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Abstract

Discerning the Influence of Cationic and Aromatic Amino Acid Identity on Biomolecular

Condensates

Aaron Kahsay Kidane

The crowded cellular milieu contains a dry weight of up to 90 percent macromolecules, with

proteins making up 20 to 30 percent of that mass. Through billions of years of evolution, eukary-

otic cells have developed internal membrane bound organelles that further organize the crowded

cytosol, and separate incompatible reactions and processes. This high level of organization lends

itself to efficient nutrient uptake, energy production, cell to cell signaling, protein folding, and

macromolecule recycling. Although membrane-bound organelles have been widely studied since

the mid 18th century, recent discoveries have uncovered the role of biomolecular condensates

(BMC), also known as membraneless organelles (MBO), in a number of cellular functions.

BMCs are defined by a dense region of macromolecules that spontaneously coalesce within

cells. One of the chief phenomena that regulates condensate formation is liquid-liquid phase sep-

aration (LLPS), in which macromolecules will spontaneously demix from their environment and

form highly dynamic, macromolecule-rich liquid droplets that are energetically separated from the

surrounding dilute phase. The role of BMCs in RNA metabolism, mechanical and thermal stress

responses, as well as heterochromatin packing in the nucleus has been widely studied. In addition,



their aberrant role in a number of prion-related diseases has also been critically reported on.

At the same time, our understanding of the molecular interactions underpinning BMC behavior

has also gained a large degree of interest, with wide ranging advancements in our ability to under-

stand and predict the biomacromolecules that are able to engage with and form BMCs. Some of

the more common structural motifs that are found to promote phase separation are large disordered

domains, highly charged blocks separated by uncharged or nonpolar regions, and the ability to

complex with oppositely charged polymers; primarily RNA. Nevertheless, our understanding of

the role primary amino acid content confers on condensate dynamics remains poorly understood.

In this dissertation, I aim to uncover the specific role of aromatic and cationic side chain com-

position on BMC characteristics. To achieve these goals, I use in vitro assays composed of purified

protein and RNA, as well as a BL21 strain of E. coli (NiCo21) as a model organism to study

the impact of sequence-level cationic protein variants in a simple living system. I also created a

panel of four engineered charge variant proteins (GFP(0) and GFP(+6)) derived from superfolder

green fluorescent protein (sfGFP) with poly-lysine or poly-arginine tags appended to the C-terminus.

I first investigated discrepancies within the phase boundary of the engineered proteins in complex

with RNA due to the charge and sequence variations. I next uncovered the impact of non-covalent

interactions on these condensates, using NaCl, 1,6-hexanediol, and urea to understand the role of

simple electrostatics, hydrophobic interactions, and hydrogen bonding, respectively. These studies

revealed that although there are minimal changes in the initial phase boundary between arginine



and lysine-based variants, there are significant increases to electrostatic interaction strength that

is attributable to the change in amino acid composition. Hydrophobics played no role in the be-

havior of these engineered condensates and hydrogen bonding played an equivalent role across

all constructs. I also found that the in vitro results were quantifiable and replicated in the E. coli

experiments. I found that there was a higher ratio of protein in the condensate compared to the

cytoplasm in GFP(+6) and arginine tagged variants compared to GFP(0) and lysine tagged variants.

In addition, the percent of cells with condensates was found to increase along the same hierarchy.

Using an RNA hairpin-specific ligand, I was able to observe mRNA co-localizing with GFP at the

poles of cells that form condensates, while DNA was excluded and relegated to the midcell. Using

Fluorescent Recovery After Photobleaching (FRAP) on cells with condensates, it was revealed that

arginine-based condensates have a much slower recovery rate, and a smaller fraction of mobile pro-

tein, showing that protein mobility within the dense phase is lowered in arginine-based condensates.

