, we grew the cells in starvation conditions for several hours, triggering a transition to
stationary phase. In stationary phase the nucleoid is known to condense®-1%, thus increasing the amount

of cellular volume which is likely to be molecularly dilute. This, in turn, generates a larger accessible
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cellular volume for granule formation, which should lead to different presentation of the phase-
separation phenomena as compared with exponentially growing cells. In Figure 17F, we show an image
of bacteria displaying ‘bridging’ (the formation of a high intensity streak between the spots) whereby
granules seem to fill out the available dilute volume. This behavior is substantially different than the
puncta appearing under normal conditions. Such behavior was observed in >40% of the fluorescent
cells and was not detected in non-stationary growth conditions. Thus, SRNP granules with
characteristics that are consistent with the in vitro observations form in vivo, in a semi-dilute bacterial

cytosolic environment and independent of cell-state.

A pT7 Q - Singlecopy Multicopy
B ® w c vector vector
PCP-4x\QCP-5x |—> S R A=A H* A H L2 1.2t

8
Transcriptio Binding 08
pT7 = 0.
coe ’w;..% é) L
E PCP-24x |=—> LA —) | Q 0.4}
0
B PCP-4x\QCP-5x PCP-24x
x10* F
=1
s g f
= |
@,
<
> ,
c 5 x10*

x10*

[N'v] Aususyy

@)
e

N £
[N"v] Aysuayy

49



Figure 17 - Synthetic phase separated condensates within bacterial cells.

A. Construct diagram depicting expression of the two sIncRNA cassettes used in the in vivo experiments, in the
presence of tdPCP-mCherry. B. (Left) Merged structured illumination brightfield-585 nm image of cell expressing
the PCP-24x sIncRNA together with tdPCP-mCherry. (Right) Heatmap of the same image showing a highly
fluorescent punctum as cell poles. Color bar indicates fluorescence intensity. C. (Left) Merged brightfield-585
nm image of cell expressing the negative control RNA together with tdPCP-mCherry. (Right) Heatmap of the
same image showing a weak uniform fluorescence across the cell, color bar indicates fluorescence
intensity. D. From left to right: E. coli BL21-DE3 expressing tdPP7-mCherry with the negative control sincRNA. E.
coli BL21-DE3 expressing tdPP7-mCherry with PCP-4x/QCP-5x sIncRNA. E. coli BL21-DE3 expressing tdPP7-
mCherry with PCP-24x sIncRNA. E. Bar plot showing fraction of puncta per cell. (Green) PCP-4x/QCP-5x expressed
from either a single copy or a multicopy expression vector. (Yellow) PCP-24x expressed from a single copy
vector. F. Typical image of fluorescent bacteria in stationary phase, which are different than the 1-2 puncta
image obtained for exponentially growing cells. The presented cell shows “bridging” or spreading of puncta.
Bottom image show heatmaps of the top image. All scalebars are 2 um.

sIncRNA expression increases cellular protein concentration
To investigate the dynamic properties of granules formed in vivo, we utilized the same analysis

approach as was used in the in vitro experiments, with minor differences. Normalizing the fluorescence
of the granule by that of the cell for every time point results in a signal vs. time trace largely independent
from the effects of photobleaching and cellular background noise, allowing us to search for and measure
burst events, as was done previously. In Figure 18 A,B, we plot the amplitude distribution of all three
event types (positive, negative, and non-classified), gathered from cells which express the tdPCP-
mCherry protein together with a sIncRNA, either PCP-4x/QCP-5x (Figure 18A) or PCP-24x (Figure
18B). The symmetry in both shape and spread of the negative and positive distributions indicates that
both are measurements of the same type of macromolecule, distinguished only by the direction in which
it travels (into or out of the granule). This result contrasts with the in vitro amplitude distribution data
(Figure 14B), which presented a skewness towards negative bursts. This implies that in vivo, the
transcriptional and translational processes in the cell balance the loss of granule components due to

degradation.

Next, we measured the amplitudes of the bursts for both sincRNAs and found that positive and negative
amplitudes are proportional to the number of binding sites within the encoded cassette (Figure 18C). In
addition, a more quantitative analysis of these distributions (Figure 18 D, E) reveals that a single burst
for the 24x cassette is ~2.5-3x more fluorescent as compared with the 4x cassette, indicating that the
molecules transitioning in and out of the 24x granules are sIncRNAs partially or fully bound rather than
lone proteins. Moreover, estimations of the positive and negative amplitudes are practically equal per
sIncRNA, providing additional evidence that these are in fact representations of one physical process,
with the difference being the directionality of the transitioning sSIncRNA-protein molecule. Finally, we
measured the duration between burst events, revealing that slow shedding and absorption processes on

the order of minutes are taking place for the in vivo granules as well (Figure 18F). Altogether, the non-
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existence of puncta in cells expressing the negative control RNA, the slow shedding/entry rate of
molecules, and the dependence on the number of binding sites, suggest that synthetic RNA protein
granules are phase separated condensates in vivo and possess the same gel-like characteristics that were
observed for the in vitro suspensions. Consequently, in vivo burst analysis is consistent with the
capacitor model, where the amount of protein stored within the SRNP granule seems to be in steady

state when there is a steady supply of protein and sIncRNA.

