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Summary

The organization of intracellular space into distinct, membraneless, compartments is a

ubiquitous feature of living organisms. It has recently become apparent that many of

these biomolecular condensates may be formed by liquid-liquid phase separation. Rep-

resenting (liquid-like) regions enriched in speci�c proteins and nucleic acid species, they

partition biomolecules by providing a chemical environment distinct from the surrounding

intracellular milieu. Regulation of their interfacial phenomena allows cells to localise them

to speci�c regions of intracellular space, as well as control the kinetics of their formation

and growth.

Through identifying and studying constituent proteins of biomolecular condensates,

researchers have deciphered many of the sequence features necessary for phase separation.

Of principal importance was the development of model biomolecular condensate systems

in vitro. This has enabled rigourous physical modelling in a controlled environment, al-

lowing investigations into the molecular speci�cs driving condensate formation through

phase separation. In this thesis, we advance the study of biomolecular condensates, bas-

ing our research around the Ddx4N model system focusing on condensate formation and

interfacial phenomena.

Ddx4N is the intrinsically disordered N-terminal tail of human ATP-dependent DEAD-

box RNA helicase 4, shown to be necessary and su�cient for phase separation in vitro

and in cells. Since its discovery as a condensate forming protein, its sequence features

have been identi�ed in numerous other condensate associated proteins, making Ddx4N an

ideal model system. First, we expand current knowledge concerning its phase separation.

By investigating mutant sequences in vitro, the the role of protein net charge is revealed,

whilst also emphasising the e�ect of phenylalanine/tyrosine on cation-π interactions. Fur-

thermore, we show the e�ect of net charge is reproducible in a cellular environment, using
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in cell �uorescence images of exogenous Ddx4N condensates.

Our attention is then drawn to the development of an experimental pipeline a�ording

the precise characterisation of in vitro condensate interfacial phenomena through drop

shape analysis. Confocal microscopy, the Young-Laplace equation and bespoke image

analysis are combined to allow measurement of capillary lengths and contact angles of

condensates resting on solid surfaces. Measuring condensate contact angles using our

automated technique is found to be superior to a recently reported manual method.

We then focus on the �uid-�uid interfacial tension of condensates, presenting cal-

culations based around the theory of van der Waals, implemented through the work of

Scheutjens and Fleer. Then we aimed to verify these calculations by measuring condensate

capillary lengths through drop shape analyis, with a view to extracting their �uid-�uid

interfacial tensions. However, we saw an unexpected increase of capillary length with con-

densate size. After close interrogation of the experimental technique and possible physical

origins, we were unable to �nd an explanation for this phenomena. As such, the origin of

our observed positive relationship between capillary length and condensate size remains

an open question, requiring further study.

Finally, motivated by the observation that membrane-associated condensates are

localised through speci�c interactions with membrane bound species, we decided to in-

vestigate the non-speci�c wetting of membrane surfaces by biomolecular condensates.

Through measurement of contact angles on a supported lipid bilayer, we found conden-

sates to be repelled by the membrane. Further measurements of condensate contact angles

on hydrophilic and hydrophobic glass surfaces revealed a role for hydrophobic interactions,

likely serving to repel condensates from necessarily hydrophilic headgroups of lipid bilay-

ers. These data suggest repulsion between biomolecular condensates and membranes is

responsible for the maintenence of endogenous condensates in the cytoplasm/nucleoplasm,

away from intracellular membranes. Furthermore, we discover a positive line tension at

the three phase contact line, with a deleterious impact on condensate wetting at the

micrometer lengthscale.
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Common abbreviations

Biomolecules

Ddx4N: N-terminal intrinsically disordered tail of the nuage-associated ATP-dependent

DEAD-box RNA helicase.

Ddx4N*: Mutant Ddx4N carrying a sequence-wide cysteine to serine substitution.

DNA: Deoxyribose nucleic acid.

RNA: Ribose nucleic acid.

Physical constants

NA: 6.0221415× 1023mol−1 - Avogadro's number.

kB: 1.380649× 10−23JK−1 - Bolzmann's constant.

R: 8.314 562 1 JK−1mol−1 - the gas constant, equal to NakB.

g: 9.81m s−2 - acelleration to due gravitational interaction with Earth, close to its surface.
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Chapter 1

Introduction

ABSTRACT

This chapter is intended to give the reader an overview of biomolecular condensates, whilst

motivating the research performed in this thesis. We begin with a broad introduction to

membraneless intracellular compartments as biomolecular condensates, emphasising their

ubiquity. Then we introduce the the recent `phase separation' hypothesis regarding their

liquid-like nature and biogenesis. Then we focus on studies performed in model condensate

systems, revealing the typical sequence features of proteins implicated in the formation of

endogenous biomolecular condensates. Next we cover emergent phenomena exhibited by

biomolecular condensates, illustrating these with key examples from the literature. Penul-

timately, we discuss the outstanding research questions forming the subject of this thesis,

before concluding with an outline of the following chapters.
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2 Introduction

1.1 Organisation of cellular biochemistry & membrane-

less compartments

Life as we know it is fundamentally compartmentalised. On the most familliar scale, we

humans are discrete entities with our own identities, personalities and genetic material,

occupying `our own' volume of the universe at any given time. However, broadly speaking,

we and all other lifeforms on this planet, are composed of the same subset of atoms. What

distinguishes us from crabs, da�odils, foxes and even each other, is the organisation of

these atoms into a hierarchy of structures, from the angstrom scale of chemical bonds and

micrometer scale of cells, to the centimetre and metre scale of shells, stems and skeletons.

Generally, feedback between these scales allows organisms to perform chemical reactions

to extract free energy from their environment, enabling their longevity and reproduction.

Living cells are found to take a special place in this hierarchy, as they represent the smallest

unit of life capable of this operation [1]. An understanding of how cells compartmentalise

their constituent molecules is of fundamental interest to those fascinated by life.

At the end of the 19th century, Edmund Wilson delivered a lecture entitled "the

structure of protoplasm" [2]. He observed specimens of protoplasmic (intracellular) ma-

terial, obtained from star�sh eggs, and saw the coalescence of spherical globules, leading

him to hypothesize "the living protoplasm...is a liquid, or rather a mixture of liquids,

... in which are suspended drops ... of di�erent chemical nature". Dr Wilson very

likely bore witness to behaviour now deemed characteristic of intracellular membraneless

compartments [3�5]. Distinct from their membrane-bound counterparts, membraneless

compartments concentrate speci�c biomolecules, with their constituent components often

in constant dynamic exchange with the surrounding protoplasm [6�12].

Representing a major organizing principle of cellular biochemistry, intracellular mem-

braneless compartments are indenti�able in all kingdoms of life [45, 46]. Their discovery

arguably dates back even further than the observations of Wilson, nearly 200 years, to
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Figure 1.1: Highly simpli�ed diagram of an animal and plant cell highlighting a selection of
endogenous biomolecular condensates. *Nuclei and chloroplasts are membrane bound compart-
ments.

Table 1.1: Functions of the endogenous biomolecular condensates illustrated in Figure 1.1.

condensate function

P-body [13�15] translational regulation, mRNA decay
P-granule [9, 16,17] translational regulation

nuage [18�21] silencing of retrotransposons
stress granule [12, 14,22,23] translational regulation

cajal body [24�26] mRNA splicing, telomere maintenance
postsynaptic density [27�29] neurotransmission

nucleolus [30�32] ribosome biogenesis
nuclear speckles [33�37] mRNA splicing

pyrenoid [38�40] carbon �xation in algae
photobodies [41,42] storage of photoreceptors
ARF condensate [43] auxin signalling
FLOE1 granule [44] water sensing during seed germination

the observations of nucleoli by Wagner and Valentin [47, 48]. Figure 1.1 and Table 1.1

illustrates and details the function a selection of membraneless compartments found in

plant and animal cells. Some membraneless compartments, e.g. nuclear speckles and

cajal bodies - both involved in RNA processing [24�26, 33�37], are almost ubiquitous in

plants and animals. Other compartments, such as the pyrenoid and postsynaptic density,

serving as sites for carbon �xation in algae and neurotrasmission respectively, are only

found in more highly specialised cells [27�29,38�40].

Despite the ubiquity of membraneless compartments, a physical understanding of

their behaviour eluded researchers for well over a century, until the seminal work of



4 Introduction

Brangwynne et al in 2009 [9] . By carefully monitoring the redistribution of P-granules

in fertilised Caenorhabditis elegans oocytes during the �rst cell division, Brangwynne and

co-workers found their formation and dissolution to be entirely consistent with a phase

separation event [9]. Furthermore, they observed these membraneless compartments to

coalesce, drip and exchange components rapidly with the surrounding intracellular milieu,

phenomena reminiscent of a liquid droplet, with interfacial tension, in coexistence with

the cytoplasm. They proposed liquid-liquid phase separation as a general mechanism,

governing the organization of the protoplasm into membraneless compartments (echoing

the view of Wilson).

Liquid-liquid phase separation describes the spontaneous condensation of disperse

molecules from solution, to form a new, distinct, liquid phase. Since Brangwynne's discov-

ery, the phase separation hypothesis has proven extremely fruitful, responsible for a surge

of research on endogenous membraneless compartments in vivo, model phase-separating

biomolecular systems in vitro and the incorporation of such compartments into synthetic

biology systems [3, 4, 49�51]. The �eld of intracellular phase separation has since settled

on the term "biomolecular condensate", coined by Banani et al in 2017, to de�ne any

liquid-like phase enriched in biomolecules [4].

Much of the current physical unerstanding of biomolecular condensates has been

derived from in vitro studies of reconsituted "model" condensate systems. This thesis

aims to enhance the molecular understanding of biomolecular condensates, choosing to

study the phase separation and interfacial phenomea of an established model condensate.

Immediately following is an overview of key results obtained from in vitro studies, with em-

phasis on the molecular detail of protein-protein interactions contributing to condensate

integrity. Then we discuss emergent properties of biomolecular condensates, including

their interfacial phenomena, to build a picture of functional condensates and give the

reader an insight into recent advances. We then identify the outstanding research ques-

tions which form the subjects of this thesis. This chapter concludes with an outline of

the remaining thesis.
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1.2 Model biomolecular condensates & proteins

Proteins are a highly diverse set of biological macromolecules, implicated throughout

biochemistry. They catalyse reactions, enact as structural elements, and along with ribose

nucleic acids (RNAs), form a major constituent of endogenous biomolecular condensates.

It is alterations to the chemical structures of proteins, facilitated by random mutations to

deoxyribose nucleic acid (DNA), which enables Darwin's theory of natural selection [52].

Like RNA and DNA, proteins are polymeric, composed of a linear sequence of

monomers. Unlike RNA and DNA, which are composed from a mixture of four (ribo)nucleotides,

proteins are composed of 20 amino acids, linked together by amide bonds along the pro-

tein `backbone'. Figure 1.2 (a) shows the chemical structure of these amino acids - also

referred to as residues. They may be classi�ed based on their functional groups (aro-

matic, aliphatic, sulfuric, basic, acidic, hydroxylic, amidic), or their typical interaction

mode (hydrophobic, charged, polar), and de�ned by their full chemical name, three letter

abbreviation or single letter code. Di�erent sequences therefore impart di�erent potential

interactions. Principally, intramolecular interactions may cause the protein to fold into a

well de�ned tertiary structure [53], or remain disordered, a continuum of conformations

in solution, akin to random-�ight polymers [54,55].

How the sequences of proteins found inside endogenous biomolecular condensates

contribute to their integrity began to unravel following the 2009 work of Brangwynne

et al [9], when several researchers independently identi�ed macromolecular multivalent

intrinsically proteins capable of phase separation in vitro [56�60]. Although in vitro

experiments may not capture the intrinsic complexity of intracellular environments, the

control investigators have over the solution compositions and experimental variables have

proven them to be a powerful method of investigation in protein science.

In 2015, the intrinsically disordered regions of P-granule protein Laf-1 [57], stress

granule protein hnRNPA1 [58] and nuage protein Ddx4 [59], were shown to form liquid-
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Figure 1.2: (a) The 20 genetically encoded common amino acids with their three letter and
single letter codes. Colours categorise amino acids by their functional grops, dashed boxes
categorise amino acids by their typical interaction types. Cysteine can form disul�de covalent
bonds, glycine is the smallest amino acid, lacking any carbon side chain. (b) Interactions between
amino acids shown to contribute to biomolecular condensates formed by phase separation of
intrinsically disordered proteins.
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Figure 1.3: Distribution of (charged) acidic and basic residues and phenylalanine (F) and
tyrosine (Y) residues along the 241 amino acid sequence of recombinantly expressed Ddx4N.

like, model protenacious condensates, suspended in aqueous bu�er, in a manner inhibited

at increased salt concentrations. This e�ect was attributed to screening of electrostatic

interactions between charged residues in a Debye-Hückel fashion [61], revealing the impor-

tance of charge-charge contacts in the phase separation of intrinsically disordered proteins

(IDPs).

Nott et al further investigated the sequence context of acidic and basic residues

in Ddx4N and its contribution to their interactions. They scrambled the positions of

the charged residues in the Ddx4N, disrupting this patterning, and witnessed a marked

decrease in its phase separation [59, 62]. The arrangement of charges along the Ddx4N

backbone, appearing as a polyampholyte (see Figure 1.3), seems to be encoded in a fashion

which promotes its phase separation. The impact of charge patterning has subsequently

been reproduced in studies of other phase separating IDPs, both physiological [63,64] and

synthetic [65�67].

In addition to charged amino acids, phase separating IDPs (including LAF-1, hn-

RNPA1 and Ddx4N) are often enriched in aromatic residues phenylalanine and tyro-

sine [58, 59, 65, 68]. Patterned along the sequence of Ddx4N (see Figure 1.3), these

residues are able to interact in a hydrophobic manner, releasing their solvating water

molecules to form π − π contacts [62, 69�71]. By investigating the e�ect of arginine

methylation of Ddx4N phase separation, Nott et al uncovered another, now archetypal,
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interaction driving IDP phase separation [59, 70, 72, 73]. This methylation greatly hin-

dered its phase separation, in a fashion attributed to direct cation-π interactions between

arginine and phenylalanine/tyrosine residues, subsequently veri�ed by nuclear magnetic

resonance studies [62]. Similar to π− π contacts, cation-π interactions are reliant on par-

ticular stacking con�gurations [74], and enhanced when interacting residues are �anked

by small amino acids glycine and serine [59]. Mutational studies on model condensates

formed by the intrinsically disordered Fused in Sarcoma (FUS) protein, have subsequently

demonstrated the increased strength of Y-R cation-π contacts, compared to F-R cation-

π contacts, re�ning the molecular grammar governing biomolecular condensate forma-

tion [70].

The major amino acid interactions driving the phase separation of IDPs identi�ed

thus far are summarised in Figure 1.2 (b). These interactions have since been impli-

cated in not only in vitro studies of IDPs [75�77], but also in cell studies of endogenous

and exogenous condensates [70, 72]. It is now apparent that whilst containing tens to

hundreds of distinct chemical components, the behaviour of endogenous condensates is

often dominated by small number of species [78�82], referred to as `sca�olds' [83]. Aside

from IDPs, sca�olds may also comprise RNAs. RNAs have been found to have a syn-

ergistic e�ect on phase separation with IDPs; in model condensates formed by LAF-1,

Whi3 and hnRNPA1, RNA was seen to modulate both their phase separation and vis-

cosity [57,58,60]. A common theme amongst sca�olds, is the need to be macromolecular,

enabling the formation of a transient network of stabilising interactions [70, 84, 85]. The

ability to dictate cytoplasmic/nucleoplasmic sca�old concentration, also alter their struc-

tures through posttranslational modi�fcations, gives cells exsquisite control over the reg-

ulation of biomolecular condensates. Of course, biomolecular condensates are more than

just condensed regions of biomolecules, they are also packaged with a range of emergent

properties, which we will now discuss.
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1.3 Emergent properties of biomolecular condensates

Representing liquid-like regions of intracellular space enriched in speci�c biomolecules,

biomolecular condensates give rise to a range of emergent properties, with physiological

consequences. In Figure 1.4 we separate these into internal (chemical environment and

material state) and interfacial phenomena (interfacial tension and wetting).

Figure 1.4: Emergent properties of biomolecular condensates. The internal composition of
condensates is determinant of their chemical environment and material state. Their interfa-
cial pheneomna, (�uid-�uid) interfacial tension and wetting, are governed by interactions at
their �uid-�uid interface and three phase contact regions respectively. Orange represents the
condensed condensate phase, blue represents its coexisting �uid phase, gray represents a third
phase, which may be liquid-like or solid.

1.3.1 Internal phenomena

Likely their most widely utilised feature, the unique chemical envionment of endogenous

condensates facilitates organization of the intracellular milieu through their partitioning

of biomolecules [43, 86�88]. A clear example from biology is the sequestration of trans-

lation regulator protein mTORC1 in stress granules. This has the knock-on e�ect of

greatly reducing protein synthesis in the cell, used as a method to combat stress [89,90].

Partitioning of biomolecules is also demonstrated by in vitro phase separating IDP sys-

tems, further supporting their utility as model condensates. Ddx4N condensates partition

double stranded nucleic acids in a length dependent manner; absorbing shorter duplexes,
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while excluding those longer than 16 base pairs. Furthermore, DNA duplexes inside these

Ddx4N condensates were found to be unwound, demonstrating pasive biochemical activity

in this highly simpli�ed model system [91].

Whilst the high density of interacting proteins and nucleic acids provides a novel

solvent environment, it also serves to restrict molecular motion, with many condensates

exhibiting markedly increased viscosities relative to the surrounding aqueous environment

[57, 62, 92�95]. So far we have described biomolecular condensates as `liquid-like', this

is because condensates may display a range of material states [96, 97]. Jawerth et al

reported condensates formed by an IDP constituent of P-granules - PGL-3, exhibit gel-

like viscoelasticity, behaving as liquids under low strain rates, but solids at high strain

rates [98]. Condensates can also age, showing time-dependent material properties [99]

and even undergoing deleterious liquid to solid transitions, as seen in endogenous FUS

condensates [72, 100]. Reduced liquidity of condensates is not always a bad thing, and

is used by keratoyalin granules, for example, to acquire mechanical stability during skin

barrier formation [101].

1.3.2 Interfacial phenomena

Opposed to the internal phenomena of condensates, natrally governend by their inter-

nal composition, interfacial phenomena are dependent on the composition of the two (or

more) phases in contact. A fundamental feature of condensed matter, interfaces are ubiq-

uitous in nature, and are associated with a necessarily positive interfacial tension1 [102].

The constantly rearranging molecules of liquid-like biomolecular condensates �ow, and

reorganize their interface to minimize interfacial energy, driving them towards spherical

shapes [9, 18, 24, 30, 103]. This same principle drives condensate coalescence and subse-

quent relaxation into a larger sphere, lowering the amount of (unfavourable) interface

present in the system [9,76,92,95,98,104�107].

1A negative interfacial tension would drive the in�nite mixing of the contacting phases, eventually
forming a single homogenous phase.
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High interfacial tension drives rapid coalescence, whilst high condensate viscosity

slows it down. It seems biology is aware of this; Caragine et al hypothesized the high vis-

cosity (3000Pa s) and low interfacial tension (1.5 µNm−1) of nucleoli are tuned to give slow

coalescence, leaving the critically important nucleolar processes undisturbed [95]. Cells

are also observed to modulate coalescence through the use of interfacial protein clusters

acting as Pickering agents, stabilising P-granules with respect to coarsening [108]. Inter-

facial tension is expected to, and indeed does, impact biomolecular condensate formation

through nucleation, with reduced interfacial tension corresponding to accelerated phase

separation [105, 109, 110]. This is seen in cell nuclei, where seeding the nucleation of

nucleoli on freshly transcribed ribosomal RNA a�ords spatiotemporal control over nucle-

olar formation [109], driven by speci�c protein-RNA interactions which lower interfacial

energy.

Favourable interactions of liquids with surfaces can result in entirely localised phase

separation, forming phases which would otherwise be unstable [111]. This `prewetting'

phenomena, has recently been attributed to the localised formation of Klf4 condensates on

DNA [112]. Here, wetting refers to the tendency of a liquid to spread over another liquid

or solid phase [102]. Wetting is shown to dictate the interior architecture of the nucleolus;

appearing as a condensate-within-a-condensate, the outer liquid-like layer totally wets the

inner layer [11]. Total wetting is also used to control the branching of microtubules, where

TPX2 granules wet their surface, before transitioning into a beads-on-a-string formation

and recruiting tubulin for microtubule growth [113,114]. While many endogenous conden-

sates are suspended in the cytoplasm/nucleoplasm, some are associated with intracellular

membrane surfaces [115]. Localised to speci�c membrane regions through interactions

with membrane proteins or the cortical cytoskeleton, these condensates exhibit partial

wetting behaviour [27, 29, 115�125]. Interestingly, speci�c partial wetting of condensates

on membranes has recently been implicated in membrane remodelling, leading to the

formation of autophagosomes [124].
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1.4 Outstanding research questions

While much progress has been made since Brangwynne's phase separation hypothesis [9],

there is still much to be understood about the physical nature of biomolecular condensates.

Many phase separating intrinsically disordered proteins are enriched in charged amino

acids, yet carry low net charge per residue [57�59, 70]. Furthermore, net charge is also

known to in�uence protein aggregation [126, 127] and the conformational properties of

IDPs [128]. At the onset of this thesis project, we identi�ed protein net charge as an

area of interest, representing an uninvestigated sequence feature, likely regulating the

formation and properties of biomolecular condensates.

The degree to which the relationship between protein sequence and phase separation

is understood has facilitated the design of de-novo phase separating proteins [65, 129],

phase separation predictors [130�132] and accurate computational simulations [74, 133,

134]. The same cannot be said for the interfacial pheonomena of biomolecular condensates,

with many fewer investigations on their molecular origins. The 2018 work of Jawerth et al

has arguably made the most progress, where they saw salt reduce the �uid-�uid interfacial

tension of PGL-3 condensates, implicating electrostatic interactions. In 2021, Wang et al

[135] cited the lack of user-friendly techniqes to measure the �uid-�uid interfacial tension

as the reason behind our reduced understanding. Aside from rough estimates [11,57,136],

there have been no calculations of biomolecular condensate �uid-�uid interfacial tensions,

despite the prevelance of such calculations in the soft matter community [137�141].

We also noticed many endogenous biomolecular condensates remain suspended in

the protoplasm, away from intracellular membranes. Those that associate with the mem-

brane, are localised by speci�c interactions with membrane proteins or the cortical cy-

toskeleton [27, 29, 115�125]. It is possible that protoplasmic condensates are maintained

by active processes, or through association with the cytoskeleton, however, we suspect this

is due to a lack of wetting at membrane surfaces, governed by the interfacial structure of
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condensates.

1.5 Thesis outline

The overarching goal of this thesis is to advance the understanding of the relationship

between protein sequence, phase separation and interfacial pheonomena of biomolecular

condensates. To do so, we base our work around the Ddx4N model condensate system,

previously used to reveal many of the sequence features now known to be widespread

amongst intrinsically disordered proteins associated with endogenous condensates [59,62,

91].

The in vitro work throughout uses a novel mutant Ddx4N, wherein its four cysteine

residues are substituted for serine. This Ddx4N* construct is unable to form disul�de

linkages, removing this confounding variable from our studies of condensate interfacial

phenomena. The protein sequences and reagents used in this work, as well as standard

experimental techniques, including protein expression and puri�cation from bacterial cell

culture, are given in Chapter 2.

In 2018, the beginning of this thesis project, augmentation of phase separation

through F�Y substitutions was recently presented in FUS condensates [70]. We de-

cided to look at the e�ect of F�Y substitutions on Ddx4N* model condensates. Chapter

3 comprises application of the Flory-Huggins thermodynamic framework to Ddx4N* phase

separation, allowing us to infer the molecular mechanism through which these sequence

features tune condensate stability. We also investigate the e�ect of protein net charge on

intracellular phase separation, combining in vitro and in cell experiments, revealing com-

monalities between in vitro model condensates and exogenous intracellular condensates.

It is common in the study of interfacial phenomena, to measure the shapes of sessile

liquid drops in contact with solid surfaces [142, 143]. Observation of the deformation of

droplets under their own weight enables a measure of �uid-�uid interfacial tension, whilst
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measuring the the contact angle between the �uid-�uid surface of drops and solid surfaces

allows the characterisation of their wetting. This may be achieved, to high precision,

through axisymmetric drop shape analysis (ADSA) [144�148]. In Chapter 4, through

confocal microscopy and bespoke image analysis, we implement this technique to study

microscopic in vitro biomolecular condensates. As confocal microscopes are widespread

in cell biology and biophysics laboratories, we hope to inspire the use of this technique

as a readily implementable method, expanding the existing experimental toolbox used to

interrogate emergent condensate properties [149].