When expanding my scope from engineered condensates to endogenously phase separating

proteins, I once again found that arginine promotes increased condensate formation relative to

lysine. I also provide preliminary evidence that of the three aromatic amino acids (phenylalanine,

tryptophan, and tyrosine), tryptophan promotes condensate formation in biological systems at a

higher rate than the other two amino acids, and results in an overall reduction in protein mobility

in the dense phase.

In this dissertation, I provide evidence for rules to further understand the chemical grammar of

BMC formation. These studies lay the foundation for the prediction of protein likely to engage with



BMCs, and also provides crucial information for the design of synthetic membraneless organelles.
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Chapter 1: An Overview of Biomolecular Phase Separation in Living

Systems

1



1.1 Introduction

Biomolecular condensates (BMC) play a vital role in maintaining cellular homeostasis by

aiding in the organization and function of cytosolic macromolecules. These liquid, and sometimes

solid-like membraneless structures have been found to participate in a growing number of cellular

functions over the past 15 years (Figure 1.1). In this chapter, I will brie�y summarize the scienti�c

community's journey over the past two centuries to discovering biomolecular condensates, as well

as the landmark advances that have helped us understand their molecular basis and biological

function over the last two decades. I will then highlight the direct endogenous functions that

biomolecular condensates play in cellular physiology, as well as how they have been implicated in

a myriad of disease pathologies.

1.2 The Discovery of Biomolecular Condensates

Understanding cellular compartmentalization has been of great importance to researchers for

well over a century. Membrane-bound organelles, which have been accepted as the minimum

organizational structure of the cell for centuries, was �rst discovered in 1833 by Brown [1], who

observed the nucleus in plant cells thanks to advances in light microscopy. It was not until 2009,

when Brangwynne and Hyman [2] �rst put forwards data of dynamic, liquid-like, phase separated

compartments within germline P granules that sparked a new �eld and focus in cell biology and

biophysics. Before delving into the past 16 years of research, it is important that we �rst take a few

steps back to understand the nearly two centuries of research preceding this landmark discovery.

Understanding this history will help us contextualize our current understanding of biomolecular

2



condensates, and how we can use this basis to gain new insights.

After the discovery of nuclei in 1833, Schwann put forwards the theory of all eukaryotic tissue being

composed of nucleated cells in 1839 [3]. Coinciding with this theory of nucleated cells was the

belief that cells and organelles were bound by a membrane structure [4], which was experimentally

validated by Gorter and Grendel in 1925 [5] who showed that the plasma membrane was composed

of a phospholipid bilayer. From the 1830's until the 2000's, there were numerous loosely associated

publication of varying impact that put forwards their own hypotheses as to how the cell organizes

itself past membrane-bound organelles. Publications such as "The structure of protoplasm" [6] in

which Wilson put forwards the idea that the cytoplasm of star�sh and sea urchin eggs are organized

as a more or less random liquid emulsion made up of dynamic "ultra-microscopical bodies" which

mediate growth and di�erentiation. More notably in the 1830's, the nucleolus was �rst proposed

by Valentin and Wagner [7, 8, 9] in a series of publications using bright�eld microscopy that can

retroactively be recognized as some of the �rst depictions of liquid-like membrane-less organelles

(MBO) [10]. The nucleolus would �nally be established by Montgomery in 1898, who revealed

the di�erent chromatin loci from which nucleoli arise [11].

Apart from the biological context, the vast majority of scienti�c advancements during this

time that aids our current knowledge of BMC's happened in �elds of soft matter and polymer

physics. Liquid liquid phase separation (LLPS), one of the main molecular underpinnings of BMC

dynamics, was growing substantially in �elds of engineering and polymer physics [12, 13, 14].