Next, to ascertain whether the granules facilitate increased protein titers in vivo in accordance with the
capacitor model predictions, we measured for each bright granule the mean fluorescence intensity
(Figure 18G), and the mean intensity of the cell which contains it (Figure 18H). We observed a dramatic
increase in mean cellular fluorescence between cells which express only tdPCP-mCherry and cells
which express it together with a SINCRNA, suggesting that sSIncRNA molecules have some effect in the
cytosol, regardless of the granules. To quantify this phenomenon more accurately, we measured the
total fluorescence of the population using flow cytometry. For this, we grew cells expressing only the
protein component (tdPCP-mCherry), and cells expressing both protein and a sSIncRNA (PCP-4x/QCP-
5x or PCP-24x), with different combinations of induction: IPTG (induces the sincRNA) and C4HSL
(induces the protein). The data (Figure 181) shows that cells expressing a sINCRNA, regardless of
induction (due to T7 leakiness), show higher fluorescence than cells expressing the protein only. In
addition, induction of sIncRNA expression with IPTG results in an increase in fluorescence, indicating
that sincRNA is a deciding factor in this behavior. Finally, cells expressing the PCP-24x sincRNA show
higher fluorescence than cells expressing PCP-4x/QCP-5x, displaying a dependence of the cellular

protein titer on number of binding sites available for protein binding.
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Figure 18 - In vivo granules present similar dynamics as in vitro.

A-B. Empirical amplitude distributions gathered from cells expressing the tdPCP-mCherry protein
together with a sincRNA — (A) PCP-4x/QCP-5x, and (B) PCP-24x. Data obtained from 255 traces (A)
and 391 traces (B)C. Boxplots depicting burst amplitude distributions (top—positive bursts,
bottom—negative bursts). D-E. Modified Poisson functions fits for the amplitude distribution of
insertion events assuming 1, 2, or 3 mean events (A values). MSE values represent mean squared
error between the empirical distribution and the theoretical modified Poisson functions. (D) Data
collected from 255 PCP-4x/QCP-5x signal traces. (E) Data collected from 391 PCP-24x signal traces.
F. Boxplots depicting distributions of durations between entry events (green), and durations
between shedding events (red). G Boxplot of mean granule fluorescence intensity. H Boxplot of
mean cell fluorescence intensity. In (C, F, G, H) On each box, the central mark indicates the median,
and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The
value for ‘Whisker’ corresponds to +1.5 IQR (interquartile rate) and extends to the adjacent value,
which is the most extreme data value that is not an outlier. The outliers are plotted individually as
plus signs. I. Population intensities of E. coli BL21 cells expressing tdPCP-mCherry with different
sIncRNAs and different combinations of induction as measured by flow cytometry.
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Chapter 4 — Characterization of gel-like granules with an intrinsically disordered region

RNA with valency of n=3 can melt QB coat protein condensates within bacterial cells
The previously described RNP granule platform utilized the PP7 bacteriophage coat protein (PCP) as

the protein component. PCP is characterized by a rigid tertiary structure containing multiple -strands,
rendering it highly ordered and thus lacking the unique characteristics of IDRs"*. We opted to add an
element of disorder while still retaining the simplistic two-component nature of our synthetic granules.
Therefore, we decided to utilize the coat protein of the bacteriophage QP, which contains a documented
disordered region®® and is identified as such by state-of-the-art disorder predictors!®? (Figure 19A). We
hypothesized that when overexpressed, the QP coat protein (QCP) would phase separate in cells on its
own accord. To test for this, we fused QCP on its C-terminus to an mCherry fluorescent protein, both
to tag the coat protein and to render it incapable of spontaneously forming the well-known viral capsid”™-
8, We cloned the fusion protein into E. coli cells under the control of an inducible pRhir promoter and
tested for the formation of bright polar puncta using a fluorescent microscope. Per our assumption, we
found bright spots localized to the cell poles for most cells examined (Figure 19B), indicating that the
disordered region within QCP provides sufficient multivalency to drive some form of phase separation.
To test the effect of hairpin-containing RNA, we designed a synthetic long non-coding RNA (sIncRNA)
sequence encoding for three hairpins which serve as binding sites for QCP and cloned the corresponding
DNA into the E. coli BL21 (DE3) strain under the control of a T7 promoter. Observation of cells in
which protein expression is induced, but sIncRNA expression is not (i.e., basal expression level
dependent on the leakiness of the lacUV promoter controlling T7 RNA polymerase expression®)
reveals homogenous fluorescence across the cells with no puncta whatsoever, indicating that low
concentration of hairpin-containing sincRNA can effectively inhibit the phase-separating tendency of
QCP (Figure 19C). In contrast, cells in which both sIncRNA and protein expression are induced exhibit
bright fluorescent puncta localized to the cell poles, indicating that an RNA-dependent condensate has
emerged (Figure 19D). Similar expression of a negative control sIncRNA (denoted as QCP-Non-
Specific (NS)) which does not encode for any hairpins shows that polar puncta are retained, both with
and without NS sIncRNA induction (Figure 19 E, F).
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Figure 19 - QCP phase separation behavior in the absence or presence of sIncRNAs

