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Abstract of (Biochemical and Structural Features of Phase Separating Proteins), by (Victoria
Johnson), ScM, Brown University, May 2025.

Liquid-liquid phase separation (LLPS) has been rapidly gaining acceptance as a powerful
mechanism to explain the formation of membrane-less organelles and their function, playing a
vital role in physiology and disease. Different types of interactions can contribute to phase
separation, such as protein-protein, protein-RNA and RNA-RNA interactions. In this thesis,
biochemical assays were used to determine how different structural domains and features of
RNA-binding proteins contribute to phase separation properties for two different multidomain
proteins. Biomolecular condensates often contain intrinsically disordered regions (IDRs) and
RNA binding domains (RBDs), both of which the Xenopus heterogeneous nuclear
ribonucleoprotein AB (hnRNPAB) X2 and Negative Elongation Factor E (NELFE) proteins
possess. | found that full-length hnRNPAB X2 can form assemblies in vitro, while its IDR and
RBD domains are able to form liquid condensates both in the presence and absence of Xenopus
B-globin RNA. Droplets formed from the RBD exhibit liquid behavior with wetting and fusing
properties, while X2 full length and the IDR domains form amorphous assemblies that cluster
together and do not fuse. Additionally, NELFE full length and a deletion variant removing the
RNA recognition motif (ARRM) result in phase separation only in the presence of polyadenylic
acid (Poly A RNA). Deletion of the negatively charged low complexity sequence 1 (ALCS1)
phase separates regardless of the presence of RNA. However, removing the RD repeat low
complexity sequence two (ALCS2) completely abolishes droplet formation. A turbidity assay
performed with full length NELFE showed that it contains properties of RNA mediated re-
entrant phase separation. These results suggest that different proteins can possess a range of

different biochemical properties as well as structural features that influence and regulate the
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dynamics of biomolecular condensates. These insights will provide a deeper understanding of
how RNA-binding proteins and IDR containing proteins can regulate dynamics of biomolecular

condensates in disease states.
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Chapter 1: Introduction

The basis of liquid-liquid phase separation

Eukaryotic cells are the basis for every multicellular organism, in which there is a clearly defined
nucleus where chromosomes are located. These cells contain various organelles that harbor
distinct chemical microenvironments which segregate molecules and proteins to direct the
biochemical reactions underlying cellular processes. Eukaryotic cells contain two types of
organelles: membrane-bound and membrane-less organelles. Membrane-bound organelles are
more commonly known, such as the endoplasmic reticulum that contain the components
necessary to synthesize, process and transport secreted proteins. Membrane-less organelles such
as Cajal bodies play a vital role in small nuclear ribonucleoprotein assembly and ribosome
biogenesist. The formation of membrane-Iless organelles and their functions have been recently

attributed to liquid-liquid phase separation (LLPS)®.

Liquid-liquid phase separation (LLPS) is a phenomenon that occurs when a homogeneous
mixture containing multiple components spontaneously separates into two distinct liquid phases
with distinct concentrations of components?. Before phase separation occurs in the homogeneous
mixture, the molecules remain dispersed. However, when phase separation occurs, they assemble
into a concentrated phase, separating themselves from the surrounding dilute phase®. Membrane-
less organelles can form rapidly and can reversibly concentrate components in discrete loci in
cells*. Data suggests that proteins that contain intrinsically disordered, low complexity sequence
domains (LCDs) can mediate this process. There are many different types of interactions
between different domains which can include protein-protein, protein-RNA and RNA-RNA

interactions?.
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LLPS implications in neurodegenerative disease

Phase separation has been implicated in neurodegenerative diseases. Under physiological
conditions, phase separation is important for many biological processes. However, there are
some proteins that although they can undergo phase separation at physiological conditions, they
are also found in pathological aggregates. This indicates that pathological protein aggregates

may originate from aberrant phase separation.

Protein aggregates have been shown to be the main hallmark of several neurodegenerative
diseases, including amyotrophic lateral sclerosis (ALS), Alzheimer’s disease (AD),
frontotemporal dementia (FTD), and Parkinson’s disease (PD). The transition from reversible
dynamic LLPS to an irreversible aggregation state has been shown for TAR DNA-binding
protein 43 (TDP-43), fused in sarcoma (FUS), tau, and a-synuclein, which are found aggregated
in affected neurons of patients with ALS, FTD, AD and PD, respectively!. These processes are
also altered by disease-associated mutations and regulated by post-translational modifications

(PTMs)*.

The importance of biomolecular condensates in cells

Biomolecular condensates have recently emerged as a key feature of cellular architecture®. They
are found in the cytoplasm and nucleus, possessing a range of biological functions including
ribosome biogenesis, RNA metabolism, signal transduction and DNA damage response®. The
properties of a phase are influenced by the number and strength of the intermolecular interactions
as seen in Figure 17. When intermolecular interactions are weak, biomolecules remain dispersed.

However, when the number and strength of the interactions are greater and exceed a threshold,
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biomolecules separate into two phases: a dense phase with a high local concentration and a dilute
phase with low concentration. This dense phase, or biomolecular condensate, can be liquid-like
when the interactions are weak and transient. This allows biomolecules to move within as well as
to enter and exit the phase. On the other hand, the dense phase is solid-like when the interactions
are strong and long-lived, restricting biomolecular mobility. Many studies have demonstrated
that biomolecular condensates can be transformed into materials in different states, such as
viscous liquids, gels, and even solid aggregates®. Biomolecular condensates that are found in

cells are often composed of protein and RNA.