Biomolecular demixing, known as coacervation, was also �rst observed in 1929 by Bungenberg

de John and Kurt [15], through their in vitro studies with biomacromolecules. They were able to

3



show that modulating certain variables such as ambient temperature, polymer and monovalent ion

concentrations, and overall net charge, can lead to the reversible creation of separate dense and dilute

phase within a mix of oppositely charged polymers. These �nding paved the way for the Voorn

and Overbeek (VO) mean-�eld model of complex coacervation [16, 17, 18, 19], a combination of

the Flory- Huggins (FH) theory of polymer mixing and the Poisson-Boltzmann (PB) electrostatic

theory in the Deby-Hückel (DH) model [20]. The VO model simply proposed that in a system of

two �exible or rigid ionic polypeptides with low charge density, the charge neutralization associated

with complex coacervation can more than compensate for the loss in entropy associated with dense

phase formation.

From the 1980's until late 2000's, there was largely no movement or interest in complex coacervation

and BMC formation. Although they are not credited with having a signi�cant scienti�c impact,

it is important to also make note of a series of marine biology papers emanating from the Waite

lab during the mid 2000's studying squid beak cement proteins, in which the authors attributed

the strength of Phragmatopoma californica protective tubes to Ca2+ and Mg2+ deposits that are

stabilized by a liquid-to-solid phase transition of cement protein-based coacervates [21, 22]. Other

subcellular structures that are now considered to be in�uenced in part by complex coacervation

were also �rst proposed during this time (Figure 1.1). In the next section we will focus on these

processes, and how the framework of BMC's have changed our perception of them.
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1.3 Endogenous Functions of Biomolecular Condensates

1.3.1 Genomic DNA maintenance

Chromatin in the nucleus is heterogeneously organized with varying degrees of post transcrip-

tional modi�cations (PTM), compaction, and transcription activity [23, 24, 25]. The basic unit

of all types of chromatin organization is the nucleosome, which is de�ned by dsDNA wrapped

around histone octameters; a quaternary protein complex consisting of two copies of H2A, H2B,

H3, and H4 each [26, 27]. Chromatin is generally divided into two classes; euchromatin which is

transcriptionally active, loosely packed, and enriched in histone acetylation, and heterochromatin,

which is much less transcriptionally active, densely coiled, and marked by high DNA methylation

and histone trimethylation.

In euchromatin, BMC's play a role in enriching macromolecules that are crucial for replication,

transcription, DNA damage repair, and splicing [28, 27, 29, 30]. Two transcription coactivators,

BRD4 and MED1, were found to form liquid-like BMC's during transcription, while bound to DNA

in murine embryonic stem cells (mESC) [31]. These BMC's were liquid, as resolved by FRAP,

and sensitive to 1,6-hexanediol. Additionally, These initial BMC's then recruit other transcription

factors into the condensate.

In vitro, nucleosome arrays (NAs) were shown to undergo histone tail H1-dependent phase

separation [32]. Hyperacetylated histones were also observed forming phase separed compart-

ments, which are able to incorporate bromodomain (histone acetylation recognition motifs)- rich

proteins. These same compartments are found to be immiscible with droplets formed by unmodi-

�ed nucleosome, suggesting a role for phase separation in driving segregation of euchromatin and

5



heterochromatin.

The various DNA damage repair (DDR) pathways are also observed to be regulated and highly

in�uenced by liquid foci that spontaneously form at points of DNA double stranded breaks (DSB)

[33, 34]. This complex system of DDR is composed of many sensor proteins and factors which

depends on condensate formation to localize to the correct damage site. Hyperphosphorylation of

histone H2A by DNA-dependent protein kinase (DNA-PK) and atxia telangiectasis mutated (ATM)

recruits KU70 and KU80 heterodimers, which then recruits more secondary DDR factors such as

MDC1 and the MRN complex, resulting in liquid-like subnuclear foci forming at the site of damage

[35]. In addition to these canonical repair factors that play a role in initiating the DDR pathway,

it has also been shown that a great deal of RNA binding proteins (RBP) are recruited to DDR

compexes and engage in DSB repair [36]. Fused in Sarcoma (FUS), an RBP that we discuss and

work with extensively in Chapter 4, has been shown to be necessary for correct DDR dynamics in

mammalian cells by driving condensate formation through its Intrinsically disordered N terminal

domain [37, 38, 28]. FUS, an ATM and DNA-PK substrate, is also recruited very early in DDR.