A. Disorder propensity predictions of the QB and PP7 phage coat proteins, in red and blue,
respectively. The predictions show a high confidence in the existence of a disordered region in QCP.
Prediction by Metapredict. B. Sample field of view showing cells expressing just the QCP-mCherry
protein with no sIncRNA. The cells exhibit bright fluorescent spots localized to the cell poles,
reminiscent of phase separated compartments. C-D. Sample fields of view showing cells expressing
the QCP-mCherry protein together with a sIncRNA encoding for three hairpin binding sites, without
sIncRNA induction (c), and with it (D). Cells without induction exhibit uniform fluorescence across the
cell with no discernible puncta. With sIncRNA induction, bright fluorescent spots reappear at the cell
poles. E-F. Sample fields of view showing cells expressing the QCP-mCherry protein together with NS
sIncRNA, encoding for no hairpin binding sites, without sincRNA induction (E) and with it (F). Both cells
without NS induction and with it present bright puncta localized to the poles. All scalebars are 5 um.
Colorbars indicate mCherry fluorescence intensity.

Synthetic RNP granules with QB coat protein exhibit multiphasic behavior
We hypothesized that RNA valency may be used to modulate the dissolution and regranulation effect.

To explore the effect of valency, we designed a set of 5 additional sIncRNA sequences, encoding for
1,5,10,12, or 17 hairpins (denoted as QCP-nx with n being the number of hairpins encoded into the
RNA sequence), and tested for the appearance of bright spots at the cell poles, with and without

sIncRNA induction. The results, presented as a fraction of spots per cell (Figure 20A), demonstrate
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different behaviors depending on sIncRNA induction. Without induction (Figure 20A blue bars),
bacteria expressing the QCP-NS sIncRNA show the highest fraction of bright spots, as would be
expected from a protein-based condensate. sSIncRNAs with low valency (QCP-1x/3x) appear to be
sufficient to melt the protein condensates but cannot phase separate on their own at low (uninduced)
concentrations, resulting in virtually no visible spots. Bacteria expressing sIncRNAs with higher
valency (5 hairpins and above) show an abrupt jump to ratios in the range of 0.4 spots per cell. With
induction (Figure 20A red bars), the spot-per-cell ratio increases as a function of valency, starting with
an abrupt jump at a valency of three and peaking at a valency of ten, before subsequently decreasing
for higher valencies.

Both the abrupt changes from negligible spot-per-cell ratio to cell fraction with a detectible granule
population (when increasing from three to five hairpins for uninduced cells, and from one to three in
induced cells), and the monotonic increase in cell fraction followed by a monotonic decrease as function
of increasing valency number, suggest that a complex phase separation phenomenon is taking place.
Specifically, the abrupt change from cell fraction of zero, to a finite cell fraction with granules, supports
a co-existence regime between a melted and granular phase that depends on RNA concentration, while
the monotonic variation of the cell fraction suggests a more subtle evolution of the granules at higher
sIncRNA valencies. Consequently, the cell fraction data suggests that more than one phase transition

process may be occurring.

To further investigate this behavior, we turned to a fluorescence recovery after photobleaching (FRAP)
assay to probe the dynamics of the resulting condensates in the induced sIncRNA (i.e. IPTG+) granule
state!®. To avoid the effects of condensate aging which could affect the results, we incubated the
bacteria for 4 hours with the appropriate inductions (50 uM C4HSL for protein induction and 0.33 mM
IPTG for sIncRNA induction) prior to imaging. This duration was determined as optimal for both cell
growth and condensate formation. To conduct the FRAP assay, we bleached the bright puncta and
measured fluorescence recovery dynamics (Figure 20B). Fluorescence intensity quickly recovered (<15
sec) to some degree for sIncRNA variants containing at least three hairpins, indicating a liquid—like
behavior, while for the QCP-NS sIncRNA lacking hairpins no discernible recovery was observed
(Figure 20C). Further examination of the percentage of fluorescence recovery, also known as the mobile
fraction, reveals two distinct features (Figure 20D). First, for valency of three and five hairpins, there is
a sudden jump in the mobile fraction, from a non-recovered regime to a regime of substantial recovery.
Second, at valency of ten hairpins or more, we observe a regime of weak or small mobile fraction. The

mobile fraction data suggests a SIncRNA-dependent change to the interconnectivity inside the granules