Biomolecular condensates
N
~ RNA
RNA-binding
domain
Intrinsically
disordered region
Dissolved Liquid-like Solid-like

Number and strength of intermolecular interactions

Figure 1: Phases of intracellular biomolecules. Proteins and nucleic acids can form a spectrum
of phases with distinct composition, density, and dynamics. The properties of a particular phase
are determined by the number and strength of intermolecular interactions within that phase.
Biomolecules can remain dispersed, liquid-like, or solid-like’.

The formation of biomolecular condensates requires their components to undergo a liquid-liquid
phase separation or aggregation process, which changes them from a state of dissolution to a

16



state of separation from their surroundings®. Despite phase separation relying on different steps
and ionic strength compared to aggregation, which can form assemblies even without phase
separation, these two processes are mechanistically connected. There is a direct link between
phase separation and aggregation in many disease-associated proteins. However, the formation

of condensates by phase separation is often followed by aggregation to a less dynamic state.

In vitro studies performed with biomolecular condensate constituent proteins have shown that
intrinsically disordered domains (IDRs) and RNA binding domains (RBDs) can drive phase
separation®. IDRs are specific regions of a protein that have low degrees of sequence complexity
and are not able to form stable higher order structures (such as secondary or tertiary structures).
These IDRs remain unfolded, and studies have shown that proteins containing IDRs are able to
phase separate in vitro by protein-protein interactions, forming bodies containing characteristics

similar to biomolecular condensates®.

Many IDR containing proteins also have RNA binding domains (RBDs). These RBDs can bind
RNA with low specificity and affinity'®. RNA binding proteins (RBPs) participate in the
formation of ribonucleoprotein (RNP) complexes that are principally involved in gene
expression!!. The RBP is able to do this by binding to sequence and/or structural motifs in RNA
via modular combinations of a limited set of structurally well-defined RNA-binding domains
such as the RNA recognition motif (RRM), hnRNP K homology domain (KH) or DEAD box
helicase domain. Proteins that contain both IDRs and RBDs have a high propensity to phase
separate, suggesting that they function cooperatively in the condensation process, as seen by the

protein-RNA interaction shown in Figure 2A’.
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(A) (B)

RNA
lNucIeation

lGrowth

--------------------- RNA binding
D) protein

Figure 2: Structure and formation of biomolecular condensates. (A) RNA-binding proteins
have a high propensity to undergo phase separation with their substrate RNAs. Multivalency is
achieved through both specific and nonspecific interactions with substrate RNAs, mediated by
both RNA-binding domains (RBDs) and intrinsically disordered regions (IDRs). These
interactions are also modulated by post-translational modifications (PTMs), commonly
phosphorylation (P). Straight lines indicate attraction, while curved lines indicate repulsion. (B)
Biomolecular condensates are often nucleated by high-affinity interactions between RNA-
binding proteins and specific sequences or structures on the substrate RNA (red). Increasing
valency is provided through protein—protein (e.g., dimerization or higher-ordered
oligomerization) and low-affinity protein—-RNA interactions (e.g., electrostatic, hydrophobic, n—
cation, and m— interactions), resulting in the formation of a biomolecular condensate’.

Additionally, there are RGG regions composed of arginine-glycine-glycine repeats of varying
lengths and are commonly found in RNA binding proteins'?. RGG regions can bind RNA, and
the variability in the number of RGG repeats can influence the affinity of interactions formed by

these RGG regions®®. An individual RGG region in a protein will have weak RNA-binding
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affinities, but are enhanced when all RGG regions are present, such as with RBP fused in
sarcoma (FUS) proteint214,

Heterogenous nuclear ribonucleoprotein AB (hnRNPAB) X2 contains two RBDs and an
IDR domain

Xenopus laevis oocyte biomolecular condensates contain both an intrinsically disordered domain
and RNA binding domains that are highly enriched in localization bodies, or L-bodies °. L-
bodies are defined as ribonucleoprotein (RNP) granules composed of a nondynamic mRNA
containing phase enmeshed in a dynamic protein containing layer'®. They are an important model
system for the study of RNA localization. Specifically, Xenopus RBP heterogenous nuclear
ribonucleoprotein AB (hnRNPAB) X2, a cytoplasmic isoform of hnRNPAB, contains two RBD
regions and an IDR domain at its C-terminus. It is highly enriched in L-bodies. RNA binding
proteins can regulate all aspects of the RNA lifecycle, such as splicing, modification,
transcription, translation, intramolecular trafficking and decay®®. Studies have shown that adding
RNA to RNA binding proteins (RBPS) in vitro facilitates the formation of phase separated
bodies, suggesting a role for RNA-protein interactions in their formation in addition to IDR
interactions®. Although the mechanics of in vitro phase separated bodies have been studied, it is
unclear how this translates in cells with much more complex heterogeneous biomolecular

condensates.

In this study, we aim to determine how hnRNPAB X2’s intrinsically disordered domain and
RNA binding domains affect phase separation in vitro. Since it has been shown that the addition
of RNA can enable phase separation, we sought to test if the same principle can be applied to

hnRNPAB X2. To take this even further, we want to quantitate the data collected, examining
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how the size and shape of the condensates formed vary between the different domains, the
protein concentration used as well as the addition of RNA. Our findings will demonstrate how

the IDR and RBD domains behave in regulating dynamics in biomolecular condensates.