Chapter 5 concerns Ddx4N* �uid-�uid interfacial tension. We introduce the mean-

�eld Scheutjens-Fleer theory, an extension of Flory-Huggins theory, previously utilised in

the calculation of the interfacial tension of phase separated polymer mixtures [150, 151],

and apply it to our Ddx4N* condensates. In conjunction, we present measurements of

Ddx4N* capillary length, enabled through ADSA, with a view to comparing these values

with those predicted by the mean-�eld calculations of �uid-�uid interfacial tension.

The �nal chapter (Chapter 6) uses ADSA measurements of Ddx4N* contact angles

to investigate the molecular determinants of biomolecular condensate wetting phenom-

ena. By measuring the dependency of contact angles on condensate size, we reveal the role

of the structure at the three phase contact line in determining their wetting behaviour.

Based on observations of the intracellular localisation of endogenous biomolecular con-

densates, we hypothesize the presence of a repulsive interaction between condensates and

intracellular membranes. To test this hypothesis, we introduce a model membrane, com-

posed of a supported lipid bilayer, into our in vitro system. By measuring Ddx4N* contact

angles on this surface, as well as on two more surfaces with di�ering hydrophobicity, we

reveal the molecular nature of the condensate-membrane interactions.



Chapter 2

Generation of Materials & Standard

Experimental Techniques

ABSTRACT

This thesis studies condensates formed by recombinant intrinsically disordered Ddx4 pro-

teins. This chapter lists the bu�ers and reagents, as well as the sequences of the recom-

binant proteins, used throughout this thesis. The methodology allowing the generation of

plasmids for subsequent protein expression is given. Then the protocol for the puri�cation

of Ddx4 proteins from bacterial cell culture for the in vitro work presented in subsequent

chapters is detailed. Finally, the standard sample preparation technique for in vitro ex-

periments is described.

15
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2.1 Bu�ers & reagents

All bu�ers are aqueous, prepared using MilliQ ultrapure water with a resistivity of

18.2MΩcm−1 at 25 ◦C and maximum total organic content (TOC) of 5 ppm. Small

particulates were removed by �ltration through MF-Millipore� 0.22µm CE membranes

for all bu�ers except lysis bu�er, which was �ltered using 0.45µm Regenerated Cellulose

�lters. Unless stated otherwise, bu�ers were stored in autoclaved (121 ◦C for 15min)

Duran® bottles, placed in cupboards at room temperature for short term storage, or at

4 ◦C for long term storage.

10× phosphate pH 7.4: 5.24 g L−1 NaPO4 ·H2O, 28.83 g L−1 Na2PO4 ·2H2O. pH mea-

sured using

Nickel-A: one part in ten 10× phosphate bu�er providing 20mm Na2PO4, 500mm NaCl,

20mm imidazole. pH adjusted to range 7.4 - 8 using HCl or NaOH, veri�ed by dropping

a few µL onto Fisherbrand� pH Indicator Paper Sticks.

Nickel-B: one part in ten 10× phosphate bu�er providing 20mm Na2PO4, 500mm NaCl,

500mm imidazole. pH adjusted to range 7.4 - 8 using HCl or NaOH, veri�ed by dropping

a few µL onto Fisherbrand� pH Indicator Paper Sticks.

Lysis bu�er: one part in ten 10× phosphate bu�er providing 20mm Na2PO4, 6mGdmCl,

10mm imidazole.

High imidazole bu�er: 5m imidazle, one part in ten 10× phosphate bu�er providing

20mm Na2PO4, 500mm NaCl. pH adjusted to 8.5 by addition of HCl, veri�ed by dropping

a few µL onto Fisherbrand�pH Indicator Paper Sticks. Prepared in quantities of 5mL

and stored in 15mL Geiner Bio-One� CELLSTAR� Test Tubes at −20 ◦C.

1m DTT: Prepared in quantities of 5mL and stored in 15mL Greiner Bio-One� CELL-

STAR� Test Tubes at −20 ◦C.
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TAE bu�er: To make 1L use 4.84 g TRIS, 1.142mL aetic acid, 0.372 g ethylenedi-

aminetetraacetic acid (EDTA).

Ddx4N* storage bu�er: 20mm Tris(aq) (1.907 g L−1 tris HCl, 0.945 g L−1 Trizma base),

300mm NaCl. pH veri�ed using a Beckman Coulter PHI 350 Digital pH / Temperature

/ mV Meter as 8.0 at 22 ◦C.

Ddx4N reducing storage bu�er: 20mm TRIS (1.907 g L−1 TRIS HCl, 0.945 g L−1

Trizma base), 300mm NaCl, 5mm TCEP. pH adjusted using to 8.0 at 22 ◦C by addition

of NaOH, veri�ed using a Beckman Coulter PHI 350 Digital pH / Temperature / mV

Meter.

2× TRIS bu�er: 3.814 g L−1 TRIS HCl, 1.890 g L−1 Trizma base. Gives a solution of

20mm TRIS pH 8.0 at 22 ◦C when diluted 1:1 with MilliQ ultrapure water (veri�ed using

a Beckman Coulter PHI 350 Digital pH / Temperature / mV Meter).

100mm CaCl2 15% (v/v) glycerol: 50mL prepared and autoclaved at 121 ◦C for

15min.

SUV bu�er: 150mm NaCl 2mm CaCl2.

Teri�c Broth (glycerol free): Prepared in 1L quantities by Oxford Biochemistry Dept.

MGSL. 12 g tryptone, 24 g yeast extract, 9.4 g KH2PO4, 1.1 g K2HPO4, distilled water.

Autoclaved at 121 ◦C for 15min.

AIM solution I: 750mm Na2HPO4, 750mm KH2PO4, 1.5m NH4Cl, 150mm Na2SO4.

AIM solution II: 0.75 (w/v)% D-glucose, 60 (w/v)% glycerol.

AIM solution III: 10 (w/v)% α-lactose monohydrate.

AIM solution IV: 1m MgSO4.

Auto induction media: Prepared in 1L quantities composed of 905mL Terri�c Broth

(glycerol free), 33mL AIM solution I, 20mL AIM solution II, 40mL AIM solution III and
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2mL AIM IV.

50mgmL−1 kanamycin: Prepared using kanamycin sulfate from Streptomyces. Stored

as 1mL aliquots in 1.5mL Eppendorf® tubes at −20 ◦C.

LB high salt: Prepared by Oxford Biochemistry Dept. MGSL. 10 g L−1 tryptone, 5 g L−1

yeast extract, 10 g L−1 NaCl. Autoclaved at 121 ◦C for 15min.

Alexa-488: Stocks were prepared by resuspending Alexa Fluor�(Thermo Fisher Scien-

ti�c�) crystals in nuclease free water (Invitrogen�), syringe �ltering through a 0.22µm

membrane and stored at −20 ◦C as 20µL aliquots in PCR tubes.

Cy3B: Stocks were prepared by resuspending Cy3B acid (AAT Bioquest) crystals in

nuclease free water, syringe �ltering through a 0.22µm membrane and stored at −20 ◦C

as 20µL aliquots in PCR tubes.

2.2 Spectrophotometry

Protein and nucleic acid concentrations were measured on a 1 µL using a NanoDrop� Lite

Spectrophotometer (Thermo Fisher Scienti�c�) by recording the absorbance A at 260 nm

and 280 nm respectively. The Beer-Lambert law [152],

A = ϵcl, (2.1)

then gives the species concentration, c, as a function of path length l and the wavelength

speci�c molar decadic extinction coe�cient, ϵ. The representative concentration of a

sample was determined as the mean of 5 replicates.

The concentrations of �uorescent dyes, Alexa-488 and Cy3B, were determined us-

ing a NanoDrop® ND-1000 Spectrophotometer, recording the absorbance at 495 nm and

558 nm. Extinction coe�cients 73 000 cm−1mol−1 and 120 000 cm−1mol−1 were used with
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Equation 2.1 to retrieve the species concentration.

The optical density (OD600) of bacterial cell culture was measured as absorbance at

600 nm, using an Ultrospec 2100 pro UV/Visibile Spectrometer (Amersham Biosciences).

2.3 Gel electrophoresis

To assess the content of protein samples, sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) was performed using 12 or 17-well precast Invitrogen� Nu-

PAGE� 4-12%, Bis-Tris polyacylamide gels. Samples were prepared at a ratio 3:1 with

Invitrogen� NuPAGE� LDS Sample Bu�er (4X), before boiling at 95 ◦C for 1min. 10µL

of samples were then loaded onto gels, along with 8 µL PageRuler� Unstained Protein

Ladder, serving as a standard, before runing the gel at 200V for 35min. Gels were

stained overnight with InstantBlue® Coomassie.

The content of DNA samples were assessed using a 1% agarose gel, prepared by

mixing 0.7 g agarose with 60mL TAE bu�er. This was then microwaved at 600W until

all agarose was dissolved. 5 µL of SYBYR Safe was then added to the agarose solution,

which was then poured into a mold and allowed to set. 10µL sample was then loaded to

each lane, along with purple loading dye (New England Biolabs® inc.) at a 6× dilution.

10µL standard was also loaded, prepared as 1 µL 1 kb ladder (New England Biolabs®

inc.), 10µL Nuclease free water (Invitrogen�). Agarose gels for DNA analysis were ran at

100V for 40min.

2.4 Protein sequences

The work in this thesis expands on previous work done by Nott et al on Ddx4N [59,62,91],

who's sequence corresponds to the �rst 236 residues of the consensus human sequence of
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DEAD-box RNA helicase Ddx4, �anked by a cloning artefact GAMGS at its N-terminus.

The primary sequence of this construct contains four cysteine residues, which promote

multimerisation through the formation of covalent disul�de bonds. Often, this is alleviated

in vitro through the addition of a reducing agent, such as DTT or TCEP, to the solution.

However, reducing agents have a limited lifespan and are oxidised by atmospheric O2. To

remove any possibility of multimerisation during the course of the drop shape analysis

experiments performed in Chapters 4 and 5, a cysteine-less mutant of Ddx4N, referred to

as Ddx4N* throughout this thesis, was generated by substituting the four cysteine residues

in the wild-type sequence with serine. This is a common subsitution in protein science,

owing to their similar chemical properties, with serine being slightly smaller, more polar

and unable to crosslink. As such, the e�ect of the mutation on the Ddx4N proteins' phase

separation is expected to be mild.

The dimerisation propensity of Ddx4N* was compared to Ddx4N by defrosting two

recombinantly expressed and puri�ed aliquots, leaving them at room temperature, then

taking samples at time intervals and freezing them with gel loading dye. The samples

were analysed using SDS-PAGE, with the result shown in Figure 2.1. Ddx4N shows

multimerisation as soon as 10min after removal from cryogenic storage, despite the protein

being stored with 5mm TCEP, a common reducing agent. There was no multimerisation

visible, or obvious decay of Ddx4N* observed up to one week after removal from storage.

The sequences of the �ve recombinantly expressed Ddx4N* mutants studied in this

work, along with Ddx4N are shown in Figure 2.2. The assigned names refer to the length

of wild-type sequence in the construct, noting that the true sequence length is the stated

number plus �ve, due to the GAMGS cloning artefact. In Chapter 3 in cell experi-

ments are presented, where mutants of Ddx4N are expressed through transient transfec-

tion. These sequences contain length mutants of the N-terminal disordered tail of Ddx4N

fused to yellow �uorescent protein mCitrine, followed by the C-terminal disordered tail of

Ddx4N. Figure 2.3 gives these sequences, including mCitrine.
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Figure 2.1: SDS-PAGE gel showing multimerisation of recombinantly expressed and puri�ed
Ddx4N is removed by a full sequence cysteine to serine substitution.

Table 2.1: Properties of the recombinantly expressed protein sequences used in this work.

sequence no. amino acids Mr (kDa) ϵ (m−1 cm−1)
Ddx4N* 1-229 234 25109.54 23950
Ddx4N* 1-231 236 25309.74 23950
Ddx4N* 1-234 239 25552.96 23950
Ddx4N* 1-236 241 25769.15 23950

Ddx4N* 1-236 F�Y 241 25993.14 44810
Ddx4N 241 25833.39 23950
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Figure 2.2: Sequence alignments for the Ddx4N* sequences used in the in vitro work in this
thesis. Figure generated using ESPript.
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Figure 2.3: Sequence alignments for the Ddx4 sequences used in the in vivo work in Chapter
3. Figure generated using ESPript.
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2.5 Molecular cloning

The condensate forming proteins studied in this work were obtained through expression

and puri�cation from bacterial cell culture. This is enabled through standard molecular

biology techniques, where the genes encoding the protein are delivered to Escherichia coli

(E. coli) cells as plasmids, which are transcribed and translated by the bacteria as they

proliferate. Nuclease free water was provided by Invitrogen�. All procedures involving

cell culture were performed under a �ame, to minimise contamination.

2.5.1 Generation of chemically competant cells

E. coli cells were made chemically competant (able to uptake DNA plasmids) by inoculat-

ing 5mL LB high salt with 5 µL of cell culture. This was incubated overnight at 37 ◦C with

200 rpm shaking. 100µL LB high salt was inoculated with 1mL of overnight culture and

incubated at 37 ◦C with 200 rpm shaking. The optical density was monitored at 600 nm

(OD600), using fresh LB high salt to blank the measurement, until the OD600 was in the

range 0.3-0.5. The culture was then placed on ice for 20min before centrifugation in two

pre-chilled conical tubes at 1962 rcf for 10min at 4 ◦C. The supernatant was discarded

and the pellets drained for 2min before resuspension in 100 CaCl2 15% (v/v) glycerol

(10mL per tube). Resuspended pellets were incubated on ice for 20min and centrifuged

at 1962 rcf for 10min at 10 ◦C. Again, supernatants were discarded and pellets drained

for 2min. Pellets were resuspended in 100 CaCl2 15% (v/v) glycerol (2mL per tube)

and 100µL aliquots in 1.5mL Eppendorf® tubes were �ash frozen in liquid nitrogen for

storage at −80 ◦C.



Molecular cloning 25

2.5.2 Transformation of E. Coli

Plasmids used for protein experession carried a kanamycin resistance gene, serving to

ensure only bacteria that have been successfully transformed are able to proliferate in

the presence of the antibiotic. 50 ng plasmid was added to 50µL competant cells. After

30min on ice, cells were subject to a 45 s heat shock at 42 ◦C. Immediately following

the heat shock, cells were returned to ice for 2min, before incubation at with 900µL LB

high salt at 37 ◦C with 200 rpm shaking. 150µL culture was spread onto a 50µgmL−1

kanamycin LB high salt agar plate. 150µL was added to another, equivalent plate, serving

as a control. Both plates were incubated overnight at 37 ◦C. A successful transformation

shows colonies on the plate inoculated with E. coli and none on the control. Sucessful

transformations were stored at 4 ◦C until use.

Two E. Coli cell lines are transformed in this work. DH5α cells, engineered by

Douglas Hanahan, show a high transformation e�ciency [153] and reduced degredation of

inserted plasmids, making them suitable for molecular cloning. BL21(DE3) cells, growing

to high densities and de�cient in proteases [154,155], are used for protein expression and

puri�cation.

2.5.3 Gene ampli�cation

A Ddx4N* 1-236 gene was synthesised by GenScript, codon optimised for bacterial ex-

pression, in a pUC57 vector. The double stranded DNA encoding the Ddx4N* length

variants were obtained through ampli�cation by the polymerase chain reaction (PCR),

with primers synthesised by Merck. Four PCRs were set up, each with a 5' primer encod-

ing the DNA sequence targeted by the BamHI restriction enzyme, and 3' primer, with

overhang encoding the stop codon (ATT) and DNA sequence targeted by the XhoI re-

striction enzyme. Reactions were performed following the protocol detailed at

https://international.neb.com/protocols/2013/12/13/pcr-using-q5-high-�delity-dna-polymerase-
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m0491, using a 25µL reaction volume with 10 ng of template DNA. After completion, 1 µL

DpnI was added to each PCR mixture to digest the methylated template DNA.

A gene encoding Ddx4N* 1-236 F�Y, also synthesised by GenScript was ampli�ed by

PCR. The primers used bound to the 5' and 3' ends of the gene with overhangs encoding

the BamHI and XhoI restriction sites respectively.

2.5.4 Restriction digest & ligation

The host vector was digested by making a solution containing 20µL pET-SUMO 2HTB

800 ng µL−1, 1 µL BamHI-HF, 1 µL XhoI, 3 µL CutSmart® Bu�er (New England Biolabs®

inc.) and 5 µL nuclease free water. The target gene was digested by preparing a reaction

containing 5 µL PCR ampli�ed DNA, 3 µL CutSmart Bu�er®, 1 µL BamHI-HF, 1 µL and

20µL nuclease free water.

After 1 h, restriction digests were run down a 1% agarose gel at 100V for 40min,

separating the nucleic acid reaction products. The bands containing the digested pET-

SUMO 2HTb and target gene were cut out and puri�ed using a QIAquick Gel Extraction

Kit. The ligation reaction was set up containing 80 ng digested pET-SUMO 2HTb, 10×

T4 DNA Ligase Bu�er (Thermo Scienti�c�), 1 µL T4 ligase, and sequence to be inserted

at a 3:1 molar ratio to the pET-SUMO 2HTb template, and made up to 10µL with

nuclease free water. After 1 h at room temperature, the ligation reaction mixture was

transformed into competant DH5α cells.

5mL LB high salt containing 5 µL 50mgmL−1 kanamycin was inoculated with one

colony of transformed DH5α cell and incubated overnight at 37 ◦C with 200 rpm shak-

ing. Overnight starter cultures were centrifuged at 2800 rcf for 10min, discarding the

supernatant. The ligation product was puri�ed from the pellet using a QIAprep® Spin

Miniprep Kit. The Source BioScience sequencing service was used to verify plasmid DNA

through Sanger sequencing [156,157].
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2.6 Protein expression

Figure 2.4 (a) shows the pET-SUMO 2HTb plasmid, encoding the His-tagged (6× his-

tidine at the N-terminus) Ddx4N* SUMO fusion protein, under the control of the T7

expression system [153,158]. BL21 cells carry the T7 RNA polymerase gene, whose gene

product trascribes several times faster than endogenous E. coli RNA polymerase, and is

highly speci�c for its promoter DNA sequence. The DNA sequence encoding both the T7

RNA polymerase gene and the Ddx4N* fusion protein on the pET-SUMO 2HTb plasmid

is immediately preceeded by the lac operator, shown adjacent to the ribosome binding

site (RBS) in Figure 2.4 (a). The lac repressor, a DNA binding protein encoded by the

pET-SUMO 2HTb plasmid, binds tightly to the lac operator sequence, repressing tran-

scription by allosterically inhibiting the binding of RNA polymerase. Thus, whilst the lac

repressor is bound, there is e�ecitvely no transcription of T7 polymerase RNA and the

Ddx4N* fusion protein.

When E. coli cells grow to a high cell density in auto induction media [159] and the

glucose feedstock is depleted, their metabolic pro�le switches to α-lactose. The uptake

of α-lactose binds to the lac repressor, triggering a conformational change in the DNA

binding protein, preventing it from repressing the transcription of T7 polymerase and

the Ddx4N* fusion protein. mRNA encoding the fusion protein is then synthesised by T7

polymerase, which is subsequently translated from the ribosome binding site (RBS) to the

stop codon (STP), producing the Ddx4N* fusion protein. T7 is such an active enzyme,

that once expressed, the translational pro�le of the cell is dominated by mRNA produced

by the enzyme, inhibiting further culture proliferation [153]. Triggering T7 expression and

transcription at high cell densities therefore gives the greatest yield of target proteins.
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Figure 2.4: (a) Vector map of the plasmid, produced by restriction cloning, used to express
Ddx4N and Ddx4N* proteins. (b) Cartoon of the gene product of (a), showing the 6×His-tag, the
folded small ubiquitin-like modi�er (SUMO) and the Ddx4N* disordered chain. During protein
puri�cation, ULP1 cleaves at the C-terminus of SUMO.

2.6.1 Protocol

50mL LB High Salt with 50µL 50mgmL−1 kanamycin was inoculated with 1 colony of

BL21(DE3) cells transformed with the pET-SUMO 2HTb plasmid encoding the target

protein. The inoculated media was incubated at 37 ◦C with 200 rpm shaking overnight,

generating a starter culture. To 1L auto induction media in sterile 2.5L Ultra Yield®

grow-up �asks (Thomson), 1mL 50mgmL−1 kanamycin was added, along with 25mL

starter culture (2L of grow-up per starter culture). The �asks were incubated at 37 ◦C

with 200 rpm shaking until the OD600 reached a value of 2 (roughly 3 h), at which point

the temperature on the incubator was reduced to 18 ◦C and cells were left to grow and

express overnight. Grow-ups were decanted into a 1L centrifuge tube and span at 4000

rcf for 15min in an Avanti® J-26 XP Centrifuge (Beckman Coulter®). The supernatant

was decanted and cell pellets were scraped into freezer bags and stored at −80 ◦C.
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Figure 2.5: SDS-PAGE gel showing the puri�cation of Ddx4N* 1-231. Lane labels correspond
to 9 µL taken at sampling points during the protocol (see text). Lane J contains 1.5 µg puri�ed
protein.

2.7 Protein puri�cation

The Ddx4N* fusion protein displayed in Figure 2.4 (b) carries a 6×His-tag and a small

soluble folded domain, SUMO. The 6×His-tag chelates Ni(II) centres bound to agarose

beads during the puri�cation process, allowing all other proteins in the cell lysate to �ow

over the beads. Imidazole is used to outcompete the 6×His-tag for the Ni(II), liberating

bound species. The SUMO domain inhibits protein aggregation during the puri�cation

procedure. The target Ddx4N* protein is obtained by cleaving at the C-terminus of SUMO

with 6×His-tagged ubiquitin-like-speci�c protease 1 (ULP1), previously recombinantly

expressed and puri�ed by other Nott lab members.

Samples were taken for SDS-PAGE throughout the puri�cation, at points labelled

A, B, C etc.. The labels correspond to the lanes in the exemplary gel displayed in Figure

2.5. The protocol below details puri�cation of Ddx4N*, puri�cation of Ddx4N (containing

4 cysteine residues) follows the same procedure, except DTT is added to the lysis bu�er,

Nickel-A and Nickel-B bu�ers to a concentration of 10mm. Ddx4N is also puri�ed into

Ddx4N reducing storage bu�er.
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2.7.1 Protocol

6-8 g BL21(DE3) cells expressing the target protein were resuspended in 60mL lysis bu�er,

stirring in a beaker until no chunks of cell mass remained. The beaker containg the lysate

was placed in a larger beaker full of ice. Cells were then further lysed by probe sonication,

using a Fisherbrand® Model 705 Sonic Dismembrator with process settings: amplitude

60, process time 30 s, pulse-on time 3 s, pulse-o� time 7 s. The sonication procedure was

repeated three times, stirring the lysate for 30 s between each cycle (A). The sonicate was

centrifuged at 16.5 krpm, 4 ◦C for 60min in an Avanti® J-26 XP Centrifuge (Beckman

Coulter®). The supernatant was decanted (B) and sediment discarded.

10mL Nickel NTA Agarose Resin (Agarose Bead Technologies) combined with the

lysate was left on a roller for 60min, allowing the Ddx4N* fusion protein to bind to the

Ni(II). The solution was centrifuged at 500 rcf for 5min, decanting the supernatant (C).

The sediment was resuspended in 30µL Nickel-A and added to a sterile Econo-Column®

chromatography column (Bio-Rad). The lysate was eluted, leaving the resin in the column,

at 3mLmin−1 and discarded. 60mL Nickel-A bu�er was �owed through the column to

remove any unbound species, leaving behind 1mL of bu�er with the slurry (D). 2 µL

Nickel-A, 10µL 1m DTT, 200µL high imidazole bu�er and 20µL ULP1 were combined

and added to the column. Cleavage was allowed to proceed for 20min (E), after which

60µL Nickel-A was added to the column, which was transfered to a rocker at 4 ◦C for

90min to allow binding of the His-tagged SUMO and ULP1 to the resin.