Both the cell fraction and the fluorescence recovery data support a model whereby QCP-granules form
via homotypic protein-protein interactions and are either solid-like in nature or are highly

interconnected liquid-like condensates, as evident from the lack of fluorescence recovery. Introduction
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of low-valency sIncRNA to the system (QCP-1x and low concentration of QCP-3x), results in
dissolution of the QCP-granules. SIncRNAs with medium valency (high concentration of QCP-3x, and
QCP-5x), appear to contribute to the phase separation process, as can be inferred from the increase in
spot-per-cell-ratio. Additionally, the increased mobile fraction in this case hints at shorter time scales
for internal remodeling (i.e., breaking and reforming of crosslinks between molecules). Together, these
two observations imply that sIncRNA-protein binding does not compete with protein-protein binding,
making the two processes conducive to one another. Finally, higher valency sincRNAs (QCP-10x and
above), likely function as scaffolds for the phase transition process with RNA-RNA interactions
becoming dominant in the condensate. This implied switch could explain the decrease in mobile

fraction, as increasingly interconnected condensates exchange less material with their environment.

To provide further support for this model, we hypothesized that highly interconnected granules (formed
with high-valency sIncRNAs), may become less restrictive in low sIncRNA concentrations, due to
RNA-RNA interactions being less dominant. To check this, we carried out the FRAP assay on granules
with 10, 12, and 17 hairpins in the absence of inducer. The results (Figure 20E) show a mobile fraction
that is either larger, or similar to, what was observed in the fully induced case, providing further support
to our interpretation. Together, the data shown in Figure 20 demonstrates our ability to control the
internal interconnectivity and remodeling rate of the granules via both the concentration and the number

of hairpins (i.e., valency) of the sSincRNA.
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Figure 20 - Fluorescence recovery after photobleaching reveals different regimes.

A. Spot-per-cell ratio for the different sincRNAs, with (red) and without (blue) induction of sincRNA
expression. Ratio calculated as the number of fluorescent spots divided by number of cells, aggregated
from multiple fields of view. Error bars indicate standard deviation. Stars indicate statistical
significance (1 stars for the 0.05 threshold and 3 stars for the 0.001 threshold) according to two-sided
t-test (p-values: QCP-3x: 0.03, QCP-10x: 9e-5, QCP-12x: 0.03, QCP-17x: 0.05). B. Fluorescence recovery
after photobleaching (FRAP) pipeline. Bleaching was localized to a polar condensate, followed by
temporal tracking to detect fluorescence recovery. C. Sample normalized fluorescence recovery
curves measured from cells expressing the QCP-mCherry protein together with QCP-NS (blue), QCP-
3x (red), or QCP-10x (yellow) sincRNAs. Curves present averages calculated from 5 different cells. Error
bars indicate standard error of the mean. The curves show almost no recovery for QCP-NS, highest
recovery for QCP-3x and intermediate for QCP-10x, representing low, intermediate, and high valency
sIncRNAs. D. Fluorescence recovery fractions (mobile fractions) for all tested sIncRNAs. Condensates
measured from cells which express the negative control sincRNA show similar average recovery to
condensates which lack sIncRNAs entirely, indicating a protein-dominant phase. Condensates
measured from cells which express sIncRNAs with 3 or 5 hairpins show highest recovery on average,
implying a shift to a less-interconnected condensate with more molecular motion. Condensates
measured from cells which express sIncRNAs with more than 10 hairpins demonstrate a drop in
recovery fraction, indicating a more restrictive environment, probably due to RNA-RNA interactions
becoming dominant. E. Fluorescence recovery fraction for QCP-10x/12x/17x with and without
sIncRNA induction. Condensate fluorescence recovers to a higher degree in the absence of induction,
indicating more molecular motion. Bars represent mean values. Error bars indicate standard error of
the mean. Data calculated from 5 separate cells.

QCP-mCherry titer appears to exhibit a non-monotonic dependence on sIncRNA valency
A key feature of our previously reported synthetic RNP granules was their remarkable ability to increase

the titer of the associated coat protein fusion inside the cell and form a type of protein-storage vessels,
likely as a result of the granules protecting the protein component from cellular degradation processes.
This hairpin-dependent increase in titer was visible in liquid culture and was estimated to be about 10-
fold via flow cytometry measurements. We hypothesized that a condensate with an RNA-binding
protein containing an IDR domain would exhibit a more complex dependence of the protein titer on
sIncRNA valency. To test this, we measured total cellular fluorescence using flow cytometry of cells
expressing QCP-mCherry together with the various sIncRNAs, with and without induction of sIncRNA
expression, as well as cells expressing the mCherry protein alone (i.e., without the phage coat protein)
together with the siIncRNAs. To allow sufficient time for protein expression and subsequent granulation,
we performed this measurement six hours after introduction of the inducing molecules. The results
(Figure 21A) demonstrate a substantial increase in fluorescence when comparing the QCP-mCherry
fusion to the mCherry protein, regardless of sSIncRNA induction. This is a result of the fusion to QCP,
as was reported in the past™. In addition, we see that on average, the fluorescence intensity of cells
expressing the mCherry protein is relatively constant regardless of siIncRNA valency (Figure 21A—