Using irradiation to simulate DNA damage, it was shown that FUS-knockout cells were unable to

e�ectively recruit and retain DSB sensor proteins KU70 and KU80. Disruption of phase separated

DNA damage repair foci also resulted in disruptions to damage repair signaling [28]. These DNA

damage repair condensates are also observed to be highly sensitive to aging [39]. Disruption of

this foci formation by way of FUS knockouts or �IDR variants leads to improper assembly of DDR

complexes, resulting in deleterious genome instability.
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1.3.2 Translation and RNA metabolism

Protein translation, as well as RNA recycling, is a highly delicate and regulated cellular process

that is essential for cellular homeostasis. In recent decades, many translation factors, ribosomal

subunits, molecular chaperones, and protein complexes [40, 41] have been discovered that have

helped us understand how cells delicately regulate protein folding and RNA recycling. However,

recent studies have revealed that biomolecular condensates localized in the nucleus, endoplasmic

reticulum and lysosme play an important role in coordinating the functions of many of these

biomacromolecules [42, 30, 40]. The transcription of various mRNA's and noncoding RNA's

in eukaryotic organisms has been found to be mediated by RNA polymerase II (Pol II) nuclear

condensates [43, 31, 44], also known as nuclear speckles. Using superresolution �uroescent

microscopy on live cells, it was observed that these speckles exhibit liquid properties [45]. Standard

methods such as FRAP to observe protein mobility within condensates and droplet dissolution

during 1,6-hexanediol exposure [46] con�rm the liquid nature of these nuclear speckles in many

contexts. Sequence analysis of the proteins localizing to these nuclear speckles have con�rmed that

droplet formation is mediated by Pol II in complex with various other transcription factors which

contain signifcant low complexity domains (LCD) [46, 45, 47, 30].

1.3.3 Stress and Immunity

Phase-separated stress granules have been discovered to play an active role in the eukaryotic

response to thermal and mechanical stress in various eukaryotic organisms [48, 49, 50]. Stress

granules are a dynamic cytoplasmic ribonucleoprotein (RNP) compex that form in response to
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various types of stress, as the name suggest [51]. They are theorized to have multiple functions,

such as sequestering mRNA's that are stalled in translation during stressful moments in order to

limit the accumulation of potentially misfolded RNA transcripts and proteins in the cytosol that

could lead to cytotoxicity [52], as well as coordinating other responses such as activating immune

signaling cascades to further protect the cell [53]. Defects in stress granule regulation has been

linked to a number of diseases, such as neurodegenerative tauopathies, cancers, and poor antiviral

responses [54, 52, 55, 56].

The assembly of stress granules has been found to be dependent on a class of activator pro-

teins that initiate the formation of concentration-dependent condensates nucleating out of their

equilibrium-state RNP complexes. The di�erent nodes of the RNP complex have varying levels of

importance towards promoting stress granule formation, which is a concentration-dependent result

of elevated unbound RNA in the cytosol. Ras GTPase-activating protein SH3 domain-binding

protein 1 (G3BP1), a known activator of innate stress responses, and a canonical stress-granule

protein, has been discovered as an important molecular switch that triggers this transition from

nm scale RNP complexes to �m scale stress granule formation, and is responsible for sensing the

increase in RNA concentrations [57] (Figure 1.2).

From a biophysical perspective, stress granules, as well as processing bodies (P-bodies) and

the nucleolus, have also been theorized to have multiple coexisting liquid or solid components in

the same BMC. The stress granule and P-body model contains a G3BP1 solid RNP complex core,

which recruits stress-speci�c and stress-independent proteins to the more �uid outer shell [58, 51,

59].