Negative Elongation Factor E (NELFE) is an RNA binding protein

An RNA binding protein that contains many phase separation features is Negative Elongation
Factor E (NELFE). It is a vital part of the NELF complex that is responsible for repressing RNA
Polymerase Il transcript elongation. The NELF complex is a hetero tetramer composed of the
subunits NELFA, B, C/D and E*’. Under stress conditions such as heat shock and arsenic
exposure, it can cause an abrupt arrest of ongoing translation of mMRNAs encoding metabolic, cell
cycle and housekeeping proteins. This process is known to involve the formation of cytosolic
stress granules, which are biomolecular condensates that form by phase separation. Recent
techniques have confirmed that heat shock specifically causes global transcriptomic
downregulation of housekeeping genes in fly, mouse, and human cells!’. Transcriptional
downregulation occurs at the level of promoter-proximal pausing of RNA Polymerase I,
implicating the negative elongation factor (NELF) complex’. Under stress conditions, NELF
binding to promoters of housekeeping genes is rapidly enhanced, coincident with a decreasing of

elongating Pol I1.

Implications in Cancer
Not only can liquid-liquid phase separation be implicated in neurodegenerative disease, but it can
also be implicated in cancers. Studies have indicated that RBPs can mediate cancer-associated

transcriptomic changes in hepatocellular carcinoma (HCC). Hepatocellular carcinoma is the most
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common type of primary liver cancer, being the 2" most common cause of cancer related deaths
worldwide. Cancer cells, including those in hepatocellular carcinoma, often contain alterations of
thousands of seemingly unrelated coding and non-coding RNA transcriptst®, It has been
identified that the RNA binding protein NELFE is oncogenic and can selectively regulate MYC-
associated genes in HCC with poor prognosis, since they can regulate the functions and
abundances of RNA transcripts at multiple levels'®, Several studies have shown that RBPs play
an essential role in modulating gene expression in homeostasis, cellular development, and
disease state'®. However, it is still largely unexplored and unknown as to how and to what extent

RNA binding proteins can regulate the cancer transcriptome.

Structural Features of NELFE

As mentioned previously, the majority of phase separating proteins contain an intrinsically
disordered domain. However, NELFE is unique in that it does not possess a typical IDR domain,
but instead contains a C-terminal RNA recognition motif (RRM) and two low complexity
sequences®®. The RRM is able to bind RNA. Low complexity sequences (LCS) frequently repeat
the same amino acid sequence or contain fragments with low diversity in amino acid

composition®.

The full-length sequence of NELFE is primarily composed of polar, uncharged amino acids such
as glutamine (Q), serine (S), threonine (T), and asparagine (N) residues. It has a net charge of
positive nine (+9). Additionally, it contains many negatively charged aspartic acid (D) and
glutamic acid (E) residues and positively charged arginine (R) residues. In the first low

complexity sequence (LCS1), it is a stretch of seventeen amino acid residues, mainly consisting
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of aspartic acid, glutamic acid, glycine, and proline residues. Due to the negatively charged
residues, if this segment were to be removed from the overall sequence, it changes the overall

charge of NELFE, making it more positive.

NELFE contains a long stretch of tandem repeat arginine and aspartic acid (RD) residues in the
second low complexity sequence that it has (LCS2), as well as arginine/glutamic acid (RE) and
arginine/serine (RS) repeats. Removal of this segment takes most of the charged residues with it
away, altering the net charge. The RNA recognition motif is similar to LCS1 in that it contains
several aspartic acid and glutamic acid residues. Similarly, it changes the net charge of the

sequence to be more positive when this segment is removed.

This project aims to determine whether the RNA binding protein NELFE is capable of
undergoing liquid-liquid phase separation on its own without the entire complex as well as how
the different domains and deletions within NELFE affect its phase separation. We also want to
determine whether NELFE full length phase separation is RNA dependent. These insights will
provide a better understanding of how RNA binding proteins induce phase separation as well as

modulating cancer disease states.
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Chapter 2: Methods

hnRNPAB X2 methods:

In vitro expression and purification of hnRNPAB X2 full length isoform, IDR and RBD

domains

N-terminally MBP tagged (pTHMT) hnRNPAB X2 full-length isoform, IDR and RBD domains,
and MBP (control) were expressed in E. coli BL21 star (DE3) cells (C600003; Thermofisher
Scientific). Bacterial cultures were grown to an optical density at 600 nm of 0.7-0.9 before
induction with 1 mM isopropyl-p-D-1-thiogalactopyranoside (IPTG) for 4 h at 37° C. Cell
pellets were harvested by centrifugation and stored at -80 °C. Cells were resuspended in ~ 40 mL
of 20 mM Tris, 500 mM NaCl, 10 mM Imidazole (pH 8.0), with one Roche EDTA-free protease
inhibitor tablet (11697498001; Sigma Aldrich) per ~4 g cell pellet, and lysed using the Avestin
Emulsiflex C3 (Ottawa, Ontario, Canada). The lysate was cleared by centrifugation at 47,850 x g
(20,000 rpm) for 50 min at 4 °C, filtered using a 0.2 um syringe filter, and loaded onto a HisTrap
HP 5 ml column (17524701; Cytiva, Marlborough, MA, USA). The protein was eluted with a
gradient from 10 to 300 mM imidazole in 20 mM Tris, 500 mM NacCl, pH 8.0. Fractions
containing MBP-tagged hnRNPAB X2 full length isoform were loaded onto a HiLoad 26/600
Superdex 200 pg column (28-9893-36; Cytiva) equilibrated in 20 mM Tris, 150 mM NacCl, and 1
mM dithiothreitol (DTT). Fractions containing MBP-tagged hnRNPAB X2-IDR, hnRNPAB X2-
RBD, or MBP alone were loaded onto a HiLoad 26/600 Superdex 75 pg (28-9893-34; Cytiva)
equilibrated in 20 mM Tris and 150 mM NacCl. Fractions with high purity were identified by
SDS-PAGE and concentrated using a centrifugation filter with a 10 kDa cutoff (ACS501024;

MilliporeSigma, Burlington, MA, USA). MBP-tagged hnRNPAB X2 full length isoform, the
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IDR and RBD domains, and MBP were flash frozen in liquid nitrogen in 20 mM Tris and 150

mM NaCl and stored at -80 °C.