yellow circles), as would be expected from a protein which does not associate with RNA hairpins. For
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cells expressing the QCP-mCherry fusion without induction (Figure 21A — red circles), a shift exists
between low valency sIncRNAs (mean fluorescence of 3.2e3 [A.U] for QCP-NC/3x/5x), and high
valency sIncRNAs (mean fluorescence of 4.1e3 [A.U] for QCP-10x/12x/17x). While subtle, this shift
is statistically significant, with a p-value of 0.008 using a two-sided t-test. In cells expressing QCP-
mCherry with induction (Figure 21 — blue circles), the difference between low and high valency
sIncRNAs becomes more noticeable (mean fluorescence of 4.8e3 [A.U] for low valency sincRNAs, and
7.8e3 [A.U] for high valency sIncRNAs, with a p-value of 0.025 using two-sided t-test), revealing that
high valency sIncRNAs lead to increased fluorescence of the associated protein. We note that cells
expressing QCP-1x show extremely high fluorescence in both the induced and uninduced cases and

were not considered in this analysis.

Interestingly, in cells with sincRNA induction (Figure 21A- blue circles), the measured fluorescence
intensities present a hon-monotonic relationship to the number of hairpins encoded on the sIncRNAs.
This is in contrast with the results reported for the PP7 bacteriophage coat protein (chapter 3, Figure
18). To better show this, we plot in Figure 21B the fluorescence intensity normalized by the valency.
The strains expressing only mCherry present fluorescence levels that are a monotonic function of
valency, as a result of the mathematical operation of normalization. However, cells expressing the
various QCP condensates exhibit a shift in the slopes which indicates a multi-exponential dependence

on the valency, reflecting a more complex relationship between protein titer and the granule structure.

We aggregated the mean fluorescence intensities based on the three valency regimes of the sIncRNA:
the sharp exponential decline exhibited for n=0,1, a transition region for n=3,5, and a more moderate
exponential dependence for n>=10. The data shows a marked difference between mCherry and QCP-
mCherry behaviors. QCP-mCherry (Figure 21C - top) fluorescence intensities noticeably decrease when
comparing the low and intermediate valency sIncRNAs, and increase again for high valency sIncRNAs,
mirroring the results of the FRAP assay. This is true regardless of sIncRNA induction. However,
induction leads to higher fluorescence for all tested sincRNAs. In contrast, cells expressing the mCherry
protein, which lacks a disordered multivalent protein element, demonstrate a slight increase in intensity
as a function sIncRNA valency. (Figure 21C - bottom). This observation indicates that sSIncRNA phase
separation by itself may be sufficient to provide some weak measure of titer increase, possibly due to

proteins being physically stuck inside the RNA condensate.
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Figure 21 - RNP granule solidity can affect protein titer.

A. Mean mCherry fluorescence flow cytometry measurements from cells expressing sIncRNAs
together with QCP-mCherry with induction (blue), without it (red), as well as cells expressing sIncRNAs
together with the mCherry protein (yellow). The measurements show increased expression of QCP-
mCherry and a non-monotonic relationship between fluorescence levels and hairpin number on the
sIncRNAs. Points indicate mean values; error bars indicate standard error of the mean. Values
calculated from three biological repeats for all sincRNAs. B. Mean fluorescence values from (a),
normalized by the valency of the expressed sIncRNA. The traces show a monotonic relationship of
mCherry in sIncRNA valency (yellow trace), whereas QCP-mCherry granules demonstrate breaks,
indicative of different behaviors. C. Aggregated mean fluorescence measurements per sIncRNA
valency regime for QCP-mCherry with sIncRNA induction (top), QCP-mCherry without sIncRNA
induction (middle), and mCherry (bottom), showing a dependence of fluorescence level on the
granules. Bars indicate average level per phase, circles signify the different data points included
(N=6,6,9 for the solid, soft gel, and hard gel phases, respectively).

Multiphasic QB granules can control protein titers for genes encoded on the sincRNA
Given the behavior of the QpB-based granules, we wondered how the various valency regimes would

affect the protein titer of a gene encoded on the sIncRNA. To do this, we cloned a ribosome binding
site and the gene for a blue fluorescent protein (TagBFP) downstream to our hairpin-encoding DNA
sequence (Figure 22A). We first checked for the presence and localization of both the BFP and QCP-
mCherry proteins using structured illumination super resolution microscopy and found that QCP-
mCherry continued to aggregate at the cell poles while BFP fluorescence was distributed throughout
the entire cell (Figure 22B).