BMC's have also been found to play an important role in the innate immune response in
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humans. The interactions between cyclic GMP-AMP synthase (cGAS) and viral DNA during

infections are mediated by BMC formation through the numerous multivalent interactions between

both biomolecules. In this context, the BMC's are believed to concentrate ATP, GTP, and cGAS

in order to increase cGAS catalytic activity for the production of AMP-GMP, which is a known

activator of the TBK1/IKK antiviral signaling pathway [60, 61, 62].
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1.4 Deleterious implication and disease relevance of Biomolecular Condensates

1.4.1 Neurodegeneration and prion-based diseases

As has been shown in the previous section, BMC's are vital for many cellular function, and

their regulation of critical cellular mechanisms makes their timely assembly and dissolution of the

utmost importance. Dysregulation of the dynamics associated with BMC assembly has been linked

with a liquid-to-sold transition [63, 64], resulting in static condensates composed of aggregate-

prone contents [65, 63]. This abberant phase transition is a hallmark of many neurogenerative

diseases, including but not limited to Amyotrophic Lateral Sclerosis (ALS), Alzheimer's disease

(AD), Parkinson's Disease (PD), and Frontotemporal Dementia (FTD) [66, 54]. Proteins such as

TAR DNA binding protein 43 (TDP-43), heterogeneous nuclear ribonucleoprotein A1 (hnRNP-A1),

FUS, � -synuclein, and Amyloid-� 42 (A�42) have been found to exhibit this same transition from

dynamic BMC formation to insoluble aggregates in the postmortem brain samples of many patients

with neurodegenerative diseases [67, 64, 68, 69, 54]. There are genetic, as well as environmental

stressors, and post-translational modi�cations (PTM) associated with many of these pathologies

[70, 67, 71, 72, 73]. Next, we will review the current understanding of how BMC's play a role in

protein aggregation [65].

It is generally accepted that �brils can form without BMC's, in the dilute phase of cells via

primary nucleation (Kn) of misfolded proteins (Figure 1.3). These primary nucleation events

occur on the surface of an adjacent protein, likely due to misfolding. These nucleation events di�er

from reversible oligomerization primarily because of the in�nitely lower dissociation constants
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associated with �bril formation; essentially making nucleation irreversible under physiological

conditions and macromolecular concentrations. Many �brils, for example those formed by A�42

and hyperphosphorylated tau, allow for rapid elongation due to their exposed charged and polar

�-sheet residues which allows elongation on both sides of the �bril [74, 75]. Through the process

of secondary nucleation, these �brils can also form branches. Secondary nucleation is denoted by

dilute phase monomers nucleating the elongation of another �bril on the surface of a preexisting

�bril. Fibril fragmentation is the �nal mechanism that contributes to �bril formation. As its name

suggests, it is the process of breaking a single growing �bril strand into two or more independent

�brils which then results in an increase in the number of nucleation and elongation sites. Fibril

fragmentation is often not a result of molecular interactions, but a result of mechanical stress causing

large �bril to snap as they reaches a critical length and mass. Fragmentation is perhaps the most

dangerous aspect of �bril dynamics mentioned here because it allows for the rapid proliferation of

active �brils in cells [76].

The liquid-to-solid transition model of protein aggregation, also known as idemic condensate

aggregation, is not mutually exclusive with the nucleation model of �bril formation either. A

comprehensive direct mechanism for how phase separated organelles lead to aggregate and �bril

formation is also not as well understood as dilute phase aggregates and �brils currently are, and

many of the studies done on the aggregation of condensates have been executed in vitro and are not

as well validated in model organisms [64, 77]. One study by Linsenmeier et al. found that �bril

formation of the Gly-rich disordered domain (GRDD) of hnRNPA1 forms on the interface between

dilute and dense regimes [78] (Figure 1.5). This interface promotes �brillation by concentrating free

monomers and stabilizing their aggregate-prone conformations. However, this was not observed
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for all proteins, suggesting that this mechanism of aggregation is protein and situation speci�c. The

interfacial model of �brillation predicts that the stabilization of many misfolded proteins localized

to the surface of condensates presents a highly concentrated substrate for the nucleation and growth

of �brils emanating from the surface of said condensate (Figure 1.4). In the case of hnRNPA1,