Cleaved protein was eluted (F) and concentrated using 10 kDaMerck Amicon� Ultra-

15 Centrifugal Filter Units to a volume of 5mL, retaining the �ow (G) in case of centrifugal

�lter permeability issues. Proteins bound to the Nickel-NTA resin were eluted and col-

lected using 30mL Nickel-B (H). Concentrated cleaved protein (I) was ran over a HiLoad

26/600 Superdex 75 pg gel �ltration column at a rate of 1.5mLmin−1 into Ddx4N* stor-

age bu�er, using an Akta Pure high performance liquid chromatography (HPLC) system.
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Ddx4N* variants eluted at 150mL, shown for Ddx4N* 1-231 in Figure 2.6 (a), with a UV

260/280 absorbance ratio of roughly 0.6, consistent with minimal nucleic acid contamina-

tion [160]. Eluted 1mL fractions deemed to be pure enough by SDS-PAGE (see Figure

2.6 (b)), were pooled and concentrated in a 10 kDa Merck Amicon� Ultra-15 Centrifugal

Filter Unit to a protein concentration that showed phase separation when diluted 1:1

with 20mm TRIS pH 8.0 at room temperature. The puri�ed protein(J) syringe �ltered

through a 0.22µm membrane before division into 11µL aliquots in PCR tubes. Aliquots

were snap fozen in liquid nitrogen and stored at −80 ◦C.
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Figure 2.6: (a) Chromatogram obtained from HPLC run of concentrated cleaved Ddx4N* 1-
231 (see text) over a HiLoad 26/600 Superdex 75 pg gel �ltration column. UV280 and UV260
absorbance (mAU) is plotted against the elution volume in mL. (b) SDS-PAGE gel of 10 µL
samples taken from concentrated cleaved Ddx4N* 1-231 (GF) load and the corresponding eluted
fractions.
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2.8 Sample preparation

Samples for in vitro phase separation and drop shape analysis experiments were prepared

by heating using the heating block of a thermomixer before combining and sealing between

two 22mm diameter glass coverslips, separated and sealed by a 0.12mm imaging spacer

(Sigma). This procedure, or variants of it, are used throughout this thesis and is described

verbatim below. The base of the dilution bu�er consisted of 20mm Tris pH 8.0, generated

by diluting the 2× TRIS bu�er 1:1 with �ltered MilliQ ultrapure water. For confocal

�uorescence experiments, the dilution bu�er was prepared by diluting the 2× TRIS bu�er

1:1 with the appropriate concentration of Alexa-488 or Cy3B.

1. Remove a 11µL aliquot of protein from cryogenic storage and place in a rack on at

room temperature. Allow the solution to defrost without any agitation.

2. Dilute the protein to the desired concentration with storage bu�er.

3. Heat the protein solution and dilution bu�er to 50 ◦C on a thermomixer for 3min.

4. Combine 4.7 µL protein with 4.7 µL bu�er, mix by pipetting and return to the

thermomixer.

5. Using scissors, trim each corner o� the imaging spacer so the spacer �ts entirely

within the diameter of the siliconized glass coverslips, as seen in Figure 2.7.

6. Attach the imaging spacer to a siliconized glass coverslip by using tweezers to peel

o� the opaque layer. Then press the adhesive transparent layer against the coverslip.

7. Peel o� the top layer from the imaging spacer, revealing the second adhesive layer,

and place the coverslip onto the 50 °C heating block in the thermomixer.

8. Pipette 9.1 µL diluted phase-separating protein solution onto the area in the center

of the imaging spacer on the coverslip, as in Figure 2.7. Wait for any air bubbles to

pop.
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Figure 2.7: Schematic of sample preparation using siliconized glass coverslips and an imaging
spacer. All steps should be carried out with the bottom coverslip kept at 50 ◦C by placing it on
a heating block. The top coverslip should also be preheated to 50 ◦C, before being brought into
contact with the phase-separating solution.

9. Carefully place a siliconised glass coverslip on top of the coverslip carrying the phase

separating solution, as in Figure 2.7.

10. Seal the sample by applying light pressure onto the top coverslip with a pipette tip,

pressing down along the region above the imaging spacer.

Throughout this thesis we use siliconized glass (Hampton research 22 mm 0.19-0.22mm

thick) and borosilicate glass (Agar Scienti�c Ltd. 22 mm No. 1.5) coverslips. It was found

that cleaning the borosilicate glass coverslips with nitrogen gas, isopropanol, nitrogen gas

again, followed by a wipe with lens paper, gave a clean surface with no dust, and allowed

for reproducible measurements of contact angles and capillary lengths. Siliconized glass

coverslips required no cleaning before use, giving reproducible transition temperatures,

contact angles and capillary lengths.
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Chapter 3

Tuning Ddx4N* Phase Separation

ABSTRACT

This chapter investigates the tuning of protein-protein interactions driving the phase sep-

aration Ddx4N* condensates through mutational studies. The introduction serves to mo-

tivate the subsequent investigations, whilst also detailing the rationale and form of the

Ddx4N* mutations e�ecting its cation-π and electrostatic interactions. The theoretical

background that follows explains the Flory-Huggins theory for phase separating polymer

solutions, concluding with a review of its applicability to Ddx4N*. Through using transition

temperature measurements to draw phase diagrams, as well as in cell �uorescence imag-

ing, we reveal the sequence context dependent deleterious impact of increased net charge

on condensate formation. We also demonstrate a strengthening of the cation-π interaction

between Ddx4N* chains, through a sequence-wide phenylalanine to tyrosine substition.

35
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3.1 Introduction

A prerequisite for any functional phenomena of intracellular biomolecular condensates are

their formation by their constituent molecules. It has been hypothesised that many of

these membraneless compartments form spontaneously by liquid-liquid phase separation

[9], driven by transient interactions between multivalent biomolecules [116]. Over the

last decade, phase separating regions of many condensate associated proteins have been

identi�ed, with intrinsically disordered regions commonly implicated [11, 27, 57�59, 116,

161]. Ddx4N is a noteable phase separating intrinsically disordered protein, brought to

light by Nott et al in 2015. This protein phase separates homotypically in aqueous

bu�er, as well as forming condensates when exogenously expressed in mamallian cells

[59,162]. Its phase separation is known to be driven by patterned electrostatic interactions

between charged residues, π − π interactions between aromatic residues and by cation-

π interactions between arginine and phenylalanine/tyrosine residues. These sequence

features are common amongst many other condensate forming proteins [57, 58, 63�67,

75�77]. As such, Ddx4N has become an established model system in the biomolecular

condensate �eld.

Here, we advance previous work on Ddx4N, investigating the e�ect of net protein

charge on its phase separation, as well as modulating its cation-π interaction. We base

our study around a mutant Ddx4N, wherein all cysteine residues have been swapped for

serine, alleviating any propensity for disul�de bond formation (see Figure 2.1). This con-

struct, Ddx4N*, permits investigations into interfacial phenomena in later chapters in the

absence of multimerisation. Condensate stabilities are assessed by recording the protein

concentrations and temperatures at which they form, using these data to construct phase

diagrams. The intrinsically disordered nature of Ddx4N has facilitated previous modelling

of its phase diagrams using Flory-Huggins theory [59, 62]. This thermodynamic frame-

work is predicative of liquid-liquid phase separation of polymer solutions, permitting the

extraction of mean-�eld interaction parameters through �tting to experimental phase di-
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agrams. These parameters, analogous to the second virial coe�cient describing pairwise

interactions [163], reveal the nature of the e�ective enthalpic and entropic interactions

between Ddx4N* chains driving their phase separation. In cell phase separation exper-

iments are presented alongside in vitro data, allowing for a direct comparison between

phase separation in aqueous bu�er and that in mammalian cellular milieu.

3.1.1 Design of constructs

Modulation of net charge

Electrostatic interactions have been highlighted as drivers of the phase separation of

archetypal homotypically phase sepearating intrinsically disordered protein regions of

Ddx4, LAF-1, FUS and hnRNPA1 [57�59, 70]. These sequences are enriched in charged

amino acids, yet carry an overall low net charge per residue (NCPR). Figure 3.1 displays

residues of Ddx4N* as beads on a string, highlighting positively and negatively charged

amino acids at pH 8.0, the in vitro pH used in this thesis. NCPR is known to in�u-

ence conformational properties of IDPs [128], increasing their radii of gyration, as well

as general protein solubility [164,165], with proteins tending to aggregate as solution pH

approaches their isoelectric point. We hypothesise that a decreased NCPR favours phase

separation by decreasing repulsive electrostatic interactions between protein chains.

Figure 3.1: Cartoon of Ddx4N* 1-236 highlighting anionic and cationic residues. Note that
the amino and carboxyl groups of the N and C termini also carry positive and negative charges
respectively. The �rst �ve residues are an artifact from the restriction cloning used to make the
construct, index labels correspond to the wildtype amino acid sequence.
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Ddx4N* construct chain length net charge R+K D+E κ

1-229 234 -1.1 32 33 0.245
1-231 236 -2.1 32 34 0.241
1-234 239 -3.1 32 35 0.240
1-236 241 -4.1 32 36 0.242

Table 3.1: Sequence properties of the net charge mutants of Ddx4N*. Net charge is calculated
at pH 8.0 using the Henderson-Hasselbalch equation [167,168] with side-chain pKa values taken
from Grimsleyet al [169]. κ is calculated using the online CIDER tool [170].

To investigate the e�ect of NCPR on the phase separation of Ddx4N*, we recall

that previous work on Ddx4N* and other systems, has emphasised the importance of

charge patterning for facilitating electrostatic interactions between IDP chains [59,62�67].

Therefore it is desirable to alter the NCPR without disturbing the charge patterning. To

do so, four variants of Ddx4N* were generated by truncating the C-terminus, resulting in a

stepwise decrease in the number of acidic residues, leaving basic residues unchanged, and

also leaving the cation-π interaction una�ected. This degree of truncation, from a chain

length of 241 to 234, is expected to have minimal impact on phase separation propensity,

as covered in the subsequent theory section.

Table 3.1 displays the sequence properties of the truncated sequences of Ddx4N*.

The full sequences can be found in Figure 2.2. The construct name has been chosen to

refer to the length of sequence originating from the canonical sequence, as the �rst �ve

residues, GAMGS, are an artefact of recombinant protein expression. The �nal column

displays the construct's κ value, a metric developed by Das & Pappu to quantify the

degree of charge patterning of IDP sequences [166]. We see that the charge patterning

does not vary by more than 2%.

Modulation of cation-π Interactions

Previous work has established that the short-range, cation-π interaction between arginine

and aromatic residues, formed by overlapping electron clouds and augmented by �anking

glycines/serines, is a key driver of IDP phase separation [59, 63, 65, 70, 72, 73]. Figure 3.2
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Figure 3.2: Cartoon of Ddx4N* 1-236 highlighting the sequence features involved in the cation-
π interaction. The �rst �ve residues are an artifact from the restriction cloning used to make
the construct, index labels correspond to the wildtype amino acid sequence.

shows the sequence features involved in its cation-π interaction, illustrating the repeated

occurence of the [F/Y]G and RG motifs. Nott et al previously showed that the cation-π

interaction between Ddx4N* chains is inhibited by arginine methylation [59], reducing its

phase separation propensity. Subsequently, Wang et al demonstrated in 2018 a reduction

in the phase separation of the prion-like domain of FUS upon Y�F amino acid subsitu-

tions, also attributed to the cation-π interaction. Based on this result, we hypothesise

that F�Y substitutions will increase the phase separation propensity of Ddx4N*. To test

this, we have generated a mutant construct where all 14 phenylalanines of the Ddx4N*

1-236 seqence are substituted with tyrosine, referred to as Ddx4N* F�Y, which contains

19 tyrosines and 24 arginines. Its sequence is given in full in Figure 2.2.

3.2 Theoretical background

Our in vitro experiments comprise solutions of Ddx4N* suspended in aqueous bu�er.

These are multicomponent liquids whose constituent molecules are bound together by

intermolecular cohesive forces. The nature of these intermolecular interactions determines

the structure of the liquid, and its tendefncy to phase separate. Here we present a theory

developed by Flory and Huggins in the 1940s [171, 172] for polymers in solution, which

considers these cohesive forces and is predicative of liquid-liquid phase separation. This

theory invokes a treatment of intrinsically disordered protein chains as homopolymers,
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Figure 3.3: Coarse graining a protein in solution into a lattice of solvent and polymer sites
allows for a soluble expression for its entropy. Left: cartoon snapshot of regions of Ddx4N* in
solution, with the protein structure shown in red and solvent in grey. Right: The coarse grained
protein conformation according to the lattice model, red protein sites show connectivity and grey
solvent sites do not. Each lattice site �ts, on average, one amino acid and 4.5 water molecules.

and the multicomponent bu�er as a single solvent species. Despite these shortcomings,

Flory-Huggins theory has been successfully applied to phase diagrams of Ddx4N*, revealing

molecular details of its phase separation.

3.2.1 Mixing & the lattice model

The equilibrium state of a system is one that minimises its free energy. To derive an

expression for the free energy of a solution, we consider the Helmholtz free energy change

associated with mixing polymer and solvent components to make a solution,

∆mF = Fmixed − Funmixed. (3.1)

Our reference state is the total free energy of the pure chemical components in the solution,

at the same temperature and pressure as the solution. As F = U − TS, we require

expressions for ∆mU and ∆mS. To derive these we follow the 1942 treatment of Flory

[171].

We approximate our aqueous solutions of Ddx4N* in 150mm NaCl 20mm Tris pH
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8.0 bu�er as consisting of two components, protein and solvent. To allow a soluble cal-

culation of its free energy of mixing, the protein is considered as polymer p, taken to be

composed of r, linearly connected, identical e�ective amino acids, dissolved in solvent s.

The phase behaviour of the protein in solution can then be modeled as a homopolymer,

using the Flory-Huggins expressions for mixing entropy and internal energy by consider-

ing the lattice model. The total volume of the solution is divided into a uniform lattice,

with N = rNp +Ns sites. Np is the number of polymer molecules and Ns is the number

of sites occupied by solvent molecules, given by

Ns =
N∗
s νs
νp/r

, (3.2)

with respective molecular volumes νp and νs, and N∗
s the number of solvent molecules on

the lattice. The �xed molecular volumes νp and νs do not allow for volume changes upon

mixing, making Helmholtz free energy the natural choice of thermodynamic potential.

3.2.2 Entropy of mixing

The lattice model allows us to calculate the con�gurational or `lattice' entropy by using

Boltzman's formula,

S = kB lnW, (3.3)

where W is the weighted number of microscopic realisations of the lattice. Populating

the lattice with randomly placed polymer segments and solvent molecules gives a mixed

entropy of

Smixed = kB ln
N !

(rNp)!Ns!
. (3.4)
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The numerator in the logarithm stems from there being N ways to arrange N distinguish-

able objects on the lattice, whereas the denominator accounts for the indistinguishable

arrangements. In reality, the polymer segments are covalently linked and only the �rst

segment of a chain is randomly placed. Consecutive segments are then restricted to no

less than z − 1 sites, where z is the coordination number of the lattice. This amounts

to a correction of (z − 1)/N per segment, and for the (r − 1)Np restricted segments, a

correction of

(
z − 1

rNp +Ns

)(r−1)Np

. (3.5)

The (rNp)! term in the denominator of Equation 3.4 accounts for the randomly placed

indistinguishable arrangements of polymer segments. As only the �rst segment of a linked

chain is randomly placed, we replace (rNp)! by Np. The expression for the mixed entropy

of the polymer solution is then

Smixed = kB ln
N !

Np!Ns!

(
z − 1

rNp +Ns

)(r−1)Np

. (3.6)

This expression for the mixed entropy allows aphysical con�gurations where segments

on the same polymer, separated by two or more intervening segments, occupy the same

lattice point. Sunmixed is given by settting Ns = 0 in Equation 3.6 to give

Sunmixed = kB ln
(rNp)!

Np!

(
z − 1

rNp

)(r−1)Np

. (3.7)

The unmixed entropy is the sum of the lattice entropy of pure polymer and solvent. For

the latter, W = 1, as there is only one way to arrange Ns indistinguishable objects on a

lattice with Ns points and there is no contriution to Sunmixed. The mixing entropy ∆mS

is given by subtracting Equation 3.7 from Equation 3.6 and applying Stirlings formula,
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lnx! ≈ x lnx− x, yielding

∆mS = −kB[Ns ln
Ns

N
+Np ln

Np

N
]. (3.8)

The factor of z−1 in Equation 3.6 is not present in Equation 3.8, as the aphysical entropic

contribution of intra-chain overlaps is present in both Smixed and Sunmixed and cancels out

in the expression for ∆mS. Introducing the notion of volume fractions ϕ where

ϕp ≡
rNp

N
and ϕs ≡

Ns

N
≡
N∗
s
νsr
νp

N
, (3.9)

are the fractional populations of the lattice by polymer and solvent respectively, we rewrite

3.8 as

∆mS = −nR[ϕs lnϕs +
ϕp
r
lnϕp], (3.10)

where n is the molar number of lattice sites. ∆mS is always positive and favours mixing.

As ϕp + ϕs = 1, we can rewrite Equation 3.10 as a function of only ϕp

∆mS = −nR[(1− ϕp) ln(1− ϕp) +
ϕp
r
lnϕp]. (3.11)

Figure 3.4(a) plots ∆mS agains ϕp for multiple values of r. Increasing the chain length r,

decreases the maximum value of ∆mS, as well as shifting its maxima towards the right.

Increasing the length of the polymer chain therefore disfavours mixing, by making the

mixing entropy less positive.

3.2.3 Internal & free energy of mixing

Let wij denote the interaction energy between species i and j occupying neighbouring

sites on the lattice. Each site has z nearest neighbours and is populated by solvent

with mean probability ϕs, and polymer segment with mean probability ϕp. The mean
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Figure 3.4: (a) Entropy of mixing over the composition range and its dependency on chain
length, r. The contribution to ∆mS from the protein chain decreases asymptotically r increases.
(b) Internal energy of mixing over the composition range. A positive interaction parameter χ
favours demixing and a negative interaction parameter favours mixing.

interaction energy per solvent site is z(ϕpwsp + ϕswss), and the mean energy per protein

site is z(ϕpwpp + ϕswsp). The total mixed internal energy for n moles of lattice sites is

Umixed =
1

2
nz[ϕs(ϕpwsp + ϕswss) + ϕp(ϕpwpp + ϕswsp)], (3.12)

with factor of 1/2 accounting for the pairwise nature of the interactions. The internal

energy of the pure components is simply given by

Uunmixed =
1

2
z[Nswss +Npwpp]. (3.13)

The internal energy of mixing is the di�erence of Equations 3.12 and 3.13,

∆mU = nRTχϕsϕp, (3.14)

with χ being the Flory-Huggins interaction parameter, de�ned by

χ ≡ NAz

RT

[
wsp −

wss + wpp
2

]
. (3.15)

This is the sum over nearest neighbour s − p interactions, relative to the self-self

nearest neighbour interactions, scaled by thermal energy RT [173]. Figure 3.5 gives a
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Figure 3.5: Diagramatic de�nition of the Flory-Huggins interaction parameter χ describing
interactions within the lattice model (see Equation 3.15). Note that R = kBNA.

diagramatic representation of the energy changes accounted for by χ.

As with our expression for∆mS, we rewrite Equation 3.14 by substituting ϕs = 1−ϕp,

yielding

∆mU = nRTχϕp(1− ϕp). (3.16)

Our expression for ∆mU is based on themean probabilities of interactions, therefore

χ is amean-�eld interaction parameter. It represents interactions in the system assuming

a mean molecular �eld; deviations in Umixed due to local variations of polymer and solvent

volume fractions from the bulk values, ϕp and ϕs, are assumed to cancel each other out.

Equation 3.16 is plotted in Figure 3.4 (b) for positive and negative values of χ. The

mixing energy is quadratic in ϕp and symmetric about ϕp = 0.5.

The free energy of mixing is found by substituting Equations 3.10 and 3.14 into

∆mF = ∆mU − T∆mS, (3.17)

yielding

∆mF = nRT [χϕpϕs +
ϕp
r
lnϕp + ϕs lnϕs], (3.18)

or as a free energy per lattice site in terms of only ϕp,

∆mF

n
= RT [χϕp(1− ϕp) +

ϕp
r
lnϕp + (1− ϕp) ln(1− ϕp)]. (3.19)
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3.2.4 Phase separation

A system reaches equilibrium by minimizing its free energy. For phase separation, the

relevant free energy is the mixing free energy, with equilibrium condition d∆mFtotal = 0.

Ignoring interfacial contributions, the Helmholtz free energy of a two phase solution of

polymer and protein, composed of phases α and β, can be written as

∆mFtotal(T, P, np, ns) = ∆mFα(T, P, n
α
p , n

α
s ) + ∆mFβ(T, P, n

β
p , n

β
s ). (3.20)

At a �xed temperature and pressure, the free energy of the system, Ftotal, is dependent

only on the compositions, np and ns, of each phase. The in�nitessimal free energy change

associated with the movement of dnp protein molecules, represented by lattice sites in the

Flory-Huggins scheme, between phases is

d∆mFtotal =

(
∂∆mFα
∂np

)
dnαp +

(
∂∆mFβ
∂np

)
dnβp . (3.21)

The derivatives of free energy with resepect to composition, are the (mixing) chemical

potentials of p in each phase,

(
∂∆Fα/β
∂np

)
= µα/βp . (3.22)

The total np in the system is �xed, meaning dnβp = −dnαp . Equation 3.21 is now written

dFtotal = (µαp − µβp )dn
α
p , (3.23)

and with the equilibrium condition dFtotal = 0,

µαp = µβp . (3.24)
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Equation 3.24 is our �rst equilibrium constraint. Applying the same argument to the

movement of dns solvent molecules between phases gives:

µαs = µβs . (3.25)

Taking Equations 3.24 and 3.25 together, the equilibrium constraint on phase separation

is the chemical potentials of protein and solvent are simultaneously equal between the

two phases. Within the Flory-Huggins model Equations 3.24 and 3.25 form a pair of

simultaneous equations with two unknowns, ϕαp and ϕ
β
p for a given value of χ. For polymers

with r > 1, these equations have no analytical solutions. Practically they can be solved

numerically, or as is illustrated below, graphically, by common tangent construction.

Common tangent construction

The mixing free energy of a solution containing the two equilibrium phases can be written

∆mF = nsµs + npµp, (3.26)

when µp and µs satisfy Equations 3.24 and 3.25. Substituting ns = n(1 − ϕp) and np =

nϕp/r, allows us to linearize Equation 3.26 in ϕp and write as a free energy per lattice site

∆mF

n
= µs + ϕp

(µp
r

− µs

)
. (3.27)

Within the Flory-Huggins model, µp and µs are both determined by the ϕαp and ϕβp that

describe the coexisting phases for a given value of χ. The equilibrium constraints are

satis�ed when Equation 3.27 makes a double tangent with Equation 3.19. Figure 3.6

(a) plots both Equation 3.27 and Equation 3.19, rescaled by 1/nRT , illustrating the

`common tangent' construction and its relation to the composition of the two coexisting

phases. The coexistence compositions, ϕαp and ϕ
β
p , depend only on the intrinsic properties

of the system; the interaction parameter, χ, and the chain length, r.
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Figure 3.6: (a) Common tangent construction within the Flory-Huggins model for r = 5
and χ = 1.6. Rescaled Equation 3.27 (black), with µ′ = µ/RT , makes a double tangent with

rescaled Equation 3.19 (black) at the equilibrium compositions ϕαp and ϕβp . (b) Relationship
between ∆mF/nRT and the binodal for r=5. Black points on the blue to red curves show
coexistence values of ϕp, for decreasing values of χ, and their corresponding position on the
binodal.

3.2.5 Phase diagrams

The binodal & spinodal

Solving Equations 3.24 and 3.25 while varying χ, as in Figure 3.6 (b), gives a line in the

(ϕp, χ) plane termed the binodal. This line is a key feature of a phase diagram describing

liquid-liquid phase separation, separating the state points stable with respect to phase

separation, from those that are not. The equilibrium compositions of the two phases

present after phase separation for a given χ can be read o� the binodal.

When a system is prepared at a (supersaturated) composition ϕp, inside the binodal,

its driving force for phase separation per unit volume V is given by the excess free energy

density

W (ϕp) =
1

V

(
∆mF − n

[
µs + ϕp

(µp
r

− µs

)])
, (3.28)
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Figure 3.7: (a) Excess free energy density W (ϕp) - the di�erence between Equation 3.27
and Equation 3.19, as a function of composition. The blue regions highlight locally stable
compositions, the red region highlights locally unstable compositions. (b) Spinodal (dashed

line) constructed from the locus of points where ∂2∆mF
∂ϕ2p

= 0 as χ is decreased (blue to red free

energy curves). The critical point is marked as (ϕc, χc).

where µs and µp take their equilibrium values. The path to equilibrium involves contacting

regions in space continuously changing from ϕp to ϕαp and ϕβp , achieving phase separation.

If ϕp lies at point (i) in Figure 3.7 (a), then the initial free energy released on the path to

ϕαp is greater than the initial cost of the path from (i) to ϕβp . Phase separation is favoured

locally and globally, characterised by ∂2∆mF
∂ϕ2p

< 0. Any �uctuation in ϕp leads to phase

separation by spinodal decomposition, forming a bicontinuous network [174].