In-vitro phase separation

Purified MBP-tagged hnRNPAB X2 full length isoform, and the IDR and RBD domains or, as a
control, MBP alone (including TEV cleavage artifacts and all residues present in MBP-tagged
hnRNPAB X2 proteins) in 20 mM NaPi, pH 7.4, 150 mM NaCl were incubated with

0.03 mg/mL TEV protease for 20 min to cleave the MBP solubility tag from the protein. Protein
concentrations of 5 uM, 12.5 uM. 25 uM and 50 uM were tested in the presence and absence of
0.25 mg/mL Xenopus B-globin RNA, with the addition of 10% polyethylene glycol (PEG)
(25322-68-3; Sigma Aldrich) to induce phase separation, analogous to recent protocols for other
RNA-binding proteins. After inducing phase separation in microcentrifuge tubes, the samples
were incubated at room temperature for ~ 20 min before imaging. Images were taken using a 60x

objective; scale bar is 200 pum.

Condensate Imaging

All condensate imaging was performed on a Nikon Ti2-E Fluorescence microscope using a 60x
objective. Samples were spotted onto a glass coverslip and condensate formation was evaluated
by imaging with differential interference contrast (DIC), acquired with a Prime 95B Mono
camera. For DIC time-lapse videos, frames were collected every 0.6 s for 20 s. For fluorescence
imaging, in vitro phase separation was carried out in the presence of 25 uM Thioflavin T (2390-
54-7, Sigma Aldrich). Fluorescence images were quantified with ImageJ software. Images were

subjected to background subtraction with a 50.0 pixel rolling ball radius and manual
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thresholding. The Analyze Particles plugin was then used to measure condensate number per
field of view (294.8 x 294.8 um), size (in pm), and circularity (on a scale of 0—1.0, with 1.0
representing a perfect circle), excluding particles on the edges. Six to nine images were analyzed
per group for each of 3 replicates. Results were analyzed by ordinary two-way ANOVA
followed by Tukey’s multiple comparison tests for mnRNPAB X2 and the IDR and RBD

domains.

NELFE Methods

In vitro expression and purification of NELFE full length protein, ALCS1, ALCS2 and

ARRM domains

C-terminally MBP tagged (pJ4M) NELFE full-length isoform, ALCS1, ALCS2 and ARRM
domains were expressed in E. coli BL21 star (DE3) cells (C600003; Thermo Fisher Scientific).
Bacterial cultures were grown to an optical density at 600 nm of 0.7-0.9 before induction with 1
mM isopropyl-B-D-1-thiogalactopyranoside (IPTG) for 4 hours at 37° C. Cell pellets were
harvested by centrifugation and stored at -80°C. Cells were resuspended in ~40 mL of 20 mM Tris,
1 M NaCl, 10 mM Imidazole, 1 mM DTT pH 8.0, with one Roche EDTA-free protease inhibitor
tablet (11697498001; Sigma Aldrich) for ~4 g cell pellet, and lysed using the Avestin Emulsiflex
C3 (Ottawa, Ontario, Canada). The lysate was cleared by centrifugation at 47,850 x g (20,000 rpm)
for 50 min at 4°C, filtered using a 0.2 um syringe filter, and loaded onto a HisTrap HP 5 ml column
(17524701; Cytiva, Marlborough, MA, USA). The protein was eluted with a gradient from 10 to
500 mM imidazole in 20 mM Tris, 1 M NaCl, 1 mM DTT pH 8.0. Fractions containing MBP-
tagged NELFE full length isoform were loaded onto a HiLoad 26/600 Superdex 200 pg column
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(28-9893-36; Cytiva) equilibrated in 20 mM Tris, 300 mM NaCl, and 1 mM dithiothreitol (DTT).
Fractions containing MBP-tagged ALCS1, ALCS2, or ARRM were loaded onto a HiLoad 26/600
Superdex 200 pg (28-9893-36; Cytiva) equilibrated in 20 mM Tris, 300 mM NaCland 1 mM DTT.
Fractions with high purity were identified by SDS-PAGE and concentrated using a centrifugation
filter with a 10 kDa cutoff (ACS501024; MilliporeSigma, Burlington, MA, USA). MBP-tagged
NELFE full length isoform, ALCS1, ALCS2 and ARRM domains were flash frozen in liquid

nitrogen in 20 mM Tris, 300 mM NaCl and 1 mM DTT and stored at -80 °C.

Differential interference contrast microscopy

Droplets were prepared in the purification buffer at 50 UM protein concentration for MBP-tagged
NELFE full length isoform, and the ALCS1, ALCS2 and ARRM domains in 20 mM NaPi, pH 7.4,
150 mM NacCl, in the presence and absence of 0.5 mg/mL polyadenylic acid (Poly A) potassium
salt. The samples were incubated with 0.03 mg ml? TEV protease for ~20 minutes before
visualization. Samples were spotted onto a glass coverslip and droplet formation was evaluated by
imaging with differential interference contrast (DIC) on a Ti2-E Fluorescence microscope (Nikon).

Images were taken using a 40x objective; scale bar is 20 pm.