We then measured BFP fluorescence via flow cytometry as a function of sincRNA induction, QCP-
mCherry induction, and the number of hairpins encoded on the sIncRNA. Figure 22 C-F depict sample
fluorescence intensity distributions from three sincRNAs: QCP-NS-TagBFP (solid lines), which does
not encode any hairpins, QCP-5x-TagBFP (dashed lines), which encodes for 5 RNA hairpins, and QCP-
12x-TagBFP (circled lines), which encodes for 12 RNA hairpins, with all four combinations of

induction. The results reveal a complicated dependency on sIncRNA concentration and valency. With
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induction of sIncRNA expression, cells containing QCP-12x-TagBFP exhibit the weakest BFP
fluorescence, regardless of QCP-mCherry induction (Figure 22 C, D, circled lines). In contrast, cells
with QCP-NS-TagBFP and QCP-5x-TagBFP show an increase in BFP fluorescence when QCP-
mCherry is induced, demonstrating a dependence on the existence of a phase separated compartment
(Figure 22 C, D, solid and dashed lines). In cells without sSiIncRNA induction (Figure 22 E, F), a different
pattern emerges, with more hairpins leading to higher BFP fluorescence. This relationship becomes
more pronounced when QCP-mCherry expression is induced (Figure 22F), demonstrating the same

dependence on the phase separated compartment.

We repeated these fluorescence measurements nine separate times for all sSIncRNAs and collected mean
BFP fluorescence intensities. We then calculated the boost in BFP fluorescence, which we define as the
ratio between mean BFP fluorescence intensities of cells with QCP-mCherry induction, and cells
without it. It is important to note that virtually all repeats demonstrated a single gaussian distribution,
meaning that the entire population of cells (10k per measurement) shifted towards higher or lower
fluorescence. In Figure 22G we plot both the fluorescence boost of each individual repeat (black
triangles for cells without sIncRNA induction and red squares for cells with siIncRNA induction) and
the average value per siIncRNA (black and red bars). The results display a wide range for each sSIncCRNA,
with some sIncRNAs showing both a fluorescence decrease (<1x) and a massive increase in
fluorescence (~100x) in different biological repeats. This could be a result of internal factors such as
sub-optimal sIncRNA design, which leads to the protein solid phase outcompeting the sincRNA gel
phases (in other terms, the weak protein-protein interactions of the IDR overcome the protein-sincRNA
interactions), or external factors such as small differences in oxygen supply due to different positions
within the incubator. Of particular note in that respect is QCP-10x-TagBFP, which shows a population
of weak boost values and a separate population of extremely high values, both with and without
sIncRNA induction. This could indicate that a valency of 10 constitutes a bifurcation point in the phase
diagram, from the weak-gel phase to the rigid-gel phase. Comparison of the mean value per sincRNA
(bars) shows essentially similar values for the +/- induction cases, with the exception of QCP-12x/17x,
where cells with high sincRNA concentration show practically no boost in BFP fluorescence, whereas
the same cells with low sIncRNA concentration present a moderately high increase (Figure 22G). The
difference in mean values within these three sIncRNAs is statistically significant with student t-test p-
values of 0.01, and 7e-4 for QCP-12x-TagBFP, and QCP-17x-TagBFP, respectively. This constitutes
further proof that RNA-RNA interactions can effectively arrest RNA release from the granules,

reducing the chance of a ribosome translating the BFP.
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Figure 22 - sincRNA based protein expression leads to significant boost in titer

A. Schematic of the sincRNA-TagBFP construct. B. Sample field of view showing cells with both QCP-mCherry (red) and
TagBFP (blue) expression. Image captured using a structured illumination super resolution microscope. Scalebars are 5 um.
Color bars are in arbitrary units. C-F. Sample flow cytometry BFP fluorescence measurements of cells expressing QCP-
mCherry together with QCP-NS-TagBFP (solid lines), QCP-5x-TagBFP (dashed lines), or QCP-12x-TagBFP (circled lines). C.
sIncRNA induced and QCP-mCherry uninduced. D. sIncRNA and protein induced. E. sincRNA and protein uninduced. F.
sIncRNA uninduced and protein induced. G. BFP expression boost defined as the mean BFP fluorescence intensity from
cells with QCP-mCherry induction divided by the fluorescence intensity of cells without QCP-mCherry induction, Data is
presented as a function of hairpins encoded on the sIncRNAs. With sIncRNA induction (red) or without it (black). Triangles
and squares represent biological repetitions. Bars represent mean values calculated from all nine repeats. Stars represent
statistical significance (2 stars for the 0.01 threshold and 3 stars for the 0.001 threshold) of a two-sided t-test (p values:
QCP-12x-TagBFP: 0.01, QCP-17x-TagBFP: 7e-4.
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Discussion
In this study, we show that synthetic gel-like RNA—protein granules can be designed and assembled

using phage coat proteins and RNA molecules that encode multiple CP hairpin binding sites, both in
suspension and in vivo. Using fluorescently labeled RNA we show that granule formation is nucleated
by RNA-RNA interactions that are proportional to the number of hairpins encoded into the RNA. In
addition, the binding of the proteins seems to further enhance and assist the granule formation process.