Conversely, a system prepared at point (ii) in Figure 3.7 (a) faces an uphill struggle.

The initial path to ϕαp costs more free energy than the initial path to ϕβp - phase separation

is disfavoured locally, despite being favoured globally. The system is metastable, charac-

terised by ∂2∆mF
∂ϕ2p

< 0, requiring a �nite �uctuation to initiate phase separation. Physically,

this manifests as phase separation by nucleation and growth, an activated process leading

to the formation of discrete droplets which grow as phase separation evolves. This is the

predominant mechanism of phase separation leading to intracellular condensates.

The points of in�exion of ∆mF enclose the compositions where spinodal deceompo-

sition is favoured. The locus of these points as χ is varied gives the spinodal, illustrated
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Figure 3.8: Dependency of the critical composition and critical interaction parameter on chain
length.

in Figure 3.7 (b). Unlike the binodal, the spinodal has an analytical form,

χ =
1

2

( 1

1− ϕp
+

1

rϕp

)
. (3.29)

The critical point

Figure 3.7 (b) shows that the intersection of the spinodal with the binodal, (ϕc, χc), is

given by the minimum of the spinodal. This point on the phase diagram, the critical

point, is given by

ϕc =
1

1 +
√
r

and χc =
(1 +

√
r)2

2r
. (3.30)

As χ→ χc from above, the equilibrium compositions tend to the same value until they are

indistinguishable. Conversely, the width of the binodal and spinodal increase with χ−χc.

The critical point therefore serves as a natural reference point in the phase diagram. Figure

3.8 shows that with increasing chain length r, ϕc decreases. This is owed to Equation 3.10,
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as r increases, the contribution to ∆mS from the chain decreases. This asymmetry in the

phase diagram favours demixing at lower concentrations of polymer, with a diminishing

return in r. A diminishing return in χc with increasing r is also manifest. Applied to

phase separating intrinsically disordered proteins, these relationships suggest a reducing

evolutionary pressure on increasing chain lengths for longer chains.

Interaction parameters

The interaction parameter from the Flory-Huggins mixing model is inversely proportional

to temperature. This re�ects the fact that increasing temperature decreases the signif-

icance of energetic interactions, by giving more weight to the lattice entropy. A purely

Flory-Huggins solution can be transformed from the χ domain to the T domain by consid-

ering Equation 3.15, where the numerator represents the relative strength of the pairwise

energetic interactions in the system. We rewrite this equation here, replacing the numer-

ator with ∆U , yielding

χ(T ) =
∆U

RT
. (3.31)

Rearranging this to make T the subject has the e�ect of inverting the vertical axis on

the (ϕp, χ) phase diagram, with χc being replaced by a critical temperature, Tc. Provided

the interactions in the system favour phase separation ∆U > 0, the critical point is

maximum temperature at which phase separation can be observed, and is termed the

upper critical solution temperature. Equation 3.31 is analagous to Equation 3.15, where

we have replaced the numerator with ∆U .

It is often the case that pairwise interactions in solution carry entropic components

[175]. The Flory-Huggins interaction parameter can be augmented to include these, by

writing

χ(T ) =
∆U

RT
− ∆S

R
. (3.32)
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Now RTχ is a free energy, rather than an internal energy, with ∆S describing excess

entropy changes upon phase separation [59,176]. This expression for χ has been shown to

be su�cient to describe the phase behavior of Ddx4N [59,62]. In the case of negative ∆S

and ∆U , this expression predicts increased phase separation as temperature increases.

In this case, Tc describes the minimum temperature at which phase separation is observed,

and the solution is said to have a lower critical solution temperature.

3.2.6 Applicability of Flory-Huggins theory to Ddx4N* conden-

sates

Flory-Huggins theory is derived for homopolymers, wherein all p sites are identical. How-

ever, the invocation of the mean-�eld approximation allows for heteropolymers, providing

enough mixing is present to ensure the placement of di�ering monomers is uncorrelated.

We also note that the binary theory presented here is for only two components, whereas

our experimental bu�er solution contains at least six (Ddx4N*, H2O, Na
+, Cl�,Tris+,Tris).

The successful application of Flory-Huggins theory to Ddx4N phase separation under

nearly identical bu�er conditions suggests this is not an issue [59, 62], and that the non

protein components can be grouped together and considered as a uniform solvent. More

recent work on the formation of P-granules in living Caenorhabditis elegans embryos

through Flory-Huggins liquid-liquid phase separation, has in fact demonstrated the suc-

cessful modeling of the embryonic cytoplasm as a two component mixture, containing

protein and solvent [177].

At a glance, the homopolymer approximation, where each protein site is taken as an

equal contribution from each amino acid, does not rationalise the di�erence in measured

interaction parameters for Ddx4N and its charge scrambled mutant, as shown by Brady et

al [62]. Both of these sequences have the same mean amino acid composition, suggesting

that their Flory-Huggins interaction parameters are sensitive to cooperative interactions,

enabled by sequence motifs, particularly that introduced through charge patterning. Lin et
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al introduced the random phase approximation [178], calculating electrostatic interactions

assuming a Gaussian chain to explain the sequence dependent charge-charge interactions

of Ddx4N. However, the core of this method is still based on a mean-�eld Flory-Huggins

χ parameter, and does not con�ict with the methods presented in this chapter.

We also note that Flory-Huggins theory is best applied for short ranged interactions,

such as dipole-dipole, van der Waals and cation-π, existing only between directly adjacent,

contacting lattice sites [173,179]. Electrostatic interactions are typically long ranged, but

are screened by electrolytes to a range given by the Debye length [180] . For Ddx4N* in

a solution of 150mm NaCl 20mm Tris, this amounts to 7.9Å. The spacing between the

centres of adjacent lattice sites is given by the cube root of the site volume, which for the

Ddx4N* constructs presented in this work is 5.125±0.004Å (see Section 3.3.3). Therefore,

electrostatic interactions are expected to cause weak correlations, extending only slightly

further than the �rst coordination shell of lattice sites. The aforementioned success of the

random phase approximation suggests weak or no correlation between charged protein

monomers, strengthening the well mixed approximation of Flory-Huggins theory.

3.3 Methods

The nucleation and growth of condensates at the onset of phase separation causes a stark

change in the optical properties of the solution. Microscopic proteinacious condensates,

with refractive index di�erent to that of the surrounding solvent, scatter visible light.

From a macroscopic viewpoint, this causes the solution to turn cloudy, and can be eas-

ily monitored using optical microscopy. Here, the experimental procedure to determine

transition points, (cp, T ), by cloud point measurement is described.

A phase-separating solution of Ddx4N* is prepared by diluting the protein solution

1:1 with a low ionic strength solution at high temperature, yielding a protein concentra-

tion c. Owing to the greater dependency of the Ddx4N* transition temperature on ionic
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Figure 3.9: Sketch of a phase diagram for a phase separating protein with an upper critical
solution temperature (UCST). Data points obtained by transition temperature measurement are
shown in orange, with the outlined orange point generated by the trajectory indicated by the
dashed line. The experiment starts at protein concentratin c and initial temperature Ti which
is then lowered as a function of time (t) (see text), passing through the transition point Tp,
indicated by condensate formation, and �nishing at �nal temperature Tf .

strength [59] over protein concentration, this increases the phase separation propensity of

the solution. Di�erential interference contrast (DIC) microscopy is used to take greyscale

images of the phase-separating protein solution. Images are recorded as a temperature-

controlled microscope stage is used to slowly decrease the temperature of the sample.

Automated image analyses extract the transition temperature, Tp, as the onset of con-

densate nucleation.

Repetition of the procedure for di�erent values of protein concentration c determine

multiple points along the dilute arm of the binodal. These data points are then �t to

Flory-Huggins theory, from which the Flory-Huggins interaction parameter is extracted.

The trajectory through the phase diagram taken during the course of a transition point

measurement is shown by the dashed line in Figure 3.9.



Methods 55

3.3.1 Microscopy & thermal stage setup

An Olympus BX43 microscope with a 10× objective and di�erential interference contrast

(DIC) optical set up, illustrated in Figure 3.10, is used to image the onset of phase

separation. Compared to bright-�eld illumination, DIC optics enhance contrast across

interfaces of di�ering refractive indices, generating an arti�cial shadow in the image [181].

The light path from lamp to camera is illustrated in Figure 3.10. Incident light is �rst

polarised by the polarising �lter, before the condenser Wollaston prism splits the light into

two perpendicularly polarised rays with a phase o�set. The rays are then focused by the

condenser lens, passing through the sample with an o�set of roughly 0.2 µm. Refractive

index gradients, on the order of 0.2 µm, in the focal plane cause a di�erential phase shift

of the two rays. The images generated by the two light paths are focused by the objective

lens and onto objective Wollaston prism, which resets the polarization of the two rays,

allowing them to interfere. The constructive and destructive interference of the two rays

gives a �nal image with contrast generated by interfaces in the sample. This makes DIC

microscopy suited to the detection of microscopic proteinacious condensates [182].

The sample is mounted onto a Linkam PE120 thermoelectric stage, allowing control

of the temperature of the sample to within ±0.1 ◦C over the range −20 ◦C to 120 ◦C. The

temperature of the stage is stabilised by a constant �ow of water, provided by connecting

the stage to a 2L water resevoir via a peristaltic pump as in Figure 3.10. LINK software

is used to program temperature pro�les with ramp speeds ranging from 0.01 ◦C to 20 ◦C.

3.3.2 Data collection & image analysis

Samples were prepared as described in Section 2.8, using siliconized glass coverslips. Be-

fore loading the sample, the thermal stage was heated to the decided initial temperature,
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Figure 3.10: Schematic of the DIC microscopy and thermal stage setup. The water reservoir
in the Duran bottle acts as a heat sink and is kept at room temperature.

typically 50 ◦C. For transition point measurements representative of the bulk solution, it

is neccessary to image the sample far away from its edges. This was achieved by placing

ink dots on the inner surfaces of the coverslips, outside the imaging spacers. Figure 3.11

shows the function of these marks in guiding the focal plane to the centre of the sample.

Once the central focal plane was identi�ed, the stage was translated in x and y to focus

at the centre of the phase separating solution.

A temperature pro�le is programmed onto the stage consisting of 2min at 50 ◦C

followed by a ramp down to 10 ◦C1. If condensates were already visible at this point,

the sample was prepared again at either a higher temperature, or a lower concentration

of phase separating protein. Greyscale images were recorded every 10 s using CellSens

software, commencing from the start of the temperature pro�le. Images were captured

using 2× 2 pixel binning and an exposure time of 20ms.

For transition temperature measurement, ImageJ was used to extract pixel data

from image series which were subsequently analysed by a Python 3 script, ouputting the

transition temperature. Firstly, the standard deviation in pixel intensity, σ, was measured

for 5 circular regions of interest (ROIs) in each image in a series as in Figure 3.12 (a).

1If the transition point of the sample was roughly known, the initial and �nal temperatures of the
ramp were set to 10 ◦C higher and 5 ◦C lower than the than the expected Tp respectively.
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Figure 3.11: Using ink dots on the inn surfaces of coverslips aids in focusing the microscope
to the central focal plane of the sample.

Then the timestamp for each image are mapped to a temperature T , using the formula

T (t) =


Ti, t ≤ 120 s

Ti − (t− 120)× ramp speed, t > 120 s

, (3.33)

where Ti is the initial temperature, t is time and the ramp speed is in units of ◦C s−1. We

then de�ne a baseline σ value, E[σ(t < 2min)], for a given ROI as the arithmetic mean of

all data points collected in the �rst two minutes of the experiment, while the temperature

is held at Ti. The baseline variability is then measured as the standard deviation of the

same set of data points, SD[σ(t < 2min)].

A ROI's transition temperature is then measured as the �rst (descending) tempera-

ture T that satis�es

σ(T )− E[σ(t < 2min)]

SD[σ(t < 2min)]
≥ 10. (3.34)
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Figure 3.12: (a) Micrograph from a transition temperature measurement experiment with a
transition temperature of 36.2±0.6 ◦C showing Ddx4N* condensates at 30 ◦C, 3min after phase
separation. The regions of interest (ROIs) used for transition temperature determination are
shown as yellow circles. (b) Plot of the pixel intensity standard deviation on a per ROI basis
from the experiment shown in (a). The ramp speed in this experiment was 2 °C/min. Inset
images show the state of one ROI throughout the course of the experiment. The �rst image is
taken from the baseline measurement period and shows a clear sample. The onset of condensate
nucleation is visible at 551 s. The sample is fully populated with condensates after 1122 s. Red
dots indicate the cloud point for each ROI, determined using a threshold of 10σ0 (see text)).

The threshold of 10SD[σ(t < 2min)] is found to be su�ciently larger than the noise

present in images before phase separation across multiple experiments, and small enough

to coincide with the onset of condensate nucleation, generating reproducible transition

temperatures. The mean of the set of ROIs transition temperatures is taken to be the

transition temperature of the sample. Figure 3.12 (b) shows the pixel intensity standard

deviation throughout the course of a temperature ramp, with images cropped around a

ROI and each ROIs transition temperature highlighted by red dots.

As phase diagrams represent equilibrium phenomena, it is crucial that any e�ects

of kinetics are removed from transition point measurements. Firstly, there is a delay

between the thermostat reading on the thermal stage and the temperature of the sample.

Secondly, there is a lag time between crossing the binodal and the nucleation and growth

of condensates. Both of these e�ects can be allievated by a temperature ramp speed that

is much slower than both the rate of heat transfer between the sample and stage, and

the lag time delaying the formation of condensates. When both of these conditions are
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Figure 3.13: The e�ect of altering the temperature ramp speed on the meausured transition
temperature. The horizontal axis displays the elapsed time following the start of the ramp.
Measurements were performed in triplicate for each ramp speed, with the respective transition
temperatures indicated by red dots. The mean transition temperature for each ramp speed are
joined by the dashed line.

satis�ed, the recorded transition temperature will be representative of the true transition

temperature. In order to determine an appropriate temperature ramp speed, transition

temperature experiments were performed using 172.5 µm Ddx4N* CtoS 1-236 in 150mm

NaCl 20mm Tris pH 8.0, varying the temperature ramp speed.

Figure 3.13 shows a clear dependency of the measured transition temperature on

ramp speed. As the ramp speed is decreased from 10 °C/min to 0.5 °C/min, the mean

measured Tp increases from 27.9 ◦C, before plateuing around 31 ◦C for ramp speeds less

than 4 °C/min. Therefore, performing transition temperature measurements with ramp

speeds less than 4 °C/min will yield equilibrium Tp values. It is noted that only nucleation

and growth, not spinodal decomposition, was observed in all of these experiments. Unless

stated otherwise, all transition point measurements in this thesis are performed using a

ramp speed of 2 °C/min. This value is chosen as the optimum payo� between potential

variable nucleation rates between Ddx4N* constructs, and experimental time.
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3.3.3 Fitting to Flory-Huggins theory

Phase diagrams are �t by transforming Flory-Huggins binodals from χ to T, using Equa-

tion 3.32. For each value of r, binodals are generated by simultaneously solving the

equilibrium constraints derived in Section 3.2.4,

µαp (ϕ
α
p , χ) = µβp (ϕ

β
p , χ) and µαs (ϕ

α
s , χ) = µβs (ϕ

β
s , χ), (3.35)

as χ is varied. This is performed numerically, using the FindRoot function in Mathematica

13 [183], starting at χ = 3 and decreasing in steps of 5× 10−5 to χc. The initial ϕαp value

for optimisation at χ = 3, is found by considering

µp(ϕp, χ)

RT
=

1

r
lnϕp + (

1

r
− 1)(1− ϕp) + χ(1− ϕp)

2, (3.36)

in the limit of large χ. For strong phase separation ϕβp → 1, so µβp approaches 0. Combining

this with Equation 3.35, as ϕαp → 0 gives

ϕαp = exp{[r(1− χ)− 1]}. (3.37)

The starting point for ϕβp is found by applying the same arguement to µs, yielding

ϕβp = 1− exp{[−χ+ 1− 1/r]}. (3.38)

The optimum values for ϕαp and ϕ
β
p at χ = 3 are taken as the initial values for optimisation

at subsequent χ values.

Experimental data points are transformed into the (ϕp, T ) plane by multiplying pro-

tein concentrations inmol dm−3, by their molar volume in dm3. Unique for each construct,

the molar volumes were calculated based on their sequence, using the selected averages for

each amino acid reported by Zhao [184]. For �tting, the chain length r is taken to be the
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number of amino acids comprising the protein construct. The binodal in the (ϕp, χ) plane

for the construct is �t by applying Equation 3.32. The NMinimize function in Mathe-

matica 13 is used to �nd the ∆U and ∆S that minimize the mean squared displacement

between the transformed binodal, and the experimental data points.

Bootstrapped error calculations

As there exists no analytical solution for the Flory-Huggins binodals, there is also no

analytical form for the errors associated with the best-�t parameters. In this case, it is

appropriate to perform a bootstrap analysis. The parameters∆U and∆S are recalculated

a (large) number of times using data points obtained by resampling, with replacement,

from the full set of experimental data points. The resultant distribution of the �tting

parameters approximates their true distribution, given the input data. The validity of

this increases with sample size, and the number of resamples included in the bootstrap.

A good bootstrap will have a normally distributed resampled distribution of statistics.

From the resampling distribution, statistical parameters can be calculated. In this work,

the errror in ∆U and ∆S is calculated as the standard deviation of their resampled

distributions.

3.3.4 In cell partitioning measurements

The experimental work and analysis in this section was performed by Dr TJ Nott & Dr

MD Crabtree.

HeLa cells expressing Ddx4N tails fused to YFP form exogeneous nucleoplasmic Ddx4N-

YFP condensates. Comparing the �uorescence intensity inside condensates, with the

intensity outside condensates, gives a measurement of the degree of phase separation.

This provides a platfom to measure the e�ect of Ddx4N* mutations on its intracellular

phase separation.
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HeLa cell culture and transfection

HeLa cells were cultured as previously described [59, 91]. Brie�y, HeLa cells were grown

on 22 mm diameter #1.5 glass coverslips (Agar Scienti�c) in growth media (high glucose

DMEM (GibcoTM) containing 10% FBS (Sigma)) at 37 ◦C and 5% CO2. Protein con-

structs were expressed in HeLa cells from pcDNA 3.1+ (Invitrogen) plasmids by transient

transfection using the TransIT-LT1 Transfection Reagent (Mirus). Transfections used 0.5

� 1µg plasmid DNA per coverslip and were carried out according to the manufacturer's

instructions. Transfected cells were �xed approximately 24 hours after transfection.

Imaging �xed HeLa cells

HeLa cells expressing �uorescent proteins were grown on 22 mm diameter glass cover-

slips, washed twice with phosphate bu�ered saline (PBS) at 37°C and �xed with 4%

paraformaldehyde (PFA) in PBS (Alfa Aesar) at 37°C, for 5 minutes. Cells were then

washed three times with PBS to remove excess PFA. Cells were incubated for 5-10 minutes

in the wash solution at each step. Coverslips were mounted on microscope slides (Fisher

Scienti�c�) using Immu-Mount (Thermo Scienti�c� Shandon�) mounting medium.

Cells were imaged on an Olympus FV1000 Laser Scanning Microscope based on

an Olympus IX81 inverted microscope with a motorised stage, and equipped with an

Olympus PLAPON60XOSC2 (NA 1.4) oil immersion objective. YFP (mCitrine) was

excited with an argon 515 nm laser and YFP �uorescence was collected between (530 -

650 nm). DIC images were collected using illumination from the 515 nm laser.

Unless otherwise stated, imaging data were collected as stacks of 86 Z-slices (256 x

256 pixels (xy), 0.1 µm spacing (z), 2 µs per pixel scanning speed, 12 bit depth, 2 x line

averaging). Image analysis was performed using ImageJ [185].
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In cell determination of �uorescence intensity and partitioning

Imaging data was collected with identical laser power and detector sensitivity so that �u-

orescence intensities across di�erence samples were directly comparable. Image analyses

to extract intensities for Ddx4N*-YFP condensates and the nucleoplasm (excluding nucle-

oli) were performed using Fiji. First, maximum intensity z-projections were made from

each stack and a histogram of pixel intensity (64 bins) was generated. The peak of the

histogram (log10 y-axis) in the high-intensity range (i.e. close to the maximum value) was

taken as a proxy for mean condensate �uorescence intensity in that stack. Nucleoplasmic

�uorescence intensity was determined as the highest frequency bin following manual re-

moval of regions corresponding to nucleoli, Ddx4N*-YFP condensates and extra-nuclear

regions. Fluorescence intensity values for Ddx4N*-YFP condensates and the nucleoplasm

were then averaged from multiple stacks for the same construct. Data represent the mean

of ≥10 cells from a single experiment.

3.4 Results & discussion

3.4.1 Phase diagram �ts & interaction parameters

Transition temperature measurements were performed in triplicate for 5-7 concentrations

of each Ddx4N* construct in bu�er A. After removal from cryogenic storage, proteins were

diluted to twice the values on the horizontal axes of Figure 3.14, measured by taking the

mean of �ve nanodrop measurements. These transition point measurements are plotted

on a linear scale in Figure 3.14 (a) and a linear-log scale in Figure 3.14 (b), showing the

full width of the predicted phase diagram. The mean squared error of all �ts is below

10−9.

Common amongst all constructs investigated is a spinodal arm at Ddx4N* concen-
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Figure 3.14: (a) Transition temperature data for the �ve Ddx4N* constructs studied in this
work. The legend is common amongst (a) and (b). The solid lines are the best-�t binodals. (b)
Transition temperature data for the �ve Ddx4N* constructs studied in this work. The solid and
dashed lines are the best-�t binodals and spinodals respectively.
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trations around 1mm for ambient temperatures. This agrees with the lack of spinodal

decomposition at any of the ramp speeds investigated for Ddx4N* 1-236 in Figure 3.13.

Phase separation through spinodal decomposition for Ddx4N* 1-236 at 1mm would re-

quire a rapid quench from 90 ◦C to 10 ◦C, and higher still for the other constructs. These

conditions are far from physiological, both in terms of protein concentration and tem-

perature. The gap between the spinodals and binodals in Figure 3.14 (b) at ambient

temperatures suggest the sequence of Ddx4N* has evolved to produce discrete conden-

sates by nucleation and growth. To the authors knowledge, there have not been any in

cell observations of intracellular spinodal decomposition forming endogenous condensates,

and in vitro observations are rare [62].

Figure 3.14 (a) displays the enthalpic and entropic components of the interaction

parameters for each construct. The error bars display their standard deviations, calcu-

lated by performing a bootstrap by resampling with replacement 1000×. The bootstrap

distribution is displayed as probability density functions of their Z scores in Figure 3.15

(b), where

Z(x) =
x− µ

σ
. (3.39)

This allows a comparison to the normal distribution, shown by the grey area in Figure

3.15 (b). With 1000 samples, the bootstrap distribution of ∆U and ∆S have tended to

the normal distribution. The bootstrap distributions for ∆U and ∆S are nearly perfectly

correlated; the errors are therefore displayed as diagonal lines in Figure 3.15 (a), re�ecting

this correlation.

Due to the similarity in the length of the constructs, their critical interaction pa-

rameters (Equation 3.30) are within 0.1% of 0.567. The contours in Figure 3.15 (a) give

the interaction parameter at 22 ◦C, χ⋆, relative to χc = 0.567 as a function of ∆H and

∆S. The distance of χ⋆ from the region marked in black gives a measure of the phase

separation propensity of each construct at room temperature. All constructs in Figure
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3.15 (a) have a positive energetic contribution to χ and a negative entropic contribution

to χ, in agreement with previous measurements of Ddx4N* interaction parameters [59,62].

The experimental methods presented in this thesis address only the left-hand `dilute'

arm of the binodals. Measurements of the right-hand side were attempted by pipetting

sub µL volumes from ∼ 1 µL of the condensed phase (obtained by centrifuging phase

separated samples for 1min at 1000 rcf) into a 500mm NaCl 20mm TRIS pH 8 bu�er at

a 1:20 dilution ratio. The concentration of this solution was then measured using spec-

trophotometry, returning in values with a high variance within samples, and even higher

variance between samples; 2324±532 µm, 1627±496 µm and 115±3 µm, for Ddx4N* 1-236

samples where concentrations were measured in triplicate. As such, based on previously

reported Flory-Huggins phase diagrams well �t to both the dilute and dense proteinacious

arms of the binodal for Ddx4N [62], we decided to proceed with only the accurate mea-

surements of the left-hand arm of binodals. Here, the phase diagram �ts based on only

this section of the binodal, in Figure 3.14, are enough to resolve signi�cant di�erences

between the �ve Ddx4N* constructs.