Turbidity Measurements

Turbidity was used to evaluate phase separation of 50 uM NELFE full length isoform in the
presence of 0.06 mg mL* TEV protease (~0.3 mg mL™ in 50 mM Tris-HCI pH 7.5, 1 mM
EDTA, 5 mM dithiothreitol, 50% glycerol and 0.1% Triton X-100). The experiment was
performed in 20 mM NaPi pH 7.4 and 150 mM NaCl with the indicated poly adenylic Poly(A)
potassium salt (26763-19-9; Sigma Aldrich) concentrations. Turbidity experiments were
performed in a 96-well clear plate with 100 pL samples sealed with optical adhesive film to

prevent evaporation (4311971; Thermo Fisher Scientific). The absorbance at 600 nm (Asoo) Was
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monitored over time using a Biotek Synergy H1 Plate Reader (BioTek Instruments, Winooski,

Vt, USA) at 5 min time intervals for up to sixty minutes.
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Chapter 3: Results

hnRNPAB X2 along with the IDR and RBD domains phase separate and self-assemble in

vitro
hnRNPAB X2 RRM RRM DR
RBDE' -------- RRM RRM :
IDR:r __________________________ IDR

Figure 3: hnRNPAB X2 has two RNA binding domains and one intrinsically disordered
region. Schematics of the domain constructs used in this study.

To investigate how RNA binding domains and intrinsically disordered regions regulate protein
dynamics in biomolecular condensates we focused on hnRNPAB X2. It is a constituent of L-
bodies that contains two RBDs and an IDR (Figure 3). Biomolecular condensates have been
characterized to form through phase separation®!. We tested if \nRNPAB X2 or its domains are
capable of undergoing liquid-liquid phase separation using an in vitro approach. Phase separation
of samples of recombinant hnRNPAB X2, and the IDR and RBD domains were analyzed by
differential interference contract (DIC) microscopy. The proteins were purified as fusions with
maltose binding protein (MBP) solubility tags to increase their solubility. Samples were prepared
in 20 mM sodium phosphate (pH 7.4) and 150 mM sodium chloride buffer conditions. After
cleavage of the MBP tag using TEV protease and in the presence of 10% polyethylene glycol
(PEG), a crowding agent, full-length hnRNPAB X2, along with the IDR domain formed

assemblies in the absence (Figure 4A-B) and in the presence (Figure 4E-F) of Xenopus -globin
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RNA. Additionally, the RBD domain formed round liquid droplets both in the presence (Figure
4G) and in the absence (Figure 4C) of RNA. A control protein (MBP alone) was also imaged and

did not exhibit phase separation properties (Figure 4D, 4H).
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Figure 4: hnRNPAB X2 and its domains phase separate and self-assemble in-vitro

(a-h) DIC micrographs of (a,e) nRNPAB X2 full length, (b,f) nRNPAB X2 IDR, (c,9)
hnRNPAB X2 RBD, and (d,h) MBP (control) proteins at 12.5 uM concentration in 20 mM NaPi,
pH 7.4, 150 mM NaCl, 10% PEG and 0.03 mg/ml TEV protease in the presence (e-h) or absence

(a-d) of 0.25 mg/mL Xenopus B-globin (XBG) RNA . Scale bar = 10 um. (i—k) Condensate
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formation was quantitated for fluorescently labeled condensates by determining the average
particle number per field of view for (i) full-length hnRNPA2 X2 (green), (J) hnRNPAB X2 IDR
(blue), and (k) hnRNPAB X2 RBD (orange) at 5, 12.5, 25, and 50 UM protein concentrations in
the presence (+, hatched bars) and absence (-, open bars) of 0.25 mg/mL Xenopus B-globin RNA.
Statistics shown are an ordinary two-way ANOVA followed by Tukey’s multiple comparisons.
Error bars represent standard error of the mean, **** indicates p <0.0001, ***

indicates p<0.001, ** indicates p <0.01, * indicates p <0.05, and all brackets not shown are not
significant (p > 0.05). All quantification analysis and bar graphs were completed by Jessica Otis
and come from O’Connell et. al 2024°.

In collaboration with Dr. Kim Mowry’s laboratory at Brown University, we sought to quantitate
the condensate numbers for hnRNPAB X2 and each of its domains. Jessica Otis, a member of
Kim Mowry’s lab, was able to quantitate and analyze the data presented in Figures 41-K and 5G-
L using the ImageJ Analyze Particles plugin and statistical analyzes that were obtained and
shown as an ordinary two-way ANOV A followed by Tukey’s multiple comparisons. Condensate
numbers for (nRNPAB X2 and its IDR and RBD domains were quantitated at 5 uM, 12.5 uM,
25 UM and 50 pM protein concentrations both with and without Xenopus p-globin RNA (Figure
41-K). The full-length protein and the RBD domain form fewer condensates at 5 uM protein
concentration in the absence of RNA, while RNA had little to no effect at higher protein
concentrations analyzed (25-50 uM) (Figure 41, 4K). For the IDR domain (Figure 4J), the
average number of condensates formed at all protein concentrations increased in the presence of
RNA, while the individual IDR condensates were smaller in size in the presence of RNA (Figure
5K). The size of the condensates formed by the RBD domain increased with increasing protein
concentration (Figure 5L), and RNA exhibited an effect on condensate size only at the lowest
protein concentration of 5 UM, where the average size was higher with RNA present (Figure 5L).

hnRNPAB X2 condensate sizes were not strongly affected by the addition of RNA or varying

protein concentrations (Figure 5J).
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We assessed the circularity of the condensates for each of the three domains (Figure 5G-1). When
assessing circularity, a value of 1.0 is defined as a perfect circle. We found that the RBD and
full-length domains have high degrees of circularity when RNA is present, as the values average
from 0.6-0.8 (Figure 5G, 5I), but when RNA is absent, the average circularity ranges from 0.5-
0.5. For the IDR region, circularity is not drastically impacted by the presence of RNA or protein

concentration, as the average circularity values remain in the same range (Figure 5H).
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Figure 5: Quantitation of hnRNPAB X2 condensates formed in-vitro