the surface proteins also take on a more extended conformation perpendiculat to the droplet,

providing more surface area for nucleation [78]. This surface �brillation does not necessarily mean

that protein mobility within condensates becomes any more inhibited. Rather, it can lead to a

multiphase condensate conformation, producing a more rigid outer ring with a liquid core in this

model [79]. The second, more commonly understood method of idemic aggregation focuses on

condensate hardening and arrested internal condensate protein dynamics (Figure 1.4). This pathway

is more often proposed as the direct link between BMC's and cytoplasmic inclusion bodies that are

found in the postmortem brain tissues of patients with neurodegenerative diseases, however there is

not a consensus for either pathway [70, 65]. On rare occasions, this condensate aging is functional,

however it is overwhelmingly seen as a deleterious transition [80]. Hardening is often driven by

changes to physiological bu�er conditions, partitioning of misfolded proteins into condensates,

and genetic mutations driving stronger multivalent interactions. One way these factors play a role

in condensate aging is through crosslinking of weak and strong noncovalent interactions through

the system, leading to sudden gelation [81, 82]. Through gelation, the dynamic weak interactions

that are constantly rearranging themselves within condensates form more stable, lower energy

contacts that reduced �uidity. Gelation is often irreversible, but some studies show that molecular

chaperones and heat shock proteins like HSP70 may be able to degrade hardened condensates

through autophagy. [83, 84, 85, 86]. Under ideal conditions, nearly all proteins can form phase
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separated condensates in vitro. However, those proteins that are prone to �bril formation in cells

are also overrepresented in those proteins known to partition into BMC's. These liquid condensates

are oftentimes intermediaries to aggregate and �bril formation, yet in other conditions, these same

condensates can be inhibitory to �brillation [87, 88, 89]. The internal concentration of BMC's

are much higher than the surrounding cytosol, providing an environment where nucleation and

elongation reactions have the ability to proceed with much higher reaction rates.

13



1.5 Research Goals

Understanding the role of BMC's in cells is of increasing importance. Their role in cellular

physiology across many branches of life has been reported on [90, 91]. Additionally, the highly

speci�c nature of macromolecular partitioning into condensates is mediated by the primary se-

quence of the protein [92, 46]. This selectivity, and respect for timely condensation and dissolution

[77, 45], leads us to naturally inquire about the molecular determinants that have evolved in cells

to control the biophysical and rheological properties of BMCs. There are numerous canonical

factors that exert in�uence, as they do in all cellular functions, such as local pH, macromolecular

concentration, and bu�er solutions. But there are other factors that have been discovered to be more

speci�c in terms of their e�cacy in in�uencing BMC dynamics. These factors are often valency,

post-translational modi�cation (which may in�uence valency), the presence of charge patches, and

intrinsic disorder [93, 73, 94, 95, 96]. All of these elements are directly in�uenced by the primary

amino acid sequence, and this primary sequence is often referred to as the molecular grammar,

or language of BMC's. Here, we aim to gain a greater understanding of the molecular grammar

of phase separation, speci�cally in the context of aromatic, and cationic amino acids. These two

classes of amino acids have been found to play a chief role in strengthening and promoting conden-

sate behavior of proteins [97, 93]. Cationic residues are often enriched in phase separating proteins

[98], and numerous MD simulations and NMR studies have observed arginine residues in contact

with aromatic residues in protein-protein systems [99, 100]. Many molecular grammar papers have

studied these two classes of amino acids, but they have majorly focused on BMC in the context

of protein-protein systems or proteins in complex with synthetic polymers, which has limited the
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direct applicability of these �ndings to biological systems [101]. In addition, the majority of these

studies also exclusively use in vitro methods to gain their �ndings, which also places constrains

on the applicability of the �ndings. Other studies investigating speci�c biochemical systems in-

volving phase separating proteins have used cultured eukaryotic cells [102, 86], but these studies

focused on more general cellular machinery such as stress response, but did not take a focus on