3.4.2 Release of water & counterions drives Ddx4N* phase sep-

aration

Examining Figure 3.15 (a), we see the entropic part of χ (∆S) for all Ddx4N* constructs,

falls between −3 JK−1mol−1 and −4 JK−1mol−1. These values are measurements of the

entropy change associated with bringing the protein into contact with the solvent, from a

pure protein phase (see Figure 3.5). It has recently been alluded that the entropic release

of protein-associated water is a driving force of phase separation [186, 187]. The lattice

sites in the models used to �t the phase diagrams in Figure 3.14 contain roughly 4.5 wa-

ter molecules or 1 amino acid. Therefore, solvent sites can contain many con�gurations

of water, unnacounted for by Equation 3.11, whereas protein sites have only one trans-
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Figure 3.15: (a) Enthalpic and entropic contributions to the interaction parameter for each
construct. Contours display lines of equal interaction parameter at 22 ◦C. The black region
reprepsents the parameter space where no phase separation is observed at 22 ◦C as χ⋆ < χc. (b)
Histograms of z-scores for ∆U and ∆S statistics, generated by �tting phase diagrams to tran-
sition point data generated by resampling, with replacement, experimental data points 1000×.
The gray area represents the normal distribution. The plot legend is as in (a).

lational con�guration available. In the vicinity of hydrophobic residues, the number of

con�gurations available to water that maximise the number of hydrogen bonds decreases.
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The associated decrease in entropy, relative to bulk water, is the entropic hydrophobic

e�ect.

The impact of this hydrophobic e�ect can be estimated using [173]

∆S = Sps −
(Spp + Sss

2

)
≈ ∆Swater. (3.40)

The entropy associated with s-s interactions contirbutes half as much as p-s interactions

to the entropic contribution to χ. Taking Phe, Tyr, Trp, Ala, Val, Ile, Leu, Met and

Pro residues to be hydrophobic, these account for 23.7% of Ddx4N* 1-236. The change

in Equation 3.40 concerns the rearrangement of 4.5/2 water molecules. Assuming that

the con�gurations available to water are reduced by a factor of 2 in the vicinity of a

hydrophobic residue [173], and that 23.7% of protein-solvent contacts are hydrophobic,

we can apply Equation 3.3 to give

∆Swater = 0.237R ln (1/2)4.5 = −3.07 JK−1mol−1. (3.41)

This is remarkably close to the ∆S values plotted in 3.15 (a). This calculation assumes a

constant entropic hydrophobic e�ect over the temperature ranges investigated, 15-37 ◦C,

as expected according to references [173,188].

The calculation in Equation 3.41 does not consider rearragement of the other solutes,

150mm NaCl and 20mm Tris. In 2015, Nott et al observed that increasing [NaCl] from

100mm to 200mm was associated with a ∆∆S of 0.5 JK−1mol−1, and ascertained a

logrithmic dependency [59]. The entropically driven attraction between charged polymers,

is due the release of counterions upon their association [67,189,190]. At pH 8.0, Ddx4N* 1-

236 carries 70 charged residues, which, at 150mm NaCl will be associated with counterions

in the mixed state. The discrepancy of the value calculated by Equation 3.41 and the

measured values in Figure 3.15 is therefore likely due to the liberation of these Na+ and

Cl� counterions. These arguments are consistent with the notion that entropy changes
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are dominated by changes in translational entropy [180].

3.4.3 F�Y substitution enhances Ddx4N* phase separation

Previous research by Wang et al identi�ed Y�F as a deleterious mutation for FUS phase

separation. Here, we discuss the efect of the reverse mutation, F�Y, on Ddx4N* phase

separation. Figure 3.14 shows that the Ddx4N* F�Y mutation decreases the saturation

concentration by a factor of four at room temperature, re�ected also by the proximity to

χ⋆ to χc in Figure 3.15 (a). Accompanying this increased phase separation propensity, is

a change in the enthalpic contribution to the interaction parameter from 523±19 Jmol−1

to 624±26 Jmol−1. Relative to Ddx4N* 1-236, Ddx4N* F�Y increases the probability of

a protein site in the lattice being occupied by tyrosine by 14/241 = 0.058. The energetic

stabilisation per tyrosine, relative to phenyalanine, is therefore given by

101/0.058 kJmol−1=1.739 kJmol−1, comparable to a weak hydrogen bond. This stabili-

sation follows from the electron donating power of the para hydryoxyl substitution on the

phenyl ring of tyrosine, compared to phenylalanine, increasing the electron density on the

ring and strengthening the electrostatic attraction with the electron-poor arginine.

Figure 3.15 (a) shows that the F�Y mutation increases the entropic contribution

to the interaction parameter by ∆∆S = 0.2 JK−1mol−1. The modest increase in ∆S is

attributed to the decreased hydrophobicity of tyrosine relative to phenylalanine, resulting

in increased water entropy on solvent sites adjacent to protein sites. The associated

change in water con�gurations can be approximated using the same logic as in Section

3.4.2, where

∆∆S = 0.2 JK−1mol−1 ≈ ∆∆Swater. (3.42)

Again, we apply Boltzmann's formula (Equation 3.3), with x representing the fold change
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in con�gurational freedom per water molecule,

∆∆S = 0.058R lnx4.5 = 0.2 JK−1mol−1. (3.43)

Equation 3.43 has solution x = 1.1, re�ecting a small increase in the number of available

water con�gurations on a solvent site adjacent to tyrosine, relative to phenylalanine.

These con�gurations are stabilised through hydrogen bonding to the para hydroxyl on

tyrosine. Only a slight increase in con�gurations is observed, as π conjugation of the para

hydroxyl on tyrosine with its phenyl ring inhibits its ability to hydrogen bond, compared

to aliphatic residues serine and threonine, which are typically classed as hydrophilic. The

decreased hydrophobicity of Tyr compared to Phe is expected to have minimal impact

on ∆U , as the hydrophobic e�ect in water far from its boiling point is predominantly

entropic [188].

These data demonstrate the ability of F�Y substitutions in the stabilisation of

intrinsically disordered phase separation, concurrent with those published on the prion-

like domain of FUS [70]. More recently, the same strategy has been by Bremer et al applied

to tune the phase separation of a human isoform of hnRNPA1, where they demonstrated

an increased phase separation propensity with the equivalent subsitution [73]. Taken

together, these data indiate tyrosine may evolutionary selected for, due to its ability to

enhance IDP phase separation.

3.4.4 Reduced net charge favours phase separation in a sequence

context dependent manner

Charged polymers interact directly through energetic coulombic electrostatic interactions,

and indirectly through their e�ect on the local distribution of counterions, constituting an

e�ective entropic interaction [191]. In the case of like charges, both of these interactions

are repulsive, with reducing absolute Ddx4N* net charge expected to increase the energetic
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part of χ and favour phase separation. Figure 3.14 (a) and Figure 3.14 (b) shows that

decreasing Ddx4N* net (negative) charge in the series 1-236, 1-234, 1-231, 1-229, favours

phase separation, decreasing the saturation concentration and increasing the upper critical

solution temperature.

Figure 3.15 (a) shows reducing the absolute net charge per residue (NCPR) alters

both the energetic and entropic contributions to the interaction parameter, in a highly

correlated fashion (r = 0.996), with monotonically increasing ∆U and ∆S, shown in

Figures 3.16 (a) and (b). Increasing ∆U with Ddx4N* NCPR is contrary to what is

expected for the introduction of `excess' charged amino acids with no complementary

charged partners. In 2020, Zheng et al [192] performed atomistic simulations of the

phase separation of FUS and Laf-1 IDPs, carrying net charges of -2 and +4 respectively.

They saw preferential inclusion of Na+ into FUS condensates, and preferential inclusion

of Cl� into Laf-1 condensates, with the degree of ion partitioning scaling with the absolute

net charge of the protein, conforming to the electroneutrality principle. As discussed in

Section 3.4.2, the release of counterions accompanying Ddx4N* phase separation, decreases

to the entropic contribution to χ. The introduced excess charges likely decrease the

entropic gain of counterion release.

Upon increasing NCPR from 0.0047 to 0.0089, from Ddx4N* construct 1-229 to 1-231,

adding Glu-Ala to the C-terminus, ∆U and ∆S remain una�ected. In 2020, Madinya et

al presented work on the e�ect of adjacent positively and negatively charged monomers

along polyampholyte sequences. These `charge-sign' interfaces undergo favourable in-

tramolecular coulombic interactions [67]. The sequence of Ddx4N* contains many such

charge-sign interfaces, with one positioned near the C-terminus of Ddx4N*, between K228

and E230. The backbone distance between K228 and E230 is roughly 7Å, less than the

Debye length at 150mm NaCl - 7.9Å. An intramolecular interaction between these two

oppositely charged residues, exchanged for an intermolecular interaction in the phase sep-

arated state, would result in little to no net ∆U . Moving from 231 to 229, the K228-E230

intramolecular interaction is replaced by an intramolecular interaction between K228 and
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Figure 3.16: (a) Absolute net charge per residue (NCPR) plotted against the internal energy
contribution to the interaction parameter for Ddx4N* length mutants. (b) NCPR plotted against
the entropic contribution to the interaction parameter for Ddx4N* length mutants. (c) Skele-
tal formula of the C-terminus of Ddx4N* 1-236, highlighting the C-termini of the four length
mutants. The self-screening attributed to the charge-sign interface between K228 and E230 is
illustrated.

the terminal carboxyl at position 229. Therefore the ∆∆U associated with this mutation

is roughly 0.

The mirrored trend in ∆S is likely due to a degree of self-screening between K228

and E230, depleting the concentration of counter ions surrounding both residues. This

self-screening is maintained in the 1-229 Ddx4N* construct, instead occuring between

K228 and the terminal carboxyl at position 229. The reduced counter-ion concentration

at the charge-sign interface [67] between K228 and E230 explains the suppresed e�ect of

increased NCPR on construct 231 relative to construct 229.

The strong correlation between ∆S and ∆U implies the proposed increased ion par-
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titioning with increasing NCPR also causes the increased ∆U observed in Figure 3.16

(a). Upholding the electroneutrality principle, the condensates formed by the Ddx4N*

mutants with greater (negative) NCPR must contain more free cations, with Na+ the

dominant cationic species in the solution. Previous work has suggested a decreased dielec-

tric constant in the condensed phase of Ddx4N* [59], as well as other model biomolecular

condensate systems [193, 194], relative to bulk water, due to decreased solvent polarity

in condensates. A decreased dielectric constant augments coulombic interactions between

complementary charges in solution, and would strengthen interactions between excess

charged residues and their complementary counterions.

Here we have demonstrated reducing absolute net charge per residue as a method

to increase χ, favouring phase separation. The e�ect is shown to be sequence-context

dependent, supressed by the presence of charge-sign interfaces. The augmentation of

phase separation seems to be driven not by decreased electrostatic repulsions, but rather

through decreased partitioning of counterions into the condensed protein phase. We

acknowledge the recent (2022) article from Bremer et al [73], showing decreased NCPR

augmenting the phase separation of a human isoform of hnRNPA1, mirroring the trend

presented here, broadening the importance of our observations.

3.4.5 Modulation of intracellular electrostatic interactions

Experimental work in this section was carried out by Dr TJ Nott & Dr MD Crabtree.

Riback et al showed that the in cell formation of exogeneous Ddx4N-based condensates be-

haves as a two component phase separation event, consisting of Ddx4N* and solvent [195].

This a�ords a direct comparison between in vitro and in cell Ddx4N phase separation.

To facilitate in cell imaging of condensates, DNA encoding the (folded) yellow �uorescent

protein mCitrine, concatenated with the intrinsically disordered C-terminal tail of wild-

type (WT) Ddx4 fused to the C-terminus of Ddx4N WT length mutants, as illustrated

in Figure 3.17 (a). This permits a study of the e�ect of altering net charge per residue
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on phase separation in cells. The method outlined in Section 3.3.4 was used to prepare

and image HeLa cells expressing Ddx4N charge mutants through transient transfection.

Figure 3.17 (a) shows confocal �uorescence microscopy images of representative cells, with

an inverted greyscale lookup table, highlighting Ddx4N condensates in black.

Figure 3.17: (a) Architecture of the Ddx4N fusion proteins expressed in HeLa cells. (b) Neg-
ative greyscale images of HeLa cells expressing Ddx4N charge mutants, obtained using confocal
�uorescence microscopy. The scale bar represents 10 µm. (c) The (negative) net charge per
residue (NCPR) for the in vitro Ddx4N* constructs plotted against the NCPR for the in cell

Ddx4N constructs. (d) In cell partitioning at 37 ◦C taken from intracellular �uorescence mea-
surements plotted against in vitro partitiong, derived from the equilibrium concentrations at
37 ◦C displayed on the phase diagrams in Figure 3.14. Vertical error bars are calculated as ex-
plained in Section 3.3.4, horizontal errors are taken from equilibrium concentrations calculated
using the upper and lower errors in χ, corresponding to the errors in the �t in vitro binodals.



Conclusions & outlook 75

The ratio of the mean pixel intensity inside the condensates, to that measured out-

side the condensates, is directly proportional to the concentration of Ddx4N* in those

two intracellular regions. This parameter, K in/out, increases with the distance from the

critical point on the phase diagram, facilitating its utility as a measure of phase sepa-

ration propensity. K in/out for in vitro Ddx4N* phase separation is easily obtained from

the binodals presented in Figure 3.14 (b). The in cell and in vitro K in/out are plotted

against eachother in Figure 3.17 (b), showing a strong linear correlation between the two

datasets. These data show that modulation of Ddx4N* net charge can be used to control

its intracellular phase separation, through the same mechanisms discussed for in vitro

studies in Section 3.4.4. This indicates the e�ect of altering net charge per residue on

protein phase separation is not suppressed by the intracellular solvent environment, rais-

ing the possibility that net charge per residue may be subject to evolutionary pressure,

and low net charge of phase separating IDPs is an evolved feature.

3.5 Conclusions & outlook

The �tting of Flory-Huggins theory to experimentally determined phase diagrams of

Ddx4N* facilitated an investigation into the entropic and energetic components of the

e�ective interactions between Ddx4N* chains. A rough calculation supported the notion

that hydrophobic interactions are signi�cant drivers of phase separation, manifesting as

entropic forces - as expected around room temperature. This is consistent with recent

work by Kranier et al, where they emphasised the importance of hydrophobic contacts

in driving the phase separation of a diverse range of sequences, including FUS, TDP-43,

Brd4 and Sox2 [187]. Combined with the data presented in this thesis, these works sug-

gest an overlooked importance of aliphatic residues as drivers of condensate formation.

Future work may focus on mutations interchanging Ile, Leu, Val and Ala residues, as well

as bioinformatics studies on any sequence patterning of these residues.



76 Tuning Ddx4N* Phase Separation

Two strategies for tuning the phase separation of Ddx4N* have been presented. The

�rst, performing a sequence-wide phenylalanine to tyrosine substitution, promoted phase

separation by increasing the energetic component of the interaction parameter, attributed

to a strengthening of cation-π interactions, in agreement with studies on FUS and hn-

RNPA1 proteins [70, 73]. The second involved reducing the net charge per residue. It

is pertinent that at room tempertaure, a decrease in the magnitude of the net charge of

Ddx4N* by 3, has a similar e�ect on the phase separation propensity of Ddx4N* as does

swapping 14 phenylalanine residue for tyrosine. This indicates net charge per residue has

a stronger e�ect than F�Y substitution, with the latter o�ering a �ner control over phase

separation propensity. The Flory-Huggins interaction parameters measured in this chap-

ter are carried forwards in subsequent chapters, for mean-�eld calculations of interfacial

tension.

The mechanism through which decreasing net charge per residue in�uences phase

separation has been demonstrated to be entropic in nature, hypothesised to be driven by

decreased counterion partitioning. Further research on the e�ect of salt concentration on

this trend may be used to falsify this hypothesis. The e�ect of net charge per residue

on phase separation is also shown to be dependent on the sequence context, with the

presented explanation invoking the formation of intramolecular electrostatic interactions

at charge-sign interfaces. The in�uence of charge-sign interfaces on Ddx4N* phase sep-

aration may be further probed by separating the adjacent oppositely charged residues,

by introducing serines or glycines, inhibiting the formation of intramolecular electrostatic

interactions across the interface.

Expression of Ddx4 net charge per residue mutants in HeLa cells formed nuclear

condensates, who's innate partitioning of Ddx4 follows the same trend as the equivalent

in vitro Ddx4N* mutational series. This indicated that the mechanism through which net

charge per residue a�ects phase separation is reproduced in the highly complex environ-

ment of living cells.
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Chapter 4

Implementation of Axisymmetric Drop

Shape Analysis

ABSTRACT

This chapter is focused on the development of an implementation of axisymmetric drop

shape analysis (ADSA), for the in vitro inference of interfacial phenomena of microscopic

biomolecular condensates. This forms the basis for investigations presented in Chapters 5

and 6. Here, we ground this methodology in theory, based around the Young-Laplace equa-

tion. The generation and confocal imaging of sessile condensates is explained, detailing

corrections for aberrations present in our optical setup. Then we discuss the bespoke im-

age analysis and subsquent �tting protocol, enabling the extraction of condensate contact

angles and capillary lengths. This chapter concludes with a short investigation comparing

ADSA measurement of biomolecular condensate contact angles, with a manual method

used by Feric et al [11] to measure contact angles of model nucleolar condensates.

79
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4.1 Introduction

The shape of a sessile liquid drop on a solid surface is dependent on its tendency to

wet (spread over) the surface, its interfacial tension and its weight. Precise analysis of

the shape can be used to measure these factors, the �rst through the contact angle at

the base of the droplet, and the latter two via the capillary length. For axisymmetric

sessile drops, there exists a convenient form of the Young-Laplace equation, which can

be �t to images of drops, yielding measurements of capillary lengths and contact angles.

Commonly known as axisymmetric drop shape analysis (ADSA) [144�148], this technique

is potentially well suited to in vitro specimens of biomolecular condensates, a�ording

measurements of contact angles and capillary lengths. Its application to biomolecular

condensates has only recently, in 2021, been reported in the literature by Ijavi et al [136],

where they imaged condensates roughly 500µm tall using bright�eld microscopy, focusing

entirely on capillary length measurements.

The formation of Ddx4N* condensates through nucleation and growth presented in

Chapter 3, typically produces thousands of condensates per µL of sample. These µm sized

drops proceed to grow and sediment to the bottom surface of the sample, generating vast

�elds of highly symmetric condensates. In this chapter, we focus on the implementation

of ADSA, to allow measurement of condensate interfacial tensions and contact angles for

investigations presented in Chapters 5 and 6.

A similar experimental system has been used by Feric et al to measure the contact

angles of condensates formed by nucleolar components [11], relating them to the archi-

tecture of nucleolar subcompartments. They refrained from ADSA, instead measuring

contact angles by manually drawing tangents on condensate xz projections captured with

3D confocal microscopy. Compared to an automated ADSA implementation, this method

introduces potential for human error through manual drawing of tangents, as well as

requiring more hours on the part of the scientist.
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Here, we describe the theoretical background for axisymmetric drop shape analysis,

as well as methods to prepare samples of axisymmetric sessile Ddx4N* condensates of

varying sizes. The imaging of these condensates, obtained using 3D confocal microscopy,

and subsequent drop-shape analysis, implemented using bespoke image analysis protocols

implemented in Mathematica 13 [183] are then described. This chapter concludes with a

comparison of our ADSA implentation with the manual method presented by Feric et al,

on two Ddx4N* condensate setups with markedly di�erent drop shapes.

4.2 Theoretical background

4.2.1 Curved surfaces

Away from the base of the sessile droplet, �uid-�uid interface is necessarily curved. The

thermodynamic penalty of curvature is well described by the Young-Laplace equation

which we will now derive [196].

The free energy of system composed of two bulk phases, α and β, separated by an

interface with interfacial tension γ is

Ftotal = Fα + Fβ + γA. (4.1)

In the case of a small perturbation of the interface by δz in the direction normal to the

equilibrium surface, we have

dFtotal = (Pβ − Pα)δV + γδA = 0, (4.2)

where δV and δA are the associated respective volume and area changes. The goal is to
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relate δA and δV to δz. For a curved surface,

δA =
(
1 +

δz

R1

)
dl1

(
1 +

δz

R2

)
dl2 − dl1dl2, (4.3)

where dl1 and dl2 are orthogonal length elements along the surface, with principle radii

R1 and R2. Expanding the brackets gives

δA =
( δz
R1

+
δz

R2

+
δz2

R1R2

)
dl1dl2, (4.4)

with the �nal term on the right hand side equal to zero, as δz2 ∼ 0. Noting that dl1dl2 =

dA and factoring out δz from Equation 4.4 we have

δA =
( 1

R1

+
1

R2

)
δzdA, (4.5)

The volume change can be rewritten as the product of δz with the surface element, dA.

Taking δzdA = dV and substituting Equation 4.5 into Equation 4.2, yields

dF =
[
Pβ − Pα + γ

( 1

R1

+
1

R2

)]
dV = 0. (4.6)

As dV ̸= 0, we obtain the Young-Laplace equation [197,198]:

∆Pβα = γ
( 1

R1

+
1

R2

)
. (4.7)

Equation 4.7 states that the pressure across a convex surface greater on its interior. This

pressure di�erence is the force acting on the surface to reduce the proportion of molecules

at the interface by reducing the surface area to volume ratio of the system.
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4.2.2 The Young-Laplace equation for a sessile drop

Drops sitting on a solid substrate are subject to both gravitational and capillary (in-

terfacial) forces. The former drives a depression of the droplet, while the latter works

to minimize the droplet surface area. Balancing these two forces gives the shape of the

equilibrium �uid-�uid surface for a sessile droplet of given density and surface tension.

Application of the Young-Laplace equation, Equation 4.7, to the the sessile drop in

Figure 4.1 (a), we see that

P1 = P2 +
2γ

R0

, (4.8)

where R0 is the local curvature of the interface at the apex of the drop. Equally,

P3 = P4 + γ
( 1

R1

+
1

R2

)
. (4.9)

Taking the di�erence of these two equations we have,

gραh = gρβh+
2γ

R0

− γ
( 1

R1

+
1

R2

)
, (4.10)

where the left hand side and the �rst term on the right hand side, account for the hydro-

static pressure di�erence over a height, h, in phases with density ρ. Rearranging Equation

4.10 and collecting like terms gives

g∆ρh = γ
[ 2

R0

−
( 1

R1

+
1

R2

)]
. (4.11)

Equation 4.11 expresses mechanical equilibrium between gravitational and capillary forces

at each point in the droplet.

Droplets resting on a homogeneous surface, with a constant contact radius, are ro-

tationally symmetric about their principle axis - they are axisymmetric. The �uid-�uid
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Figure 4.1: (a) Schematic of a sessile drop of phase α in coexistence with phase β resting on
a solid surface. P represents pressure at di�erent points, R1 and R2 are the priciple radii of
curvature at a given height h, measured from the apexof the drop. (b) De�ning the parameters
in Equation 4.12 for an axisymmetric droplet with height z0, meaured from its base.

surface of axisymmetric droplets can be fully parameterised by r = r(z), where r is the

droplet radius at a height z. Figure 4.1 (b) shows the distance along the surface, s, and

its angle of incidence, θ, are parameterized by

ds2 = dr2 + dz2
dr

ds
= cosψ

dz

ds
= sinψ. (4.12)

The axial and circumferential radii of curvature are then given by

R1 =
ds

dψ
and R2 =

r

sinψ
, (4.13)

Taking h as z0 − z, where z0 is the z coordinate of the apex of the drop, we can now

rewrite Equation 4.11 as

dψ

ds
=

2

R0

+
(z − z0)

ℓ2c
− sinψ

r
. (4.14)

The second term in the denominator, the capillary length, is given by

ℓc =

√
γ

g∆ρ
. (4.15)
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The capillary length ℓc, gives the length scale over which capillary forces dominate over

gravitational forces. When |z − z0| ≪ ℓc, Equation 4.14 describes a spherical cap, a

minimal surface for the sessile drop. Therefore, in the absence of gravitational e�ects, the

Young-Laplace equation predicts spherical cap shaped droplets.

Integrating Equation 4.14 gives the equilibrium pro�le of the �uid-�uid interface,

ψ(s), where ψ and s depend parametrically on r and z. De�ning smax as the �rst point

where the �uid-�uid surface meets the solid surface, the contact angle is simply

θ = −ψ(smax), (4.16)

The �tting of Equation 4.14 to images of droplet forms the basis of axisymmetric drop

shape analysis (ADSA), used to measure contact angles and capillary lengths.