(a-f) Fluorescent micrographs of (a, d) full-length hnRNPA2 X2, (b. €) hnRNPAB X2 IDR, and
(c, f) hnRNPAB X2 RBD proteins at 12.5 uM in 20 mM NaPi, pH 7.4, 150 mM NaCl, 10%
PEG, and 25 uM of Thioflavin T for fluorescent labeling in the absence (a-c) or the presence (d-
f) of 0.25 mg/mL Xenopus -globin (XBG) RNA. After cleavage of the MBP tags with TEV
protease, phase separation was carried out. Images are representative from three or more
biological replicates (with independently expressed and purified protein) and three or more
technical replicates. Scale bars = 10 um. (g-i) Circularity of the condensates was analyzed using
the ImageJ Analyze Particles plugin on a scale of 0-1.0 arbitrary units, with 1.0 representing a
perfect circle, for (g) full-length hnRNPA2 X2 (green), (h) hnRNPAB X2 IDR (blue), and (i)
hnRNPAB X2 RBD (orange) at 5, 12.5, 25, and 50 uM protein concentrations in the presence
(+RNA, hatched bars) and absence (- RNA, open bars) of 0.25 mg/mL Xenopus p-globin RNA.
(J-1) Average size (in pm) of the condensates was determined using the ImageJ Analyze Particles
plugin for (j) full-length hnRNPA2 X2 (green), (k) nRNPAB X2 IDR (blue), and (I) hnRNPAB
X2 RBD (orange) at 5, 12.5, 25, and 50 uM protein concentrations in the presence (+RNA,
hatched bars) and absence (- RNA, open bars) of 0.25 mg/mL Xenopus B-globin RNA. (g-1)
Error bars represent standard error of the mean, **** indicates p<0.0001, *** indicates p<0.001,
** indicates p<0.01, * indicates p<0.05, and all brackets not shown are not significant (p>0.05).
Statistics shown are an ordinary two-way ANOVA followed by Tukey’s multiple comparisons.
All quantification analysis and graphs were created by Jessica Otis and come from O’Connell et.
al 2024°.

We hypothesized that when observing and measuring the circularity of the condensates that each
of the three domains formed that they would appear the most circular in the presence of RNA.
Even though the condensates formed by hnRNPAB X2 and its IDR and RBD domains appear as
round structures (Figure 4A-C, E-G) that display some level of circularity (Figure 5G-1), only the
condensates that are formed by the RBD domain can be observed to fuse and wet the slide
(Videos 1A-B and 2A-B). Fusing and wetting of the slide are hallmarks that are consistent with
liquid-like condensates. Alternatively, condensates formed by the full-length protein (Videos 3
and 4) along with the IDR domain (Videos 5 and 6), cluster together and do not fuse. This
feature is an indication of the proteins having more static-like structures. Collectively, these

results suggest that with and without RNA both the RBD and IDR domains alone are sufficient
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to form phase separated condensates in vitro, while full-length hnRNPAB X2 forms amorphous

assembly structures in vitro.

Videos 1: Time lapse videos of hnRNPAB X2 RBD condensates

hnRNPAB X2 RBD condensates fusing (a) and wetting (b) the slide at room temperature.
Condensates were incubated at 50 uM concentration in 20 mM NaPi (pH 7.4), 150 mM NacCl,
and 10% PEG, followed by treatment with 0.03 mg/ml TEV protease for 20 minutes.
Condensates were imaged on a Nikon Ti2-E Fluorescence microscope, using a 20" objective.
Videos were collected in real time for a total of 20 seconds with frames collected every 0.6
seconds. The display rate is 7 frames per second.

Videos 2: Time-lapse video of hnRNPAB X2 RBD condensates in the presence of RNA.
Condensates formed at room temperature (a) fusing and (b) wetting the slide. 50 yM hnRNPAB
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X2 RBD was incubated with 0.25 mg/mL Xenopus B-globin RNA in 20 mM NaPi (pH 7.4), 150
mM NaCl, and 10% PEG followed by treatment with 0.03 mg/ml TEV protease. Condensates
were imaged on a Nikon Ti2-E Fluorescence microscope, using a 20" objective. Shown are
videos of hnRNPAB X2 RBD condensates captured in real time 20 min. after TEV addition.
Videos were captured for 20 seconds total, with frames collected every 0.6 seconds. The display
rate is 7 frames per second.

Video 3: Time-lapse video of hnRNPAB X2 full length condensates.

hnRNPAB X2 full length condensates were formed by incubation of 50 uM protein in 20 mM
NaPi pH 7.4, 150 mM NacCl, and 10% PEG, followed by treatment with 0.03 mg/ml TEV
protease. Condensates were imaged at room temperature on a Nikon Ti2- E Fluorescence
microscope using a 20’ objective. Video was taken in real time for a total of 20 seconds with
frames collected every 0.6 seconds. Videos begin 20 min. after TEV addition, and the display
rate is 7 frames per second.

35



Video 4: Time-lapse video of hnRNPAB X2 full length condensates in the presence of RNA.
Condensates of 50 pM hnRNPAB X2 full length were formed by incubation with 0.25 mg/mL
Xenopus B-globin RNA in 20 mM NaPi pH 7.4, 150 mM NacCl, and 10% PEG, followed by
treatment with 0.03 mg/mL TEV protease. The condensates were imaged at room temperature 20
min. after TEV addition on a Nikon Ti2- E Fluorescence microscope using a 20’ objective.
Video was taken in real time for a total of 20 seconds, with frames being collected every 0.6
seconds. The display rate is 7 frames per second.