the molecular grammar driving condensation. We also use in vitro assays in order to understand

the in�uence of cationic amino acids. Speci�cally we look at arginine and lysine, which both

have the same +1 net charge, but have drastically di�erent side chain structures, which impart in

them varying non-covalent interactions that they can engage in. Canonical design principles of

complex coacervation have suggested that increased valency is directly correlated with increased

condensate behavior [103], but other studies have shown there to be more observable variations that

are due in part to the side chain molecular structure [93]. We �nd that arginine-based and lysine-

based condensates have similar two-dimensional phase boundaries in complex with RNA, but that

arginine-based condensates have a much higher salt stability, as shown by a three-dimensional

phase diagram, as compared to equivalent lysine-based condensates. We also �nd that the arginine

based condensates form at a higher rate than comparable lysine-based proteins when expressed in

NiCo (DE3) E. coli cells, our simple model organism. Furthermore, the arginine-based proteins

have signi�cantly trammeled protein mobility within the E. coli condensates, due to the increased

cation-pi and pi-pi interactions that lysine's side chain does not possess. We also aim to apply these

�ndings into more biologically-relevant systems. For that purpose, we employ endogenously phase

separating proteins. FUS, hnRNPA1, and PAB1, are three of the more well studied endogenously

phase separating proteins for their roles in many cellular phenomena [104, 64, 38, 105, 106, 102,
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107, 49, 108]. Using these three proteins, we isolate their intrinsically disordered domains and

created amino acid variants in which we mutated all of a speci�c class of amino acids (cationic or

aromatic) to a single residue i.e an all aromatic residue to phenylalanine, all aromatic to tryptophan,

all cationic to lysine, etc.. Our aim here was to understand if the molecular grammar observed in

vitro and in vivo with our engineered synthetic proteins can also be reproduced in proteins that

endogenously phase separate. We were able to �nd that these proteins exhibit observable changes

to their condensate behavior in vivo using E. coli again as our model organism. Tryptophan variants

consistently exhibited the highest condensate to cytoplasm ratio, and had the most perturbed protein

mobility rates of all three aromatic residues. We were unable to conduct in vitro experiments with

these engineered proteins due to their strong prion-like behavior in the dilute phase. We found all

puri�ed proteins to crash out of solution before any quantitative experiments could be conducted.

Altogether we collected evidence to show that the guanidinium group of arginine, with its largely

delocalized +1 net charge and pi-bond capabilities is able to for condensates with stronger elec-

trostatics, and slower protein mobility than lysine based condensates, challenging the prevailing

concept of a strictly valence-driven molecular grammar of BMC dynamics. We also collected

strong preliminary evidence showing that tryptophan, an often neglected residue in the study of

BMC's, may play a crucial role in driving condensate formation.
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1.6 Figures