4.3 Methods

4.3.1 Sample preparation

Sessile condensates were prepared as detailed in Section 2.8, including either Cy3B or

Alexa-488 in the dilution bu�er to give �nal concentrations of 5 µm and 2.5 µm respec-

tively. These concentrations were found not to in�uence the phase diagram of Ddx4N*,

supporting their function as an inert contrast agent. Following the protocol to completion

and allowing samples to cool to room temperature resulted in nucleation of condensates

as the sample passed the transition temperature. These condensates proceeded to sedi-

ment over the course of 10min, as in Figure 4.2 (a). After 1 h, all condensates had long

sedimented, leaving a �eld of sessile droplets resting on the bottom surface of the sample,

as in Figure 4.2 (b).
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Figure 4.2: (a) As samples cool down from 50 ◦C towards room temperature, they pass through
the transition point Tp, resulting in the nucleation of condensates which proceed to sediment.
(b) xz image of sessile Ddx4N* 1-236 condensates resting on siliconized glass imaged using DIC
one hour after sample preparation.
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Figure 4.3: Schematic of the confocal microscopy setup showing the incident (green) light path
and imaged (red) light path.

4.3.2 Confocal imaging

Three dimensional imaging of micrometre-scale condensates formed by Ddx4N* phase

separation was achieved through the use of laser scanning confocal microscopy, invented

in 1955 by Minksy [199]. In this thesis we use a Leica TCS SP5 machine, with the optical

setup as shown in Figure 4.3.

Monochromatic light, generated by a laser box, passes through the �rst pinhole and

onto the dichroic mirror. All experiments in this thesis use a RT 30/70 dichroic mirror,

re�ecting 30% and transmitting 70% of incident light respectively. Light re�ected by

the dichroic mirror is focused onto the sample, through the immersion oil, by the 63×

lens. The immersion oil between the objective lens and sample minimizes scattering of

light caused by stark changes in refractive index. Incident light at the focal point excites

�uorescent molecules in the sample, with a proability given by the extinction coe�cient of

the molecule. Fluorescence of excited molecules results in the isotropic release of photons,

whose wavelength is greater than the incident laser light. Photons that travel along the

reverse trajectory of the incident light are refocussed by the objective lens, through the
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dichroic mirror, onto the photomultiplier tube (PMT).

Incident photons on the PMT eject electrons due to the photoelectric e�ect. These

electrons, accellerated by voltage, collide with an electrode, causing the release of further

electrons, which are then further acellerated. This procedure is repeated, amplifying the

current to a give a measurable signal. The amplitude of this signal is converted to a pixel

intensity. Images are constructed by scanning the focal point over a region of interest,

collecting photons along the way and storing the intensity data as pixel values. The range

of wavelengths to accept into the PMT - the collection bandwidth, is set by the user.

The dual pinhole system provides the increased resolution of confocal micrcoscopy.

The �rst pinhole generates a small laser spot which is focused onto the sample. The

second pinhole ensures only light from this focused spot reaches the PMT. This augments

the axial and lateral resolution of images, and minimizes blur in the image due to out of

focus light. Confocal images recorded at constant z increments form a z-stack, a three

dimensional image whose voxels represent intensities given by the point spread function

of the optical setup.

Correcting aberrations

Objectives are typically designed to work with coverglasses 0.17mm thick with a refractive

index of 1.515. It is with these conditions that the objective o�ers maximum confocality.

The objective used in this work, a HCX PL APO CS 63.0x1.40 OIL UV, includes a correc-

tion collar. When preparing samples there is some inherent variation in the thickness of

the coverglass, the correction collar permits the adjustment of lenses inside the objective,

to account for this variation.

A fraction of light incident normal to an interface separating media of di�ering re-

fractive index is re�ected [200]. This re�ected light can be imaged by setting the collection

bandwidth to the incident light±5 nm. Figure 4.4 shows how the sharpness of the re�ected



Methods 89

Figure 4.4: The e�ect of adjusting the correction collar on xz scans of 543 nm re�ected light at
the siliconized glass-water interface, and colloidal particles resting on siliconized glass. Colloidal
samples contained particles suspended in 5 µm Cy3B dye. The colloids were imaged by exciting
Cy3B at 543 nm and recording the emission at 560-630 nm as an xyz stack. As colloids excluded
dye molecules, images are presented as minimum xz proections, colloids are visible as dark
regions devoid of �uorescence intensity.
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light band in xz scans of the glass-liquid interface can be used to optimise the correction

collar. Here, �uorescent xz-stacks images of colloids with diameters1 3 µm, 6.2 µm and

9.25µm resting on a siliconized glass coverslip are presented as the correction collar is

adjusted. The images of the colloids are sharpest at a correction collar setting of 75%,

also where the re�ected light band is the sharpest. All further confocal z-stacks were

collected using a correction collar setting that optimised the sharpness of the re�ected

light band at the glass-liquid interface.

Axial distortion is clearly visible in Figure 4.4, even at the optimum correction collar

setting of 75%, causing spherical colloids to appear ovular. Figure 4.5 (a) shows the

measured aspect ratios of these colloidal particles, determined using the Leica TCS SP5

internal pixel calibration. The width of each colloid closely matches that of the value

measured by electron microscopy, but the heights are roughly 1.2× their expected value.

The 63× objective used in this work is calibrated for Type-f immersion oil, index matched

to borosilicate glass with a refractive index of 1.51. Refractive index mismatch between

the immersion oil and the aqueous sample, with n = 1.33, causes an o�set between the

nominal focal point, and the actual focal point of the objectve, by refraction of light at the

glass-aqueous interface. This is illustrated in Figure 4.5 (b). In 1993, Hell et al showed

that the confocal axial o�set when imaging aqueous samples using immersion oil, with a

high numerical aperture objective, is 1.2 [201], as is observed in Figure 4.5 (a).

McCall et al have reported a refractive index in PGL3, TAF15(RBD) and FUS

proteinacious condensates of roughly 1.36 [202]. This e�ect is likely present in Ddx4N*

condensates, owing to its sequence similarity with the a�ormentioned proteins. We do not

account for axial aberrations due to refractive index mismatch with Ddx4N* in this thesis.

All confocal z-stacks of sessile condensates in this thesis are therefore rescaled by a factor

of 1/1.2 in z for drop shape analysis. All imaging was performed at room temperature,

∼22 ◦C.
1Veri�ed by Prof DGAL Aart's and Prof R Dullens' (University of Oxford chemistry department) lab

members using electron microscopy.
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Figure 4.5: (a) xz scans of colloidal particles imaged in a suspension of 5µm Cy3B dye,
annotated with ellipses emphasising axial distortion. (b) Illustration of focal shift in our confocal
microscopy setup induced by the refractive index mismatch between our aqueous samples and
the immersion oil coating the objective lens [201]. Dashed black lines indicate the divergence
from the expected light path (solid lines).
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Imaging settings

Fluorophores Alexa-488 and Cy3B partitioned into Ddx4N* condensates provided the

contrast neccessary for �uorescence imaging. For condensates imaged using Alexa-488,

an excitation wavelength of 488 nm and collection bandwidth of 530-700 nm was used.

For condensates imaged using Cy3B, an excitation wavelength of 543 nm and a collection

bandwidth of 560-630 nm was used. Laser power and PMT voltage were set to maximise

contrast, whilst avoiding empty or saturated pixels, between the condensate interior and

exterior, generating �uorescent images allowing the identi�cation of condensate interfaces.

Accurately de�ning contact angles from ADSA pro�les requires reliable measurement

of the position of the solid-liquid interface. It was found that imaging the re�ected

light, rather than �uorescent light provided a sharper image of this interface. For both

�uorophores, re�ected light was collected at ±5 nm from the excitation wavelength, with

laser power and PMT voltage were set to maximise contrast.

All images in both the �uorescence and re�ected light channels were collected with

a line averaging of 2. The lateral resolution for our sample setup is 0.2 µm, and the axial

resolution is 0.5 µm near the glass, dropping to 1 µm at 25µm away from the glass [201].

z-stacks were constructed with a minimum xy pixel dimension of 100.5 nm for the smallest

condensates, and increased for larger condensates accordingly. The z increment was set

to 98.8 nm for all z-stacks, 82.3 nm in real space, always oversampling [203]. Full z stacks

consisted of collected xy images from below the glass-liquid interface, up to a few µm

above the apex of the largest drop in the �eld of view.

4.3.3 Image analysis

Figure 4.6 shows sessile Ddx4N* condensates in the �uorescence emission channel, and

the re�ected light channel. The base of the droplets clearly reduce the re�ected light

intensity, indicating a reduced refractive index relative to the surrounding protein poor
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Figure 4.6: The re�ected light channel from z-stacks of sessile condensates is used to identify
zint. - the glass-liquid interface. xy slices with z ≥ zint. in the �uorescence emission channel are
carried forwards.

phase. xy slices of the �uorescence emission z-stack below the z position at which the

mean re�ected light intensity is greatest are taken to be inside the glass, and are removed

from the image as illustrated in Figure 4.6.

The resultant image is then slightly blurred by applying the GaussianFilter function,

with pixel radius 2, to remove image noise and increase contrast. The image histograms in

Figure 4.7 (a) show the blur producing more de�ned maxima corresponding to increased

contrast between the condensates and background. Otsu's algorithm [204] is then applied

to the blurred image, partitioning its histogram into two regions as in Figure 4.7. Pixels

whose value is above the threshold determined by Otsu's algorithm are set to 1, all others
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Figure 4.7: (a) Slightly blurring 3D confocal images of sessile condensates with a GaussianFilter
of radius 2 [183] increases the separation of the population of bright pixels from the condensates,
from the population of dark pixels originating from the protein poor phase. (b) Applying Otsu's
algorithm [204] binarizes blurred 3D confocal images of sessile condensates, separating bright
pixels from dark.

are set to 0, generating the binary image inset in Figure 4.7 (b).

Mathematica 13 [183] is now able to recognise condensates as independent regions

of interconnected pixels with a value of 1. The SelectComponents function is applied to

the binary image, �ltering out any regions not in contact with only the bottom surface

of the sample. Masks of the remaining sessile condensates are generated by the Compo-

nentMeasurements function, returning the masks as SparseArray objects. A condensates

mask is transformed by mapping the Image function onto the mask, turning each z level

of the array into an xy binary image of the condensate's cross-section. Any holes in

the binary cross sections are removed by applying the FillingTransform function. The

equivalent disk radius of each xy cross-sectional binary image of the condensate is then

measured using the ComponentMeasurements function. This radius is then augmented

by the displacement of the best-�t disk's centroid from the condensate centroid2, giving

the radius of the condensate at each height z.

Figure 4.8 (a) shows the original �uorescence channel image, with three sessile con-

densates away from the sample edges reconstructed as towers of best �t circles obtained

from their (R,Z) coordinates, shown in Figure 4.8 (b). At the base of condensate pro�le

2This step is neccessary to obtain meaningful radii near the apex of drops, where the cross sections
display more noise.
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coordinates, there is a sharp drop in the measured radius. Figure 4.8 (c) displays the

binary images, with the best �t circles used to obtain condensate radii at the base of the

condensates shown in Figures 4.8 (a-b). The grainy binary images at z = 0.00 µm is likely

due to scattering from the out of focus solid-liquid interface caused by the stark change

in refractive index, causing axial blurring in the 3D confocal image. This optical artefact

was present in all confocal z-stacks collected in this thesis. To alleiviate this, the �rst 3

(R,Z) coordinates from the base, are omitted from any �tting procedure.

4.3.4 Droplet pro�le �tting

Equations 4.12 and 4.14 form a system of ordinary di�erential equations, which can be

written in vector form

v̇ =


ψ̇(s)

ṙ(s)

ż(s)

 =


2
R0

+ (z−z0)
ℓ2c

− sinψ
r

cosψ

sinψ

 , (4.17)

where the over dot repreents the �rst derivative with resect to s. The initial values for

4.17 are

ψ(0) = 0, (4.18)

r(0) = 0, (4.19)

z(0) = z0. (4.20)

At the apex of the drop, R1 and R2 are simultaneously equal to R0. Combining this with

Equation 4.13 gives us

dψ

ds

∣∣∣∣∣
s=0

=
1

R0

, (4.21)
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Figure 4.8: (a) Condensates identi�ed as towers of best �t circles resting on a the glass-liquid
interface, highlighted in black. (b) Radii r at height z for the sessile condensates in (a). (c)
Binary images used to �nd radii for condensates in (a).
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which prevents dividing by 0 in Equation 4.17 at s = 0. With these initial conditions,

Equation 4.17 can be integrated numerically up to s = smax for a given set of R0, ℓc and

z0, de�ning a sessile drop pro�le in the (r, z) plane from s = 0 to s = smax.

The best �t curve for an experimentally determined set of pro�le coordinates, is

found by minimizing the following objective function by varying R0, ℓc and z0:

λ(R0, ℓc, z0, smax) =
1

N

N∑
i=1

[(ri −Ri)
2 + (zi − Zi)

2], (4.22)

where (Ri,Zi) are experimental coordinates, and (ri,zi) are points closest to (Ri,Zi) on the

generated curve. This is implemented in Mathematica 13 [183] by integrating 4.17 using

the NDSolve function. 1000 points along the trial curve in the (r, z) plane, evenly spaced

from 0 to smax are generated using the Interpolation function. The minimum distance

between these trial points and each data point, is found using the DistanceMatrix function.

The mean of the sum of the square of these minimum distances is the objective function,

Equation 4.22.

Minimization is performed using the NMinimize function, with the method option set

to NelderMead, implementing the Nelder-Mead algorithm [205]. The WorkingPrecision

is set to MachinePrecision and the PrecisionGoal is set to ∞, maximising the numerical

accuracy of the search. Necessarily, R0 < 0 and ℓc > 0, restricting the search region for

R0 and ℓc.

Careful choice of smax is required when �tting. Too small a value of s prevents

generated curves from extending the full length of the pro�le, arti�cially raising the con-

tribution to λ from points near the base of the droplet. Too large a value results in

aphysical pro�les. As s increases from 0, ψ decreases monotonically, eventually passing a

critical value of s where ψ > π, where the curve no longer describes a physically realisible

sessile droplet. The smax used to generate trial curves is calculated from N data points
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as follows:

smax = 1.2
N−1∑
i=4

√
(R̄i+1 − R̄i)2 + (Zi+1 − Zi)2, (4.23)

with

R̄i =
7∑
j=1

Rj−3

7
. (4.24)

Equation 4.23 calculates 1.2× the smoothed distance between consecutive coordinates

along an experimental condensate pro�le.

Once the best �t parameters are obtained, the best �t value of smax is given by

z(smax) = 0, (4.25)

which in conjunction with the �t parameters R0, ℓc and z0, give the best �t pro�le. The

contact angle is trivially obtained from the best �t pro�le using Equation 4.16. Figure 4.9

(a) shows the best �t droplet pro�les for the condensates displayed in Figure 4.8. Their

residuals, displayed in Figure 4.8 (b), show that the �tting quality around the base of the

pro�le is poor. This is attributed to the aforementioned axial distortion.

After manually inspecting populations of �t pro�les, we de�ned the threshold

λN

smax
> 0.5 µm, (4.26)

for condensates considered to be poorly �t, where N is the number of experimental pro�le

coordinates. Pro�les with errors satisfying Equation 4.26 were discarded. We also discard

condensates with heights less than 1.2 µm. as we found these to be poorly binarized,

resulting in sporadic pro�le �tting.
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Figure 4.9: (a) Experimental pro�le coordinates overlaid with their best �t ADSA pro�les
(solid black lines) for three Ddx4N* 1-236 condensates resting on siliconized glass coverslips.
(b) Residuals calculated as the squared distance from pro�le coordinates in (a) to their best �t
pro�les, plotted against the height above the base of the condensate, normalised by the height
of the condensate (z/zmax).

4.3.5 Manual measurement of contact angles using ImageJ

3D confocal images of condensates were imported into ImageJ software [206]. z-stacks

were resliced starting at "top" to give a stack of xz images, which was used to generate a

maximum intensity xz projection. The resultant image was then rescaled in z by a factor

of 1/1.2 to account for the refractive index match. By eye, an angle was drawn at one of

the two visible contact points using the angle tool. The measured value was recorded as

the contact angle.
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4.4 Results & discussion

4.4.1 Comparison with manual measurements of contact angle

Previously published measurements of biomolecular condensate contact angles from Feric

et al were obtained by manually drawing angles on confocal images of xz cross sections

of sessile condensates, taken across their diameter [11]. To compare this method with

the automated ADSA procedure presented in this work, Ddx4N* 1-229 and Ddx4N* 1-236

condensates were prepared on siliconised glass, showing markedly di�erent contact angles

when analysed by ADSA (see Section 6.4.3). For fair comparison with ADSA, xz cross

sections for manual measurement were saved as .tifs, renamed with a random number, and

given to Nott lab member Dr Purnima Kompella, who proceeded to perform the manual

contact angle measurements as a blind control.

Figure 4.10 (a) shows the results of the blinded manual measurements for the 29

Ddx4N* 1-236 and 23 Ddx 1-229 condensates resting on siliconized glass, plotted against

their ADSA measurements. The mean±standard deviation for the respective manual

measurements are 96.4±10.3◦ and 67.8±11.0◦. For the ADSA measurements, these are

107.4±6.5◦ and 41.9±8.3◦. In both cases, the standard deviation is greater for the manual

measurement, indicating reduced accuracy. Manual measurement of contact angles also

involves choosing a single cross section of the droplet out of 360◦ of possible cross sectional

pro�les, capturing any noise inherent to the imaging setup. ADSA measures contact an-

gles based on a mean of condensate pro�les from all perspectives, averaging out associated

imaging noise. For surfaces with small (compared to the condensate contact area) inho-

mogeneities, there may be slight deviations in the contact angle around the base of the

droplet. Again, these inhomogeneities would serve to increase the experimental noise of

manual measurement, whilst being averaged out in ADSA measurement of contact angles.
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Figure 4.10: (a) ADSA measurements of contact angle plotted against manual measurements
of contact angles for Ddx4N* 1-236 condensates on siliconised glass (yellow) and Ddx4N* 1-229
condensates on siliconised glass (green). The dashed line represents θADSA = θmanual. (b) Ab-
solute di�erence between manual and ADSA measurements plotted as a function of condensate
height. (c) Manual and ADSA measurement of contact angle for the condensate marked by b

in (a). (d) Manual and ADSA measurement of contact angle for the condensate marked by c in
(a)



102 Implementation of Axisymmetric Drop Shape Analysis

The mean contact angle for the manual measurements for both Ddx4N* 1-236 and

Ddx4N* 1-229 is shifted towards 90◦ relative to equivalent ADSA measurements. This is

re�ected by the plot in Figure 4.10 (a), which shows a vertical skew of points away from

the dashed line, where the two measurements are equal, towards 90◦. One reason for the

discrepancy between contact angles obtained through ADSA and manual measurement

may be the di�culty of accurately drawing angles on smaller condensates. To investigate

this, we plot condensate heights against the absolute di�erences between measured angles

measured by the two methods in Figure 4.10 (b). There is no clear relationship between

contact angle o�set and height, indicating the discrepancy is not due to condensate size.

In Figures 4.10 (c) and (d) we more closely examine two condensates with a large

discrepancy in their contact angles measured through ADSA and manual measurement.

In Section 4.3.3 we discussed the axial blurring near the base of droplets, skewing the

measured mean radii of condensate pro�les towards zero. This blurring introduces arti�-

cial right angles into the condensate pro�le, which may tend the user to perform a manual

measurement closer to 90◦. This e�ect was circumvented in ADSA by omitting the �rst

three radii from the base of the droplet from pro�le �tting.

4.5 Conclusions & outlook

Axisymmetric drop shape analysis (ADSA) allows the automated measurement of shape

parameters describing axisymmetric drops, including capillary lengths and contact angles.

We have presented an implentation of ADSA for in vitro Ddx4N* condensates resting on

solid surfaces, relying on the collection of high quality 3D confocal microscopy images

of sessile condensates. The importance of correctly setting the correction collar on the

microscope objective was demonstrated using colloidal particles of known diameter. These

particles were also used to correct for axial distortions introduced through refractive index

mismatch between the aqueous sample and the immersion oil coating the microscope
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objective.

The solid-liquid interface present in samples was identi�ed by imaging re�ected light,

de�ning the base of condensates, whereas their �uid-�uid interfaces were identi�ed through

image analyses of �uorescent light. Experimental sessile condensate pro�les were then �t

to the Young-Laplace equation for sessile drops, allowing the measurement of contact

angles and capillary lengths. ADSA contact angle measurements were then compared

to a manual method, based on inspecting images of sessile condensates and eyeballing

the condensate interface. Automated ADSA measurements showed reduced spread, also

removing any subjective bias associated with manual contact angle measurement.

ADSA is a readily implementable method, enabling the characterisation of biomolec-

ular condensate wetting phenomena. Adoption of the protocols detailed in this chapter

by other research groups will allow the introduction of a standard measurement of contact

angles and capillary lengths of microscopic biomolecular condensates. We recognise our

method was not tested on a system of known capillary length and contact angle, due to

di�culty in obtaining a well characterised aqueous phase separated sytem. This should

form the basis of future work, allowing further standardization, as well as revealing the

e�ects of unforeseen aberrations in our system on drop pro�les obtained by ADSA.
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Chapter 5

Calculation &Measurement Of Fluid-

Fluid Interfacial Tensions

ABSTRACT

Working with Ddx4N* condensates in vitro, this chapter is focused on advancing the un-

derstanding of biomolecular condensate �uid-�uid tension. We begin with a review of

condensate �uid-�uid interfacial tension measurements presented in the �eld, followed by

a discussion of the experimental techniques used in their acquisition. Theoretical back-

ground is then given on van der Waals theory for �uid-�uid interfacial tension, which is

then extended to Scheutjens-Fleer theory, subsequently applying this to our Ddx4N* conden-

sates. Further background explains the e�ect of gravity on sessile condensates, necessary

for the experimental section, where we use axisymmetric drop shape analysis to measure

condensate capillary lengths. This is with a view to indirectly measure their �uid-�uid

interfacial tensions, allowing a comparison with our experimental values.

105
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5.1 Introduction

The formation of biomolecular condensates through liquid-liqid phase separation neces-

siatates the formation of a �uid-�uid interface separating the coexisting phases. This

interfacial region has associated interfacial tension, de�ned as [207]

γ =

(
∂G

∂A

)
T,P,{N}

=

(
∂F

∂A

)
T,V,{N}

, (5.1)

where G and F are the Gibb's and Helmholtz free energies of the system and A is the

area of the interface. The unambiguously positive value of γ drives �uid-�uid interfaces

towards spherical geometries, minimizing their interfacial energy, as is typical of intracel-

lular condensates [9, 18,24,30,103].

Aside from driving biomolecular condensates to be spherical, according to Equation

5.1, �uid-�uid interfacial tension is involved in any process that involves a change in

the area of the interface(s). These include (but are not limited to) condensate nucle-

ation - whereby a decreasing γ increases the rate of condensate formation [105, 109, 110],

condensate coalescence - whose rate proportional to the ratio of interfacial tension to vis-

cosity [9,57,70,95,104], and the interior organisation of the multiphase nucleolus [11,32].

Recently, the physiological regulation of condensate interfacial tension has been demon-

strated, whereby P-granules are stabilised with respect to coalescence by adsorption of

MEG-3 protein clusers at their interface [108]. An understanding of the �uid-�uid in-

terfacial tension(s) of biomolecular condensates, especially their relation to the sequences

of their constituent proteins, is therefore fundamental to explaining their dynamics and

expanding our understanding of their structure.

The following scaling relation,

γ ∼ kBT

d2
, (5.2)
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Table 5.1: Reported �uid-�uid interfacial tensions for biomolecular condensates measured
in vitro (unless stated otherwise). a experimental radius of gyration. b simulated hydrody-
namic radius. c hydrodynamic radius based on molecular weight assuming a fully unfolded
sequence, calculated using http://www.�uidic.com/toolkit/hydrodynamic-radius-converter/. d

protein contains disordered and folded regions, lower and upper bounds correspond to folded
and unfolded hydrodynamic radii calculated as in c.

condensate γ (Jm−2) molecular lengthscale

NPM1 8±2 E-7 [11] ∼5 nma [213]
GC (NPM1)in vivo 4±1 E-7 [11] ∼5 nma [213]

PGL-3 1.94 E-5, 1-5 E-6 (salt dependent) [98,108] 9.11 nmc

LAF-1 1.9 E-4, 6.8 E-4, 1.6 E-4 [57,135,214] 4 nmc

FUS 3.1 E-3, 9 E-5 [135] ∼5 nm [215]b

FUS267 9 E-5 [136] 5 nmc

WHI3 4 E-6 [214] 3.6-8.9 nmd

nucleolus in vivo 1.5±0.5 E-6 [95] -

where d is a characteristic lengthscale of the interface and kBT approximates the strength

of intermolecular interactions in the �uid, can be used to approximate interfacial ten-

sions [102, 163]. Far away from the critical point, d is expected to be on the order of the

molecular diameter. For simple liquids at room temperature (20 ◦C), with d = 2−5Å,

Equation 5.2 predicts interfacial tensions in the range 10-100mJm−2. This holds well for a

range of interfaces [208], including water-air (γ = 72mJm−2), benzene-air (28.88mJm−2),

ethanol-air (22.39mJm−2) and dimethyl sulfoxide-air (43.54mJm−2), correctly predict-

ing the order of magnitude of γ. The relation also holds for more complex systems,

such as multicomponent, phase-separated, colloid-polymer solutions with particle sizes of

∼500 nm, with interfacial tensions ∼ 10−6Jm−2 [209�212].