Video 5: Time-lapse video of hnRNPX2 IDR condensates

IDR condensates were formed at room temperature by incubation of 50 uM protein in 20 mM
NaPi (pH 7.4), 150 mM NaCl, and 10% PEG followed by 0.03 mg/ml TEV protease treatment.
20 minutes after TEV addition, condensates were imaged on a Nikon Ti2- E Fluorescence
microscope using a 20’ objective. Video was taken in real time for a total of 20 seconds, with
frames collected every 0.6 seconds, and the display rate as 7 frames per second.
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Video 6: Time-lapse video of hnRNPAB X2 IDR condensates in the presence of RNA
Condensates were formed at room temperature by incubation of 50 uM hnRNPAB IDR with
0.25 mg/mL Xenopus B-globin RNA in 20 mM NaPi, pH 7.4, 150 mM NaCl, followed by
treatment with 0.03 mg/ml TEV protease. Condensates were imaged on a Nikon Ti2-E
Fluorescence microscope, using a 20" objective. Shown are videos of hnRNPAB X2 IDR
condensates, beginning 20 min. after TEV addition. The video was taken for a total of 20
seconds, with frames collected every 0.6 seconds; the display rate is 7 frames per second.

NELFE undergoes liquid-liquid phase separation

To determine whether NELFE full-length and each of its deletion domains can undergo phase
separation in vitro, we purified full-length NELFE along with each of its deletion domains.
NELFE can form distinct foci in the nucleus which resemble condensates or nuclear bodies that
are known to regulate chromatin assembly?2. It also possesses two low complexity sequences
(LCS) and one RNA Recognition Motif (RRM) but does not have a canonical intrinsically
disordered region (IDR) that is known to drive LLPS. DISOPRED3 predictions show that
NELFE low complexity sequences are highly disordered (Figure 6), suggesting that NELFE may

have the capability to undergo phase separation.
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Figure 6: Negative Elongation Factor E (NELFE) has two low complexity regions (LCS)
and an RNA recognition motif (RRM)

Disopred3 schematic of NELFE protein along with the domain structures of the constructs.
Using the C-terminal maltose binding protein (MBP) that we have previously used for hnRNPA2
RRMs? (Ryan et. al 2020), we purified full length NELFE full and each of its domain deletion
variants from Escherichia coli. MBP is one of the oldest fusion partners used for producing
recombinant proteins in bacterial cells and enhances both the production and solubility of its
fusion partner?*. Each sample was prepared in 20 mM sodium phosphate (pH 7.4) and 150 mM
sodium chloride buffer conditions. Upon cleavage of the MBP tag using TEV protease, we found
that NELFE full length phase separates only in the presence of polyadenylic acid (Poly A) RNA
(Figure 7A). Without RNA, there is no condensate formation (Figure 7E). We then deleted the
LCS1, LCS2 or RRM and observed how those deletions impacted phase separation. Deletion of
the RRM behaves similarly to the full length NELFE in that it forms liquid droplets only in the
presence of Poly A RNA (Figure 7D, 7H). Alternatively, we observed liquid droplet formation of
the LCS1 deletion variant both in the presence and absence of RNA (Figure 7B, 7F), while the

LCS2 deletion abolished phase separation (Figure 7C, 7G).
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Figure 7: NELFE full length and some of its domains undergo liquid-liquid phase
separation

DIC micrographs of (a,d) NELFE full length, (b,f) ALCS1, (c,g) ALCS2 and (d,h) ARRM at 50
MM concentration in 20 mM NaPi, pH 7.4, 150 mM NaCl and 0.03 mg/ml TEV protease in the
presence (a-d) or absence (e-h) of 0.5 mg/mL Polyadenylic acid (Poly A) RNA. Scale bar = 20
pm.

To complement the phase separation data, we performed a turbidity assay with purified
recombinant NELFE to investigate its ability to form liquid droplets. Turbidity assays involve
the quantification of the difference in ultraviolet spectra of protein solutions upon phase
separation®®. We assessed NELFE’s phase separation via turbidity after 60 minutes with varying
Poly A RNA concentrations (Figure 8). The RNA concentrations used range from 0 mg/mL up to
2 mg/mL of RNA. After sixty minutes, at lower RNA concentrations NELFE has higher turbidity
values, and then slowly drops off as higher concentrations of RNA are used. As the

concentration of Poly A RNA increased, NELFE’s turbidity decreased. The data suggests that

NELFE displays properties of RNA mediated re-entrant phase separation??’.
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Figure 8: NELFE turbidity decreases with increasing RNA concentration

Turbidity assay of NELFE full length with 50 pM protein in 20 mM NaPi, pH 7.4, 150 mM
NaCl, 0.03 mg/ml TEV and increasing concentrations of Poly A RNA up to 2 mg/ml. The
absorbance (Asoo) values are shown after 60 min.
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Chapter 4: Discussion and Conclusions

In this work, we used biochemical assays to determine how different structural features of RNA-
binding proteins contribute to phase separation properties for two different multidomain proteins.
We examined how the multidomain proteins Xenopus RBP heterogeneous nuclear
ribonucleoprotein AB (hnnRNPAB X2) and human Negative Elongation Factor E (NELFE) can
phase separate in vitro. These proteins contain different structural features such as RNA binding
domains, intrinsically disordered regions, and low complexity sequences. Liquid-liquid phase
separation is a key mechanism that regulates many aspects of cellular activities that are essential
for dynamic chromatin organization and gene regulation®2®, Proteins that can undergo LLPS
usually contain an IDR that allows for reversible and dynamic multivalent interactions with RNA

and/or proteins.