We then describe and assess a method for investigating the dynamics of solid-like phase separated
condensates. Various experimental assays are available to researchers studying phase separation and
membraneless organelles. However, these often require specialized equipment or expertise, and many
may be inadequate for the study of solid-like condensates where dynamic motion exists at a much
slower rate in comparison to liquid-like bodies. Our algorithm leverages straightforward fluorescence
microscopy measurements and employs statistical approaches to identify signal segments likely

corresponding to molecules entering or exiting the condensate.

Using this novel algorithm, we reveal entry and shedding events of molecules into and out of the
granules. By investigating the amplitude of intensity change and rate of occurrence, we show that these
events correspond to entry and shedding of protein-bound sIncRNA molecules, and that they are
dependent on the number of hairpins available for protein binding. Transitioning of macromolecules
across a phase boundary is frequently observed in phase-separated condensates, particularly in LLPS-
based systems. In particular, the frequency of these transitions reflects the underlying order, internal
interactions, and density of the condensed phase. While in liquid-liquid phase separation systems such
transitions occur on the scale of seconds or less, here we observe shedding and insertion events on a
much longer time scale of minutes or longer, that is more consistent with a solid or gel-like condensed
phase. We provide additional evidence for the liquid-gel phase transition underlying the granulation
process, by taking the system out of equilibrium and observing the different equilibration times of the
dilute solution and dense granule phases. To do so, we used a binding competitor in one experiment
and RNAse in the other. For those experiments, the liquid phase showed rapid mixing in the former and
substantial catalysis in the latter, while the granule phase showed slow mixing and undetectable amount
of catalysis, respectively. The out-of-equilibrium experiments allowed us to classify our granules as
being gel-like in nature. As a result, we believe that out-of-equilibrium characterizations should be

considered a standard tool in similar biomolecular phase separation studies.

We further characterized two options for sSIncRNA design: a homogeneous design which is comprised
of multiple CP hairpin binding site and non-structured spacing regions (class 1), and a hybrid design
which is comprised of hairpin binding sites and additional hairpins in the spacing regions (class I1). We
show that the design choice has implications for the granule’s protein-carrying capacity and dynamics.

In particular, class Il granules formed particles with increased cross-linking capability in the RNA-only
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granule, which in turn led to an increased ability to insulate the protein cargo in the SRNP granule
phase. On the flip side, class | granules were characterized by decreased cross-linking in the RNA-only
phase and increased permeability of the protein cargo in the SRNP-granule phase. In addition, class |
granules displayed a faster shedding or dissolution rate, which in turn lead to a smaller protein cargo on
average. The slow release and strong internal interactions which keep the granules intact for long
durations within a gel-like phase, combined with the selectivity of our system due to the RNA binding
component, could be utilized as a programmable controlled release mechanism in suitable biological
settings. Hence, our granules can be thought of as protein and RNA storage modules akin to a capacitor,
with ‘capacitance’ that is dependent on protein concentration, and a monophasic release profile that can
be tuned based on sIncRNA design. This two-dimensional phase space of capacity vs. rigidity offers

substantial flexibility and tunability when designing SRNP granules for a variety of applications.

The capacitor- or storage-like behavior displayed by the SRNP granules implies that in vivo, the
granules together with the gene-expression machinery form a biochemical analog of an RC-circuit. In
a conventional RC-circuit, energy is stored within the capacitor for release at a later time. Such circuits
are often used to protect electrical devices against sudden surges or stoppages of power. Here, the
protein and sIncRNA flux into the cytosol correspond to the current, which results in the formation of
fully “charged” SRNP granules. This genetically encoded sincRNA and protein storage facility, which
is constantly maintained, effectively increases the protein and siIncRNA content of the cell beyond the
steady-state levels facilitated by standard transcription, translation, RNA degradation, and proteolysis.
This storage capacity is precisely the function that is carried out by capacitors in RC-circuits, allowing

electrical devices to function even after “power” is cut-off.