Table 5.1 collates measurements of �uid-�uid interfacial tensions for a range of con-

densates. Included in the table is a measure of their molecular lengthscale, reported as

their experimentally veri�ed or, in the absence of experimental data, calculated radius

of gyration or hydration. Despite the molecular lengthscales all falling in the range 3-

10 nm, we see a much greater than expected variance in γ according to Equation 5.2,

ranging from 10−7 for NPM1 to 10−3 for FUS. This is emphasised by Figure 5.1, where

we plot the molecular lengthscales against γ for the values from Table 5.1, also showing

the expected value of γ according Equation 5.2. We see that LAF-1, WHI3 and PGL-3
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Figure 5.1: Surface tensions of intrinsically disordered protein condensates plotted against
their molecular lengthscales from Table 5.1. Equation 5.2 is plotted in red for 22 ◦C.

�uid-�uid interfacial tensions are well described (to within an order of magnitude) by the

scaling relation (Equation 5.2), whereas the relation is a poor descriptor of the remaining

condensates, with the interfacial tension of NPM1 condensates being as much as 3 orders

of magnitude lower than expected.

Comments on the molecular understanding of condensate �uid-�uid interfacial ten-

sions are usually limited to a brief comparison with values expected for macromolecular

liquids, often with reference to Equation 5.2 [11,57,136]. Wang et al compared their mea-

surements on FUS267 and LAF-1 condensates with water-oil interfaces, with the latter

300× greater, hypothesizing the low interfacial tension of condensates re�ects the larger

size and relative hydrophilicity of their constituent proteins [135]. Jawerth et al showed

the �uid-�uid interfacial tensions of PGL-3 condensates decrease with increasing salt con-

centrations [98], in a manner well described by the mean-�eld theory of Overbeek and

Voorn [216, 217], emphasising the in�uence of electrostatic interactions. Salt dependent

electrostatic interactions have been demonstrated in the phase separation of many intrin-

sically disordered proteins [57�59,75�77], the work of Jawerth et al suggests a similar set

of interactions may modulate condensate interfacial tensions.

This chapter concerns the calculation and measurement of the �uid-�uid interfa-
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cial tension of Ddx4N* condensates. By investigating the Ddx4N* variants introduced in

Chapter 3, we aim to elucidate a relationship between phase separation propensity and

interfacial tension. Furthermore, we hope to reveal the contribution of cation-π and net

charge per residue to condensate �uid-�uid interfacial tension. We now proceed to sum-

marise the techniques used thus far in the investigation of the �uid-�uid interfacial tension

of condensates, followed by an outline of the methodology employed in this chapter.

5.1.1 Methods to study �uid-�uid interfacial tension

Experimental techniques to measure biomolecular condensate interfacial tension often

rely on indirect measurements, such as studying droplet coalescence rates and relating

them to viscosity and interfacial tension [9, 11, 57, 95, 214]. Jawerth et al measured the

interfacial tension of PGL-3 condensates using a dual optical trap setup, recording the

response of their interface to oscillatory forces [98]. In 2021, Wang et al demonstrated

the use of micropipette aspiration, as well as condensate coalescence, to measure the

interfacial tensions of LAF-1. While able to provide accurate values of γ, these techniques

are prone to complication by non-Newtonian, time-dependent, rheological properties of

condensates [70, 75,99].

The direct observation of thermal �uctuations of �uid-�uid interfaces, and subse-

quent characterisation using capillary wave theory provides an accurate measure of γ [218].

This technique has been applied to in vitro PGL-3 condensates [98], and in cell to nu-

cleoli [95], but is limited to ultralow interfacial tensions (∼ 10−6Jm−2 and lower), where

interface �uctuations are optically resolvable [218]. Alternatively, one may observe the

gravity-induced deformation of interfaces, through measurement of capillary lengths. This

has been employed by Feric et al in their study of nucleolar components, where they exam-

ined the shapes of NPM1 condensates and �t them to a semi-empirical relionship, allowing

a measurement of capillary length and interfacial tension [11]. Recently (2021), Ijavi et al

performed axisymmetric drop shape analysis (ADSA) on Bik1 and FUS267 condensates,
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allowing accurate measurement of capillary lengths on a per-condensate basis [136]. Both

based on the static geometry of conensates, these measurements of interfacial tension

through capillary length are una�ected by the rheological properties of condensates, but

do require optically resolvable deformation of the interface by gravity.

Computational e�orts to understand the �uid-�uid interfaces of biomolecular con-

densates have been limited to explaining phenomenology. Feric et al utilised a coarse

grained model to show di�erential interactions between condensate components leads to

the multiphase architecture seen in nucleoli [11]. To the authors knowledge, there have

been no reported calculations of condensate interfacial tensions, beyond the use of Equa-

tion 5.2. The lack of computational and theoretical studies of the interfaces of biomoleclar

condensates likely re�ects their complexity, being de�ned by concentrated regions of com-

plex macromolecules.

In this chapter we look to alternative systems for inspiration, namely the �uid-

�uid interface in phase separated colloid-polymer systems. Aarts has shown their phase

behaviour to be well described by the mean-�eld free volume theory, while their capillary

lengths may be calculated using van der Waals theory [219]. Analogously, the phase

behaviour of the Ddx4N* model condensate system used in this thesis is well described

by the mean-�eld Flory-Huggins theory. Therefore we explore the application of van der

Waals theory, facilitated by the intermediate Scheujtens-Fleer theory, to calculate the

interfacial tensions and capillary lengths of Ddx4N* condensates, describing the pairwise

interactions present using the Flory-Huggins interaction parameters presented in Section

3.4. We then explore the utility of ADSA to measure Ddx4N* condensate capillary lengths,

with a view to verifying our calculations. At the undertaking of this project, there was no

published demonstration of (ADSA) on biomolecular condensates - this work was intended

to also be a proof-of-principle. By the time of writing, the 2021 work of Ijavi et al remains

the only published example of ADSA applied to biomolecular condensates [136].
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5.2 Theoretical background

5.2.1 Mean �eld calculation of Interfacial Tensions

Van der Waals interfacial tension

For a two phase α−β system, there exists a density pro�le ϕ(z) that describes the compo-

sition along a direction z, perpendicular to the αβ interface. Far away from the interface,

ϕ(z) is �at and equal to either ϕα or ϕβ. Through the interface, ϕ(z) changes continuously

from α to β. To calculate the interfacial tension associated with this interface, van der

Waals proposed the following functional [220]:

γ[ϕ(z)] =

∫ ∞

−∞

[
W (ϕ) +m

(
dϕ

dz

)2]
dz. (5.3)

The �rst term in the integral, W (ϕ), was introduced in Section 3.2.5 and describes the

excess free energy density relative to the phase separated state. The second term, known

as the square gradient approximation, accounts for gradients in composition and is valid

away from the critical point, where density �uctuations in the �uid are short-ranged

[221]. The factor m is given by the second moment of the direct correlation coe�cient, a

generally non-trivial calculation. The density pro�le ϕ(z) which minimises Equation 5.3

is the equilibrium interfacial tension. For our binary phase separated system of Ddx4N*

and solvent, W (ϕp) is easily obtained from the Flory-Huggins free energy of mixing via

Equation 3.28. To �nd m, we look to the work of Scheutjens and Fleer.

Scheutjens-Fleer theory

Scheujtens and Fleer extended the Flory-Huggins lattice theory for polymers to include

gradients in ϕ, permitting the evaluations of interfacial tensions [150, 151]. Consider
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the true interface between the protein dense and poor phases, represented by the black

line in Figure 5.2 (a). Discretization of the interfacial pro�le onto a lattice, where the

occupation of each site is the equilibrium ϕp, allows application of the Flory-Huggins

free energy of mixing expression. Figure 5.2 shows a 2-dimensional representation of this

lattice, where the energy of mixing per of site x is taken as the mean of its interaction

with the neighbouring sites,

∆mU(z) = χ(1− ϕp)[λϕp(z − 1) + (1− 2λ)ϕp(z) + λϕp(z + 1)], (5.4)

where λ is the inverse coordination number of the lattice. For a three dimensional �uid,

λ is typically set to 1/6, represeting a cubic lattice. Introducing ⟨ϕp(z)⟩ to represent the

term in square parentheses on the right hand side of Equation 5.4, the mixing free energy

per unit area of the system is then

Ftot
A

=
∑
z

ϕp(z)

r
lnϕ(z) + (1− ϕp(z)) ln (1− ϕp(z)) + χλ(1− ϕp(z))⟨ϕp(z)⟩. (5.5)

In the continuous limit, the sum in Equation 5.5 becomes

Ftot
A

=

∫ ∞

−∞

[
∆mF + χλ(1− ϕp)

d2ϕp
dz2

]
dz. (5.6)

The total free energy of a two phase system with an interface of area A is given by

Ftot = Fα + Fβ + Aγ. (5.7)

Subtracting 1
A
(Fα + Fβ) from Equation 5.6 therefore gives the interfacial tension as

γ[ϕp(z)] =

∫ ∞

−∞

[
W (ϕ) + χλ(1− ϕp)

d2ϕp
dz2

]
dz. (5.8)

Integration by parts of the �nal term shows Equation 5.8 is equivalent to Equation 5.3,

with λχ = m. Equation 5.5 can be used to numerically calculate the free energy of a phase
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Figure 5.2: (a) Continuous interfacial pro�le (black) approximated by a discretisation in z.
(b) 2D Scheujtens-Fleer lattice with each site populated by volume fractions given in (a). Blue
circles indicate the sites x is considered to interact with through χ.

separated polymer system, including its interface, therefore also the interfacial tension,

without knowledge of the squared gradient coe�cient m.

5.2.2 The capillary length & sessile drops

The equilbrium geometries of the surfaces of sessile droplets resting on smooth surfaces

is determined by surface and gravitational forces. Here, we investigate the utillity of ax-

isymmetric drop shape analysis in measuring the �uid-�uid surface tensions of Ddx4N*,

through measurement of their capillary lengths. The capillary length describes the length-

scale at which the geometry of surfaces are deformed by gravitational forces. It is de�ned

by

ℓc =

√
γ

g∆ρ
, (5.9)

where g = 9.81m s−2, ∆ρ is the density di�erence of the two coexisting phases and γ is

the interfacial tension between the two phases. Through Equation 5.9, knowledge of the

capillary length can be used to obtain the interfacial tension.

The e�ect of gravity on the shapes of sessile droplets is illustrated, Figure 5.3, by

the familliar example of a sessile water droplets in air. As droplets increase in volume
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and their height is pushed through the capillary length of 2.7mm, they transition from

a shperical cap geometry, to a puddle-like shape. This behaviour is fully described, for

axisymmetric drops, by Equation 4.14.

Figure 5.3: Solid lines: equilibrium sessile drop cross sections for a system with ℓc = 2.7mm
(eg. water in air) and a contact angle of 90◦. Dashed lines: spherical cap pro�les for equivolume
droplets as represented by solid lines, also with a contact angle of 90◦.

The degree to which a droplet is deformed under gravity is quanti�ed by the Neumann

number [222,223],

Ne =
R0H0

ℓ2c
, (5.10)

where R0 and H0 are the radius of curvature the apex of the drop and it's height respec-

tively. Ne is a modi�cation to the classic Bond number [224], used to quantify the scaling

of gravitational e�ects on interfaces with system dimensions, speci�c for sessile drops.

Larger values of Ne correspond to greater gravitional distortion of the droplet interface,

as demonstrated by the axisymmetric surfaces plotted in Figure 5.3. Generally, a sessile

drop pro�le with Ne > 0.3 is considered to provide a reliable measurement of the capillary

length [136,222,223].

In the limit of large Ne, sessile drops form puddles with �at tops. The height of

these puddles is found by equating the horizontal forces illustrated in Figure 5.4 [225],

γsβ +
1

2
g∆ρH2

0 = γ + γsα. (5.11)
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Figure 5.4: Puddle con�guration of a sessile drop illustrating the origin of the horizontal
forces in Equation 5.11. γsα and γsβ are the interfacial tensions between phases α and β and
the solid surface respectively. The hydrostatic pressure contribution is given by the solution to∫ H0

0 g∆ρ(H0 − z)dz.

The second term on the left-hand side is the hydrostatic pressure for the puddle integrated

over its height H0. Equation 5.11 is valid when the surface area of the curved region near

the edge of the drop is insigni�cant compared to the total surface area of the drop. The

de�nition of Young's angle (Equation 6.1) allows us to use Equation 5.11 to write

H0 = 2ℓc sin
θ0
2
. (5.12)

The largest drop pro�le in Figure 5.3 is approaching the limit set by Equation 5.12, slighlty

overshooting it due to the �nite curvature at its apex. Drops much larger than H0 are

not physically realisible in an equilibrium system.

Hansen has shown [226] that small deviations from the spherical cap shape, for sessile

drops with contact angles greater than or equal to 90◦, are described by the semi-empirical

relation

ℓ2c =
H2

4.308(1−H/R)
. (5.13)

R and H are the maximum radius of the droplet and the distance from the z coordinate

of that radius to the apex of the drop, as illustrated in Figure 5.5. Equation 5.13 is

quadratic in H and can be rearranged using the quadratic formula to give

H =
−4.308ℓ2c +

√
4.308ℓ2c

√
4.308ℓ2c + 4R

2R
. (5.14)

Figure 5.5 (b) shows Equation 5.14 plotted for ℓc = 2.7mm, along with the shape pa-
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Figure 5.5: (a) Shape parameters in Equation 5.13 for a sessile drop with a contact angle
greater than or equal to 90◦. (b) Shape parameters H and R plotted for solid drop pro�les in
Figure 5.3. Equation 5.14 is plotted with ℓc = 2.7mm as a solid line, the dashed line is de�ned
by H = R, which is satis�ed for non-deformed spherical caps.

rameters for the equilibrium water in air drop pro�les presented in Figure 5.3. Notice

that the largest, most deformed drop, is more deformed than predicted by Equation 5.14,

indicative of the limitations of this relationship. For mildly deformed sessile drops, �tting

of Equation 5.14 to shape parameters R and H permits an evaluation of the capillary

length. Feric et al have used this technique to measure the capillary length and surface

tension of �uorescently tagged nucleoli [11].

5.3 Methods

5.3.1 Sample preparation & imaging

As the reliability of ADSA capillary length measurements scales with condensate size, it

is desriable to image larger Ddx4N* condensates than those generated through nucleation

and growth followed by sedimentation (typically 1-5 µm tall after 1 h). To do this, samples

were prepared by following the protocol detailed in Section 2.8 to step 6, modi�ed to

combine 20µL protein with 20µL bu�er. The heated solution was then removed from

the heating block and allowed to cool to room temperature for 10min, triggering phase

separation. The solution was then centrifuged for 2min at 20 000 rcf to drive coalescence



Results & discussion 117

of condensates. The sedimented condensate was resuspended by vortexing for a few

seconds, before pipetting 9.1 µL onto the coverslip carrying the adhesive spacer. The

sample was then sealed with a second coverslip and allowed to equilibrate for at least 1 h

before imaging.

3D confocal z-stacks of sessile condensates were collected as detailed in Section 4.3.2,

using 2.5 µm Alexa-488 �uorescent dye partitioned into condensates as a contrast agent.

Condensate pro�les were then extracted and �t to the Young-Laplace equation for sessile

drops as detailed in Sections 4.3.3 and 4.3.4.

5.4 Results & discussion

5.4.1 Scheutjens-Fleer calculations

Scheujtens-Fleer theory was implemented using the SFbox software package, which min-

imizes Equation 5.5 and calculates interfacial energies for a given homopolymer. Brie�y,

the software considers that the equilibrium ϕp at each lattice site is given by its Boltz-

mann probability. Conversely, the ϕp dependent free energy of each lattice site returns the

Boltzmann weighting. When the occupation of each lattice site matches its Boltzmann

probability, and the total free energy of the lattice is at a minimum, the optimum pro�le

ϕp(z) has been found. The procedure is to guess a pro�le and minimize the obhective

function, which is computed as the di�erence between the Boltzmann weights and the

occupancy. This amounts to a self-consistent �eld scheme, where the energies associated

with each site are consistent with their occcupancy ϕp [151].

Calculations of Ddx4N* liquid-liquid interfacial tensions was perfomed using a 1D

lattice of 200 sites, with mirrored boundary conditions. The coordination number for the

lattice was set to 6, as is standard for lattice simulations of three dimensional �uids [227].

The protein is input as a polymer consisting of r monomers, where r is the amino acid
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Figure 5.6: (a) Scheutjens-Fleer interfacial pro�les for Ddx4N* 1-229, modelled as a homopoly-
mer of length 234, as a function of the reduced interaction parameter. (b) Fitting calculated
�uid-�uid interfacial tensions γ to a power law allows extraction of γ at desired values of the
interaction parameter χ

count of the construct. The lattice was populated with 12 protein `molecules', giving

a total ϕp of 0.06. The �rst calculation was run with χ = χc − 0.15, with the protein

monomers constrained to the �rst 30 sites. This ensured only one phase separation event

on the lattice. Subsequent calculations, with unconstrained protein monomers, increased

χ by 0.005 up to χ = χc, taking the ϕp(z) pro�le of the previous calculation as the initial

con�guration. As 0.06 is very close to the ϕc given by 3.30 for the Ddx4N* constructs

studied (r = 234 , 236, 239, 241), phase separation was observed in all calculated pro�les,

except when χ = χc. The series of calculations generated pro�les and interfacial tensions,

shown in Figure 5.6 for Ddx4N* 1-229. Interfacial tensions at desired values of χ were

obtained by using the best �t power law, shown in Figure 5.6 (b) for Ddx4N* 1-229. This

permitted a propagation of uncertainty in χ to uncertainty in γ.

The mean-�eld interfacial tensions for the Ddx4N* constructs at 22 ◦C are displayed

in Table 5.2, being of order 10−4Jm−2. The mean-�eld prediction is �uid-�uid interfacial

tension depends only on the strength, not the nature, of intermolecular interactions,

as condensates formed by constructs with larger values of χ display greater interfacial

tensions in Table 5.2. Using the phase diagrams from 3.4, we can calculate a density

di�erence ∆ρ and therefore a mean-�eld capillary length, also shown in Table 5.2, looking

forward to a comparison with experimentally measured values of ℓc.
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Table 5.2: Fluid-�uid interfacial tensions calculated using SFbox, with the associated interac-
tion parameter and predicted density di�erence and capillary length at 22 ◦C. Uncertainties are
calculated from the upper and lower bounds on χ, based on uncertainties in ∆U and ∆S (see
Section 3.4).

Ddx4N* construct γ (10−6Jm−2) χ ∆ρ (kgm−3) ℓc µm

1-229 94.7±0.8 0.6303±0.0004 87.8±1.2 331.6±2.7
1-231 83.76±0.35 0.6251±0.0002 84.3±0.6 318.3±1.3
1-234 71±0.6 0.6182 ± 0.0003 79.5±1.1 301.8±2.5
1-236 57.5±0.04 0.61088±0.00002 74.04±0.08 281.36±0.17

1-236 F�Y 90.71±0.10 0.62757±0.0005 89.07±0.16 322.21±0.34

5.4.2 Measurement of capillary length

The mean-�eld prediction of capillary length for Ddx4N* 1-236 was 281µm at 22 ◦C, the

smallest for the Ddx4N* constructs investigated in this thesis. Veri�cation of this value

would require imaging condensates with
√
R0H0 > 153 µm to achieve Ne > 0.3. The

thickness of the sample chambers used in this work (120µm) prevents the observation of

condensates this tall. However, many reported values of IDP biomolecular condensate

interfacial tensions are much lower than our mean-�eld predictions, taking values as small

as 10−7Jm−2. For the same density di�erences as the Ddx4N* condensates taken from the

phase diagrams in Section 3.4, roughly 80 kgm−3, an interfacial tension this low would

give ℓc ≈ 10 µm, readily measurable using our experimental setup.

Larger Ddx4N* 1-236 condensates, prepared by centrifugation, were imaged on sil-

iconized glass and borosilicate glass coverslips. As the capillary length is a property of

only the �uid-�uid interfacial tension and condensate density, measured values should be

independent of the supporting solid surface. Figures 5.7 (a) (i) and (b) (i) shows their

measured capillary lengths and Neumann numbers, both obtained from ADSA, divided

into reliable and unreliable measurements by a dashed line at Ne = 0.3. The mean capil-

lary length of condensates with Ne > 0.3 is 10.12µm on siliconized glass and 17.7 µm on

borosilicate glass, indicating an interfacial tension around 10−7Jm−2. To investigate the

reliability of these measurements, we check to see if these values are consistent with the

condensate size distributions.
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Figure 5.7: (i) Capillary length ℓc emann number Ne and (ii) shape parameters for sessile
Ddx4N* 1-236 condensates prepared on (a) siliconized and (b) borosilicate glass coverslips. Red
dots indicate condensates with Ne < 0.3.
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Partitioning data by Ne > 0.3 is expected to divide the condensate population based

on their size, with smaller condensates not exhibiting enough gravitational distortion to

permit capillary length measurement [136, 222, 223]. To test this, in Figures 5.7 (a) (ii)

and (b) (ii) we plot the condensate heights against their radius of curvature at their

apex, with condensates where Ne < 0.3 plotted with red markers. The condensates where

Ne < 0.3 are generally the smallest in the population, indicated by low values of H0 and

R0, as expected. However, we do observe condensates with heights exceeding 20.24µm

and 35.4 µm, twice the mean ℓc values for siliconized and borosilicate glass respectively.

2ℓc represents the upper limit of Equation 5.12, If the mean values of ℓc measured from

condensates with Ne > 0.3 are representative of the true value of ℓc, then we expect

these large droplets to be heavily distorted towards a puddle shape, with a contact angle

approaching 180◦. In Figure 5.8 (a) we plot capillary length against condensate height

examining two xz images of condensates overlaid with their ADSA �t in (i) and (ii). The

larger condensate with a contact angle of 78.9◦, Figure 5.8 (a) (i), does not appear as a

puddle and has a measured ℓc of 74.1 µm.

It may be the case that the landscape explored by the minimization algorthim during

condensate pro�le �tting is relatively �at with regards to ℓc, as would be expected if the

true ℓc is much larger than the condensate. This would result in the minimizer being

sensitive to small deviations in the experimentally obtained (r, z) pro�le coordinates,

resulting in an arti�cial ℓc. To explore this, the pro�le cooridnates from the condensates

in Figures 5.8 (a) (i) and (ii) were re�t to Equation 4.14, with �xed values of ℓc, optimizing

only R0 and ∆z. Figure 5.8 (b) shows how the value of the root mean squared error
√
λ,

de�ned by Equation 4.22, varies with �xed values of ℓc. For both condensates, (i) and (ii),
√
λ decreases sharply for very small values of ℓc, before reaching a minima (the values

plotted in Figure 5.8 (a)) and then slowly increasing and plateuing at a stable value,

where the resultant pro�le forms part of an undeformed spherical cap by the time ℓc

reaches its mean-�eld value (see Section 5.4.1). These
√
λ landscapes are not relatively

�at, indicating proper minimization of ℓc.
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Figure 5.8: (a) Condensate heights H0 plotted against their measured capillary lengths ℓc for
Ddx4N* 1-236 condensates resting on siliconized and borosilicate glass coverslips. (i) and (ii)
show xz slices, taken from the centre of condensates, overlaid with their ADSA pro�les, with
their ADSA contact angles inset. (b) Root mean squared error (Equation 4.22) for ADSA pro�le
�ts with �xed ℓc values for condensates (i) and (ii) from (a). Red points indicate the optimum
�ts, the dashed line indicates ℓc = 280.6µm, the prediced mean-�eld value of ℓc. (c) Pro�le
coordinates and ADSA optimum �ts (red) and ADSA �ts setting ℓc = 280.6 µm (black, dashed)
for condensates (i) and (ii).
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In Figure 5.8 (c) we show the pro�le coordinates, along with their best �t pro�le

(red) and the pro�le obtained assuming ℓc = 280.6 µm (black, dashed). Arti�cially �xing

the capillary length to the mean-�eld value results in a pro�le �t that does undulates

around the optimum �t, increasing the mean squared error from 0.02µm to 0.34µm for

condensate (i) and from 0.02µm to 0.37µm for condensate (ii). Taken together with

Figure 5.8 (b), these data show the sensitivity of the minimization to small changes in

experimental drop pro�le coordinates.