Xenopus RBP hnRNPAB X2 is a protein that contains two RBDs and an IDR and we
investigated how it localizes to a biomolecular condensate. This protein is highly enriched in L-
body biomolecular condensates and is highly dynamic with them in cells. In vitro, full-length
hnRNPAB X2 forms condensates, along with the IDR and RBD domains. The IDR and RBD
domains are able to phase separate both in the presence and absence of 3-globin RNA.
Therefore, both the IDR and RBD domains are able to contribute to hnRNPAB X2 self-
interactions and phase separation in vitro. As previously mentioned, this self-interaction does not
require RNA, similar to other RNA binding proteins such as FUS, which can readily phase
separate with RNA and whose disordered domain phase separates but does not interact with
RNA?°. The RBD domain exhibited liquid-like properties, as it was able to wet and fuse on the

cover slide. Fusing is when droplets are able to “morph” together, while wetting occurs when
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adhesive forces cause the droplet to spread across the surface of the solid at the solid-liquid
interface. In this case, the solid would be the cover slide. Meanwhile, the full-length and IDR
domains seemed to only form more static and amorphous structures, as they clustered together
and did not exhibit the properties that are hallmarks of being liquid-like. This indicates that each
domain may be interacting differently with the components of RNA and in the protein. The RBD
and IDR domains are essential for phase separation to occur, and each domain demonstrates

different morphologies.

Through collaboration with Dr. Kim Mowry’s laboratory at Brown University, we were able to
quantitate specific properties of the condensates that were formed for the full length, IDR and
RBD domains of the entire protein. To accomplish this, we stained the protein droplets with
Thioflavin T (ThT). Thioflavin T is is a commonly used dye for the study of amyloid pathologies
and protein aggregation both in vitro and in vivo®. Although it is most commonly known as a
small molecule that gives strong fluorescence upon binding to amyloids and is a commonly used
probe to monitor in vitro amyloid fibril formation®!, it will fluoresce when portioned into
droplets® even without amyloid formation and we used it here to mark droplets regardless of
amyloid state. For our study purposes we used ThT to quantitate the circularity, average particle

number, and average size of the condensates, as this dye is able to go into the condensates.

Dr. Jessica Otis, a scientist in Dr. Mowry’s lab, analyzed and created the bar graphs seen in
Figures 41-K and 5G-L to quantify the average number of particles formed, the circularity, and
particle size for each individual domain. We found that particle formation for each domain varies

depending on whether the RNA is present or not. At higher protein concentrations, RNA has
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little to no effect on the number of particles formed. The circularity of the droplets is also not
affected by the presence of RNA, as each of the domains relatively exhibited the same degree of
circularity of the droplets formed. However, the average size of the particles tended to be larger
when RNA was absent from the samples. This indicates that RNA may not be necessary for

these interactions to occur or alter any physical properties of the droplets.

Negative Elongation Factor E (NELFE) is a part of a larger complex (NELF) and has been
shown to be able to bind to various RNA elements®. Recent work shows that the NELF complex
can phase separate and condense in response to stress through the IDR of NELFA 34 NELFE
does not have a traditional IDR but instead has two low complexity sequences, both of which are
predicted to be disordered. Although the LCS is not a canonical IDR, recent work provides
evidence that they are able to facilitate LLPS®. In this work, we found that full length NELFE
can phase separate with the addition of Poly A RNA to form liquid droplets independent of the
NELF complex in vitro. The deletion of the RNA recognition motif also forms droplets in the
presence of RNA, but without RNA no droplets are observed. We found that the deletion of the
LCS2 domain completely inhibits droplet formation, whereas the deletion of the LCS1 domain
still forms smaller sized droplets with and without RNA. It is likely that the LCS2 domain, which
consists of tandem RDRD repeats and is 69 amino acids in length, is required for phase
separation to occur and that the LCS1 region is important for specificity of condensate

formation.

To further quantify the microscopy data collected, we performed a turbidity assay to examine the

role that RNA has on NELFE’s phase separation. A turbidity assay utilizes an ultraviolet
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absorbance signal to quantify the extent of condensed and aggregated proteins during phase
separation that are in the visible range of light®. It provides information describing the protein
phase separation process, including time-dependent aggregation Kinetics. We found that for
NELFE after a period of sixty minutes, using low concentrations of RNA resulted in high levels
of turbidity, while lower turbidity values were observed for high concentrations of RNA used.
This indicates NELFE forms droplets in an RNA dependent manner and suggests NELFE has
properties of RNA mediated re-entrant phase separation. In this re-entrant phase separation
mechanism, low concentrations of RNA aid in the formation of droplets, while higher
concentrations of RNA drive dissolution of these droplets by charge inversion?®. Taken together,

these results show that RBPs are able to induce phase separation.
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Appendix

Table 1
Primer Sequence
X2AB_FL Fwd TCCGACACCGAGCAGCAGTGTCTAGAA
X2AB_FL Rev GTTCTTACTGTAGTCATAGCCTGGTCCATATCCAT

AATAG

X2AB_RBD Fwd

AAAATGTTTGTTGGTGGCTTGAGCTGG

X2AB_RBD_Rev

TGGTTGTGCAATCTTTATCTCACACTTG

X2AB_IDR_Fwd

AAAGAAGTGTATCAGCAACAGTATGGCGG

Table 1: Primers used in this study. All Forward (Fwd) and Reverse (Rev) primers are listed
from 5’ to 3. The following abbreviations are used: X2AB (hnRNPAB X2), FL (full-length).
IDR (intrinsically disordered region), and RBD (RNA binding domain).
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