We further studied the phase-separation behavior of more complex synthetic RNA-protein granules,
where the protein component (Qp phage coat protein - QCP) contains both a specific RNA binding
moiety and a known intrinsically disordered region (IDR). We characterized the QCP RNP granules in
vivo as a function of siIncRNA valency (i.e., number of QCP binding sites) using cell fraction analysis,
QCP-fluorescence intensity measurements, FRAP analysis, and via fluorescence measurement for a
BFP gene encoded on the sincRNA. Our results reveal a complex behavior dependent on sIncCRNA
valency. Specifically, the observed dynamics of granules in cells expressing just the QCP-mCherry
protein, as well as cells expressing the QCP-NS sIncRNA which encodes no hairpins, is suggestive of
a highly interconnected granule composed mainly of proteins. Expression of a SIncRNA with a valency
of one, leads to granule dissolution. In cells which express intermediate valency sincRNAs (n=3/5), we
notice the reappearance of granules characterized by a high mobile fraction (2.5-fold higher), pointing
to an enhancement of the phase transition process. Finally, cells expressing sincRNAs with high valency
(n=10/12/17), present granules with a reduced mobile fraction, indicative of a more interconnected

granule stemming from the increased RNA-RNA interactions.
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Extrapolating from this data and applying the principles of polyphasic linkage theory®, we can construct
a theoretical behavior profile dependent on RNA valency and concentration. Non-valent RNA such as
our QCP-NS results in granules dominated by homotypic protein-protein interactions, regardless of
RNA concentration, implying that the QB coat protein acts as a scaffold molecule which undergoes
phase separation. These granules are abundant in the cells, and exchange little to no material with the
surrounding cellular environment. The presence of these protein granules boosts both QCP-mCherry
and TagBFP titers, suggesting an influence of the granules on the RNA despite no apparent association
between them. A possible explanation for this is non-specific interactions between the RNA component

and the periphery of the already-formed protein condensates.

At intermediate valencies, we observe a regime with virtually no granules in the cells (i.e., the absence
of spots for QCP-1x), which we refer to as the ‘melted’ state. This phenomenon can be explained using
the polyphasic linkage model, where the proteins act as scaffold molecules which drive phase
separation, and sIncRNAs serve as ligands. QCP-1x, which can be considered a monovalent ligand,
suppresses scaffold phase separation by either directly competing with the protein-protein interaction
capacity of the coat proteins, or by enhancing their excluded volume®. In this regime, QCP-mCherry

expression remains high but BFP expression does not increase significantly (boost of ~1x).

A further increase in the valency enables the formation of homotypic RNA-RNA interactions, and
heterotypic protein-RNA interactions'®. Here, the increase in spot-per-cell fraction indicates that
protein-RNA interactions do not interfere with protein-protein interactions, thus contributing to the
forces driving phase separation. According to the polyphasic linkage model, these intermediate valency
sIncRNAs function as multivalent ligands which bind to scaffold regions that do not actively promote
phase separation (i.e., spacers). This augmented phase separation process leads to a more ‘relaxed’
internal environment which enables maximal exchange of molecules with the dilute phase (i.e.,

increased mobile fraction).

Finally, at high valency and high sIncRNA concentration, the granules become dominated by RNA-
RNA interactions, leading to a decrease in both the ratio of granules in the cells and the exchange of
molecules with the environment. The most prominent features of this regime are the significant drop in

TagBFP expression and a decreased mobile fraction.

These results indicate that the QCP granule platform may form the basis for a promising avenue for
increasing the efficacy of protein production within bacteria. Specifically, our findings suggest two
different approaches. The first relies on fusing the target protein to QCP. Here, we found a maximal
boost of ~30x on average for mCherry fluorescence using the n=1 valency sIncRNA as compared with
the case for mCherry alone. The second approach is to encode a gene directly downstream from the
protein binding moiety. This approach yielded a boost of up to x80 in BFP expression for the n=10

valency. Nevertheless, several challenges remain when considering biotechnological applications using
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either approach. Notably, for the first approach the protein mass is potentially trapped inside a granule
in which the correct folding of proteins is possible, but not guaranteed. Furthermore, efficient extraction
of the protein from the granules might require heating or use of other denaturing agents, potentially
damaging or destroying the target protein in the process. Finally, the extracted protein is a fusion
between the desired protein and QCP, requiring protease cleavage and a subsequent purification step to
obtain a final product. For the second approach, a lack of reproducibility was observed, where some
biological repeats yielded a large boost factor, and others of the same system exhibited a much different
result, with particularly sharp dichotomy observed for the n=10 valency sIncRNA. Consequently,

additional study is needed in order to convert these findings to a robust biotechnological application.

To the best of our knowledge, this work constitutes a first-of-its-kind completely synthetic model of
naturally occurring RNP granules in which both RNA and protein components not only contribute to
the formation of the granules but are also capable of changing internal granule features and dynamics.
We have demonstrated that RNA valency with respect to the protein can overcome protein-protein
interactions mediated by intrinsically disordered regions and lead to a nearly complete dissolution of
the protein granules in low valency RNA, or to the formation of an RNA-dominant granule. The concept
of IDR modulation via RNA, as demonstrated here, could be a promising therapeutic strategy for
pathological conditions related to changes in IDR behavior'®, Finally, the synthetic system presented
here could be a useful tool to further explore multiphasic condensate formation provided that naturally

occurring IDRs are included enabling a more controlled exploration of complex phase behaviors.
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