Figure 1.1: Function of Biomolecular condensates in biology
The above schematic shows di�erent aspect of phase separated biomolecular condensates in normal
human cell biology.
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Figure 1.2: Bu�er conditions and speci�c RNA regulates BMC formation of G3BP1
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A) Summary of phase separation behaviors of G3BP1 FL with increasing concentration of
Ficoll (crowding agent). Corresponding images are shown in Figure S2A. (B and C) LLPS of
puri�ed recombinant G3BP1 in the absence of a crowding agent and increasing concentrations of
total RNA puri�ed from human cells. Scale bar, 20 �m. (D) LLPS of puri�ed recombinant G3BP1
with 100 ng/�L total RNA, with or without the addition of 1 �g/mL RNase A. Scale bar, 50 �m. (E)
LLPS of puri�ed recombinant G3BP1 with the addition of RNA species as indicated. Scale bar, 20
�m. (F) LLPS of puri�ed recombinant G3BP1 with increasing concentrations of total (left panels)
or polyA (right panels) RNA. Scale bars, 50 �m. (G) Summary of phase separation behaviors of
G3BP1 in (F). (H) PolyA pull-down from U2OS cells exposed to sodium arsenite (500 �m; 1 h),
revealing RNA (SYBR Gold staining) and G3BP1 pull-down (immunoblot). Representative image
from 4 experiments is shown. The level of G3BP1 pulled down by polyA RNA was normalized
to the total RNA level. Quanti�cation was performed using 4 replicates. Error bar indicates SD.
**p = 0.0038 by unpaired t test. (I) LLPS of puri�ed recombinant G3BP1 in the absence of a
crowding agent and the addition of mRNAs as indicated. Scale bar, 20 �m. (J) LLPS of puri�ed
recombinant G3BP1 in the presence of long double strands of poly(I:C) or poly(A:U). Scale bar,
20 �m. (K) In vitro transcribed HSPA8 sense-strand RNA of di�erent lengths was assessed by
agarose gel and ethidium bromide staining. (L) In vitro transcribed HSPA8 sense-strand RNA was
mixed with 200 �m recombinant G3BP1 to assess its ability to trigger LLPS in the absence of a
crowding agent. Scale bar, 20 �m (M)U2OS cells stably expressing G3BP1-GFP were exposed to
sodium arsenite (500 �m) and further treated with 0.2% Tween 20 in PBS for 10 min. Cells were
imaged in PBS alone or with RNase I (1 U/�l) + RNase A (100 �g/ml) in PBS and imaged for
indicated time. Scale bar, 50 �m. Reproduced with permission from Yang et. al. Cell. 2020 Apr
16;181(2):325-345.e28. doi: 10.1016/j.cell.2020.03.046
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Figure 1.3: Dilute phase protein �brillation mechanisms
Diagram showing the canonical mechanisms of protein �brillation in relation to reversible oligomer-
ization.
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Figure 1.4: Model Phase diagram of a biomolecular condensate
Light shaded area on X-Y axis shows a model of concentration and bu�er- dependent liquid-liquid
phase separation from dilute phase into a two-phase BMC. light red area outlined by a dashed line

shows the impact of various exogenous factors on altering the phase boundary from a liquid to
solid-like condensate in relation to driving protein �brillation. Direct �brillation from the dilute

phase is denoted in the top left corner of the graph. PS: phase separation, PTM: post translational
modi�cation.
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Figure 1.5: Liquid-amyloid transition of B-LCD is governed by �bril-forming segments.
a, Normalized Thio�avin T (ThT) signal over time for B-LCD (blue) and B-LCD-�amy (red). Re-
scan confocal microscopy images at time zero and after 70 h of incubation for the two constructs. b,
ThT-stainable star-shaped aggregates formed by B-LCD in microplates and in micro�uidic water-
in-oil droplets imaged in bright�eld and by wide�eld �uorescence microscopy after 6 days of
incubation. Starburst formation of B-LCD has been repeated at least �ve times in microplates and
twice in a micro�uidic set-up with similar results. c, AFM of star-shaped aggregates formed by
B-LCD after 20 min. d, Increase of �bril height over 60 min after formation, extracted from AFM
images. Box plots include the median �bril height, the interquartile range and the upper and lower
quartile whiskers. For each timepoint, the height of 11-28 �brils of 3-4 droplets was extracted. e,
Acceleration of amyloid formation in 30 µM B-LCD sample with increasing NaCl (0 mM NaCl,
black; 50 mM NaCl, grey; 100 mM NaCl, blue; 150 mM NaCl, light blue; 200 mM NaCl, cyan;
500 mM NaCl, green; 1 M NaCl, orange; 2 M NaCl, red). Inset: average half time t0:5 values as a
function of NaCl concentration. Error bars represent the standard deviation of three independent
samples. �amy= Deletion of �bril forming motifs �SGSNFG, �GSYNDF and �SSSSSY B-LCD=
hnRNPA1- B splicing variant Reproduced with open access permission from Linsenmeier et. al.
Nature Chemistry volume 15, 1340-1349 (2023) https://doi.org/10.1038/s41557-023-01289-9
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