According to the work of Hell et al, we should observe a decrease in �uorescence

intensity as our focal plane extends deeper into the sample [201]. This may have an

adverse a�ect on identi�cation of condensates through binarization, especially near the

apex of large condensates, reducing their apparent height and capillary length. In Figure

5.9 (a) we illustrate a vertical line, through the xyz centroid of the condensate shown

in Figure 5.8 (a) (i). In Figure 5.9 (b) we plot the pixel intensity, measured along this

corresponding line, in the Gaussian �ltered 3D confocal image containing the condensate,

generated as detailed in Section 4.3.3. There is a general decrease in intensity through

the droplet, as expected. IT marks the binarization threshold identi�ed using Otsu's

algorithm [204] as detailed in Section 4.3.3. The threshold intersects the intensity trend

at the apex of the droplet, as opposed to slicing the cap o�. This indicates minimal

impact of this aberration on the identi�cation of the droplet apex.

To further examine the capillary length of Ddx4N* 1-236, we consider Equation 5.14,

which provides an alternative route to ℓc through �tting the function to H and R for

condensates with contact angles greater than 90◦. In Figures 5.10 (a) and (b) we see

Equation 5.14 �t to condensate shape parameters for Ddx4N* 1-236 on siliconized and

borosilicate glass coverslips respectively. On both surfaces, the small condensates lie on

the dashed line, indicating they are well described as undeformed spherical caps. For

larger values of R and H, condensates deviate from the spherical cap geometry, but in a

manner poorly described by Equation 5.14. For a constant value of ℓc, R is expected to

increase faster than H, until H plateaus. The data in Figures 5.10 (a) and (b) deviates
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Figure 5.9: (a) Maximum diameter xz slice of a Ddx4N* 1-236 condensate. (b) Intensity along
I from (a) acquired after applying the Gaussian �lter as detailed in Section 4.3.3. IT represents
the binarization threshold obtained using Otsu's algorithm as detailed in Section 4.3.3 and H0

is the position of the apex of the condensate according to this binarization threshold.

from spherical cap geometry at roughly 8 µm in both cases, before transitioning to another

linear regime. Again, this is indicative of an apparent increase in ℓc with condensate size.

To test whether the positive relationship between ℓc and condensate size is unique to

Ddx4N* 1-236, we proceeded to perform ADSA on Ddx4N* 1-229 condensates of siliconized

glass and borosilicate glass coverslips, also prepared through centrifugation. In Figures

5.11 (a) (i) and (b) (i) the ADSA capillary lengths are plotted against Neumann numbers.

Again, we see populations of condensates with Ne > 0.3, with ℓc ∼ 10 µm. However,

Figures 5.11 (a) (ii) and (b) (ii) show no clear relationship between Ne < 0.3 and H0 or

R0, unlike the data presented in Figures 5.7 (a) (ii) and (b) (ii). In Figure 5.11 (a) we

plot the Ddx4N* 1-229 condensate heights against their capillary lengths, for those with

Ne > 0.3. A similar trend is observed as in Figure 5.11 (c), whereby larger condensates

exhibit larger capillary lengths. The two xz slices overlaid with ADSA pro�le �ts show

condensates with similar contact angles, indicating this e�ect is not a result of contact

angle di�erences, such as those seen in Figure 5.8 (a).

To further examine the ubiquity of size dependent values of ℓc, we performed ADSA

on Ddx4N* 1-231, 1-234 and 1-236 F�Y condensates on borosilicate and siliconized glass.

Figure 5.12 (a) shows signi�cant populations of condensates with Ne > 0.3 for all Ddx4N*

constructs. All Ddx4N* constructs display an increasing ℓc with condensate height, sug-
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Figure 5.10: Equation 5.14 �t to shape parameters H and R for Ddx4N* 1-236 condensates
on (a) siliconized glass and (b) borosilicate glass coverslips. The dashed line at H = R indicates
the relationship expected for a spherical cap.

gesting the general e�ect is indi�erent to the mutations introduced in Chapter 3. Taken

together, these data do not allow the experimental evaluation of a single capillary length

for each Ddx4N* construct. They also do not permit a rejection of the predicted cap-

illary lengths presented in Table 5.1, as there remains the possibility that much larger

condensates would return these values.
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Figure 5.11: (i) Capillary length ℓc plotted against Neuemann number Ne and (ii) shape
parameters for sessile Ddx4N* 1-229 condensates prepared on (a) siliconized and (b) borosilicate
glass coverslips. Red dots indicate condensates with Ne < 0.3. (c) Condensate heights H0

plotted against their measured capillary lengths ℓc for Ddx4N* 1-229 condensates resting on
siliconized and borosilicate glass coverslips. Arrows point to condensate xz images overlaid with
ADSA pro�le �ts with their ADSA contact angles.
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Figure 5.12: (a) Capillary length ℓc plotted against Neuemann number Ne for all Ddx4N*

condensates on borosilicate and siliconized glass coverslips. 14 points lie outside the plot range;
13 with Ne < 10−30 and ℓc > 1011µm, one with (Ne, ℓc) = (14.05, 8.3µm). (b) ℓc as a function of
condensate height H0 for all Ddx4

N* condensates where Ne > 0.3 on borosilicate and siliconized
glass coverslips.

Discussion

The presented measurements of ℓc using both axisymmetric drop shape analysis and the

semi-empirical relationship given by Equation 5.13, are suggestive of a value of a size-

dependent capillary length. We have shown this is unlikely to be caused by the image

analysis and subsequent shape �tting and is also independent of condensate contact angle.

What has not been explored, is an alternative imaging set up, allowing an investigation

of inherent, unaccounted for, aberrations in our confocal microscopy system. In Section

4.3.3, the change in refractive index between the glass surface and the sample solution

was seen to introduce a blur in the image, making it di�cult to identify the solid-liquid

interface using the �uorescence channel. The condensate phase is expected to have an

increased refractive index, relative to the surrounding protein poor phase (∼ 1.36 vs

1.33), [202]. It is possible this introduces a similar aberration at the apex of condensates,

where the change is most stark. As this is an issue with the imaging set-up, any error will

be carried through to pro�le �tting.
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To consider a physical explanation of conensate size-dependent capillary lengths, we

recall

ℓc =

√
γ

g∆ρ
. (5.15)

Therefore, we are concerned with an increase in the ratio of the interfacial tension to

density di�erence between the condensate and its surrounding protein-poor phase. Fluid-

�uid interfacial tensions are known to be dependent on the local curvature of the interface

R, and therefore condensate size, as described by the Tolman length δ, which augments

γ by a factor 1 + 2δ
R

[228]. Typically, δ is on the order of the molecular lengthscale.

Increased ℓc with size suggests an increasing γ, therefore a negative Tolman length. In

this case, small condensates would be predicted to have very low �uid-�uid interfacial

tensions, with decreasing capillary lengths. We do observe this behaviour, but not in

the form ℓc ∼ 1/
√
R, in accordance with a Tolman length e�ect. Raising the value of

γ as condensate size increases would be expected to have a knock-on e�ect on contact

angles, driving large condensates towards a value of 90◦. This is not consistent with the

data subsequently presented in Chapter 6, therefore we �nd a size dependent �uid-�uid

interfacial tension unlikely.

Alternatively, an increasing ℓc may be explained by a decreasing ∆ρ with condensate

size. The contact angle is also dependent on the interfacial tension of the condensate

with solid surface below, inherently governed by the composition of the condensate. As

∆ρ parameterises the composition of the condensate, we may again, expect to see a size

dependent contact angle. In Chapter 6 we do present size dependent contact angles, but

with values that stabilise for larger condensates, as opposed to the unstable values of

ℓc reported in this section, providing evidence to reject an e�ect on ∆ρ. To investigate

size dependent values of ∆ρ, future work could focus on quantifying the condensates

interior Ddx4N* concentration, using a carefully �uorescently labelled protein enabling

concentration measurement through �uorescence microscopy. The work of McCall et
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al [202] provides an alternative, label free measurement of protein concentration through

quantitative phase microscopy, allowing us to address this issue.

5.5 Conclusions & outlook

We have demonstrated the numerical calculation of �uid-�uid interfacial tension for

Ddx4N* condensates utilising the Scheutjens-Fleer framework. These calculations take

as input the Flory-Huggins mean-�eld interaction parameters obtained by the �tting of

phase diagrams presented in Chapter 3. Numerical calculation of �uid-�uid interfacial

tension also permitted the prediction of capillary lengths. To verify the applicability of

Scheutjens-Fleer theory to biomolecular condensates, we obtained experimental values of

condensate capillary lengths using axisymmetric drop shape analysis. In doing so, we ob-

served an unexpected size dependency, wherein the capillary length was seen to increase

with condensate heights.

To investigate this observation, we closely examined the drop shape analysis pro-

cedure. The positive relationship between capillary length and condensate size was not

explained by poor shape �tting, or by aberrations. We also found a similar trend when

using an alternative semi-empirical relationship, entirely independent of condensate con-

tact angles, to analyse the capillary length of a population of condensates. We considered

a possible a Tolman length e�ect, as well as potential variance of composition between

condensates, but found these to be inconsistent with the data presented in this chapter,

and subsequently in Chapter 6.

As a whole, we �nd it speculative that the Ddx4N* condensate systems presented

do indeed exhibit a size-dependent capillary length. Further experiments are required to

con�rm this and to enable a con�rmation or rejection of our mean-�eld calculations of

capillary length. In 2021, Ijavi et al [136] measured biomolecular condensate interfacial

tensions and densities using a combination of ADSA and sedimentation velocity mea-
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surements. They utilised bright �eld microscopy to image sessile condensates ∼ 500 µm

in height, capturing images from a side-on perspective to obtain capillary lengths. This

circumvents the axial aberrations associated with the confocal microscopy set-up used

in this chapter. The implementation of a similar experimental set up would allow the

veri�cation of the predicted Ddx4N* capillary lengths. We also note that they did not

mention any size dependent ∆ρ or γ during their experiments on condensates composed

of intrinsically disordered protein FUS267. Future experiments should also focus on alter-

native measures of capillary lengths, for example through characterisation of the menisci

formed by condensed protein phases in the vicinity of vertical walls [219]. This removes

any e�ect of size from the experiment, as the form of the menisci is dependent only on

the capillary length and contact angle.
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Chapter 6

Molecular Determinants of Conden-

sate Wetting

ABSTRACT

Here, we are concerned with the organization of biomolecular condensates at surfaces

through wetting. We motivate this through an overview of intracellular wetting phenom-

ena, in particular, the observation that non-speci�c membrane wetting by biomolecular

condensates is yet to be reported. Through applying axisymmetric drop shape analysis, we

perform precise measurements of Ddx4N* condensate contact angles on a model membrane,

comprising a supported lipid bilayer, revealing an intrinsic repulsion. Carrying forwards

the Ddx4N* mutants introduced in Chapter 3, their contact angles are also measured on

hydrophilic and hydrophobic glass surfaces, allowing an investigation into the hydropho-

bic forces dictating Ddx4N* condensate wetting. We also reveal the e�ect of line tension

in governing wetting behaviour, measuring a line tension length relevant for intracellular

condensates.

131
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6.1 Introduction

The wetting behaviour of a surface describes its tendency to be wet by a given liquid, and

is characterised by the contact angle θ [225]. Figure 6.1 shows three distinct cases, whereby

the surface exhibits total wetting, partial wetting and total drying - an absence of wetting.

The particular contact angle is determined by a minimization of the total interfacial

energy, which is dependent on the compositions of the three phases in contact and the

interaction of molecules at their surfaces. Wetting phenomena are familliar in nature; the

structure of duck feathers and plant leaves, with high water-in-air contact angles, keep the

animal dry and funnel water towards the roots respectively [229, 230]. With the advent

of the study of functional, liquid-like intracellular biomolecular condensates [4,231], there

is growing interest in the contribution of wetting phenomena to the interior organization

of the cell.

Figure 6.1: The wetting behaviour of liquids at surfaces falls into three distinct categories,
and is characterised by the contact angle θ.

Recent evidence shows the formation of intracellular condensates from a well-mixed

cytoplasm/nucleoplasm, by liquid-liquid phase separation [110, 177, 195]. Heterogenous

nucleation theory predicts condensates, forming from a well mixed solution, should nu-

cleate (and grow) primarily on surfaces which they preferentially wet [232�234]. The

localisation of condensates to intracellular surfaces is indeed observed, with some intra-

cellular condensates partially wetting the plasma membrane [27, 29, 115�119, 121�125],

while others wet membrane bound organelles [119] or cytoskeletal elements [113,114,235].
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In all reported cases of membrane wetting condensates, the phenomenon is driven by spe-

ci�c protein-protein interactions between condensate components and membrane bound

proteins. It is also apparent that the majority of intracellular condensates, both endoge-

nous and exogenous, form and remain suspended in the protoplasm, with no obvious

interaction with membrane surfaces.

We hypothesise there is an inate repulsion between intracellular condensates and

membrane surfaces, encoded in the sequences of their dominant (sca�old) proteinacious

components. To investigate this, we use axisymmetric drop shape analysis to measure

the contact angle of model Ddx4N* condensates on a model membrane, composed of a

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer resting on glass. We

then proceed to measure contact angles on hydrophilic and hydrophobic glass surfaces,

allowing elucidation of the contribution of hydrophobic forces to condensate wetting. In

this conjunction, we discover the impact of line tension in determining the size-dependent

contact angle of Ddx4N* condensates.

This chapter commences with theoretical background on the interfacial forces con-

tributing to contact angles, with reference to theoretical models for solid-liquid interfacial

tensions and line tension, concluding with a discussion of line tensions in molecular sys-

tems. The preparation of POPC supported lipid bilayers is then detailed, along with the

procedure used to clean borosilicate glass coverslips. The results & discussion begins with

evidence supporting a line tension e�ect, manifest as size-dependency in measured contact

angles. Contact angle measurements of the Ddx4N* constructs introduced in Section 3.1.1

is then performed on the POPC billayer, siliconized (hydrophobic) and untreated (hy-

drophilic) borosilicate glass surfaces. The chapter concludes with a contextual discussion

of the presented results.
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6.2 Theoretical background

6.2.1 Wetting & interfacial tension

Figure 6.2 shows the forces governing wetting, illustrated for a droplet of phase α, with

�uid-�uid interfacial tension γ, resting on a smooth solid surface s, surrounded by its

coexisting �uid phase β. γsj represents the interfacial tension between the solid and

phase i, τ represents the line tension at the three phase contact line and r represents the

radius of the contact line. At equilibrium, the net force on the droplet interface is zero.

For a large drop or small line tension, where τ/r → 0, resolving the horizontal forces in

Figure 6.2 gives

cos θ =
γsβ − γsα

γ
. (6.1)

This is Young's equation, dating back to 1805 [197], showing that contact angles, in

the absence of line tension e�ects, are determined by the relative interfacial tensions

of the three surfaces in contact. As the interaction between phases α and s becomes

more favourable, the contact angle decreases, increasing the area of the sα interface and

decreasing the area of the sβ interface. Equation 6.1 has two limiting cases. For total

wetting, where θ = 0◦,

γsβ = γsα + γ. (6.2)

At a glance this seems like a rare case. With α and β in equilibrium, γsβ will never be

greater than γsα+ γ, as a microscopically thin �lm of α is always able to form between β

and s, if it serves to decrease γsβ [102]. This is Antonow's rule [236], and applies equally

well to the converse case of total drying, where θ = 180◦;

γsα = γsβ + γ. (6.3)
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Figure 6.2: The contact angle, θ, of a sessile drop is determined by balancing forces. These
are the �uid-�uid interfacial tension γ between α and β, the solid-�uid interfacial tensions γsα
and γsβ, and the line tension τ . r is the contact radius at the base of the drop.

From Antonow's rule, we see that if a contact between α and s through phase β would

result in an overall increase in interfacial energy, we instead observe no contact and total

drying of s by α.

Cahn, Nakanishi and Fisher [111, 237] have extended the theory of van der Waals

(see Section 5.2.1) to give a description of wetting in two component systems, where the

interfacial tensions at solid walls are found by minimizing the folowing with respect the

composition pro�le ϕ(z):

γsα = Φ(ϕ(z = 0)) +

∫ ∞

0

[
W (ϕ(z)) +m

(
dϕ(z)

dz

)2]
dz, (6.4)

Here, the wall is considered to be perpendicular to z and positioned at z = 0, and

gravitational e�ects are ignored. The term Φ describes the free energy per unit area at

the solid surface, while the �rst term in the integral describes the cost of deviations in

ϕ from its bulk value, and the second term accounts for gradients in ϕ. The excess free

energy densityW (ϕ), and square gradient coe�cientm, are discussed in Sections 3.2.5 and

5.2.1 respectively. Solid-liquid interfacial tensions are therefore determined by both the

direct interactions of the constituent molecles of the liquid with the solid, and the penalty

associated with disturbing these molecules from their bulk equilibrium arrangement.



136 Molecular Determinants of Condensate Wetting

6.2.2 Line tension

Considering the forces in Figure 6.2 for sessile droplets where line tension is not insignif-

icant, gives the modi�ed Young's equation [238,239]

cos θ =
γsβ − γsα

γ
− τ

γr
. (6.5)

Line tension may be positive or negative and may drastically increase or decrease contact

angles of sessile drops. The ratio τ/γ de�nes a lengthscale, the line tension length, below

which line tension e�ects on θ are visible. Just as interfacial tension arises from the

deviaions from bulk equilibrium compositions necessitated by the formation of interfaces,

line tension is rooted in the extra structure associated with the formation of the three

phase contact line [102]. Its value may be modelled using an interface displacement model,

which we proceed to outline [240].

Consider the arrangement of molecules in the vicinity of a solid substrate for the

sessile drop shown in Figure 6.3 (a). As the drop interior is approached from the exterior,

along vector x, the arrangement of molecules in the vicinity of the solid substrate changes

continuously from one which gives rise to γsβ, to an arrangement which gives rise to γsα.

The excess free energy associated with this region is the line tension, which has units

J/m. The free energy potential V (per unit area) along x is plotted in Figure 6.3 (b) for

positive and negative line tensions.

Substitution of Equation 6.1 into Equation 6.5 gives

cos θ = cos θ0 −
τ

γr
, (6.6)

where we consider θ0 to be Young's angle, de�ned by Equation 6.1, the asymptotic limit

of Equation 6.5 as r → ∞ [145,241]. We now see that positive line tensions are associated

with contact angles greater than Young's angle for droplets with contact radii of order
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Figure 6.3: (a) Sessile drop resting on a solid surface, vector x captures molecules in the
vicinity of the solid surface, at the solid-�uid interfaces. (b) Free energy per unit area V along
vector x for positive (�lled line) and negative (dashed line) line tensions.

τ/γ and smaller, vice versa for positive line tensions. Equation 6.6 is linear in 1/r and

can be readily �tted to contact angle measurements, allowing an extraction of Young's

angle and the line tension length [146].

Reported values of line tensions are well reviewed by Amirfazli and Nuemann [242],

and more recently by Law et al [243]. Theoretical and computationally calculated line

tensions for model systems including: colloidal particles at liquid interfaces [244, 245],

electrolyte solutions on charged surfaces [246] and soap �lms at liquid interfaces [102,247]

give values of magnitude 10−12 − 10−10Jm−1 [248�255]. Experimental measurements of

line tension are generally restricted to water-air or water-oil systems in contact with

inorganic substrates, with magnitudes scattered in the range 10−12 − 10−5Jm−1 [145,

256�260]. Theoretical, computationally calculated and experimentally measured values of

line tension may be positive or negative. To the authors knowledge, there have been no

investigations into line tension e�ects in biomolecular condensate systems.
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6.3 Methods

6.3.1 Supported lipid bilayer preparation by vesicle fusion

To observe the interaction of biomolecular condensates with cellular membranes in a

controlled environment, a model membrane in the form of a supported lipid bilayer (SLB)

was prepared. The model membrane is composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC), who's skeletal formula is given in Figure 6.4 (a). Its hydrophilic

headgroup and hydrophobic tail drives the spontaneous formation of bilayers, manifest in

solution as vesicles, which are often multilamellar. Vesicle fusion is a standard technique

for preparing SLBs [261], where vesicles fuse and rupture atop a solid, hydrophilic support,

creating a lipid bilayer [262].

The following protocol is adapted from references [263,264] and uses POPC supplied

as 100mg powder in sealed ampules from Avanti®. First, the ampule is aliquoted and

prepared as lipid �lms, then lipid �lms are resuspended and processed to form small

unilamellar vesicles (SUVs). Finally, SUVs are deposited on borosilicate glass to generate

a SLB.

Preparation of lipid �lms

20× 10mL and a single 10mL glass phial(s) were washed with isopropanol, dried with

nitrogen gas and desicated under vacuum for 1 h. To a 100mg ampule of POPC, 5mL

chloroform was added using a glass syringe previously washed with chloroform, instantly

dissolving the lipids to form a clear solution. The POPC solution was then added to the

20mL phial, the air in the phial replaced with nitrogen gas and the solution topped up

to 20mL with chloroform and bath sonicated for 5min. After sonication, 1mL POPC

solution was added to a clean 10mL glass phial. The chloroform was evaporated under

a moderate �ow of nitrogen gas, rotating the phial at a tilt to create a lipid �lm on the
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Figure 6.4: (a) Skeletal formula of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine phospho-
lipid. (b) Illustration of vesicle fusion leading to the formation of a supported lipid bilayer. (c)
Atomic force microscopy micrographs of plasma treated borosilicate glass and a supported lipid
bilayer (see text).
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walls of the phial. This was repeated until 20 aliquots containing 5mg POPC had been

prepared. Aliquots were stored under vacuum overnight with a loose lid to remove any

moisture, then at -20 ◦C for longer term storage with the lid screwed tight.

Preparation of SUVs

5mg POPC was dissolved in 5mL SUV bu�er and vortexed until no lipid �lm was visible

on the inner surface of the phial. The lipid solution was freeze-thawed 5× by holding

the phial in liquid nitrogen for 1min and then at 50 ◦C in a water bath for 7min to

rupture large multilamellar vesicles. The solution was transferred to a clean, plastic

250mL beaker, before 45mL SUV bu�er was added. The beaker was placed on ice during

probe sonication, performed with a Fisherbrand® Model 705 Sonic Dismembrator with

process settings: amplitude 55, process time 15min, pulse-on time 3 s, pulse-o� time 10 s.

The sonicate was centrifuged in a 50mL Greiner Bio-One� Polypropylene Conical Bottom

Test Tube, the supernatant was then transferred to a fresh 50mL tube. The air in the

tube was replaced with nitrogen gas before storage at 4 ◦C. SUVs were used within 3 days

of preparation.

Lipid coating of borosilicate glass

10 borosilicate glass coverslips (Agar Scienti�c Ltd. 22 mm No. 1.5) were cleaned with

nitrogen gas, isopropanol, nitrogen gas again and wiped with lens paper (Fisherbrand�).

Each surface of the coverslips was treated with an oxygen plasma for 5min before submer-

sion in 2× petri dishes containing 25mL POPC SUV solution (5 coverslips in each dish).

The dishes were left on a rocker for 60min to allow the supported lipid bilayer to form by

vesicle fusion (see Figure 6.4 (b)). The solution in the petri dish was exchanged for fresh

SUV bu�er twice, with 30min on the rocker between washes, to remove excess SUVs.

Coated coverslips were dried with nitrogen gas and placed in a fresh petri dish before

storage under vacuum. SLB coated coverslips were used within 3 days of preparation.
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Quality control

Atomic force microscopy was performed by Dr Robert Jacobs (Oxford surface forces anal-

ysis lab) on a coverslip coated with POPC, and another coverslip cleaned with isopropanol,

plasma treated and submerged in SUV bu�er without any POPC and left to dry overnight.

Figure 6.4 (c) shows distinct patterning on the POPC treated glass, in contrast to the

untreated surface, indicating successful adhesion of a lipid bilayer.

6.3.2 Sample preparation, imaging & analysis

Sessile condensates were prepared on POPC bilayer coated coverslips, borosilicate glass

coverslips and siliconized glass coverslips, roughly following the protocol detailed in Sec-

tion 2.8, with modi�cations a�ording the generation of multiple sizes of condensates.

Following the protocol to step 10 and allowing the sample to cool to room temperature

generated condensates with maximum dimension 10µm. Condensates with maximum di-

mension 20µm were prepared by following the protocol to step 6, then allowing the tube

containing the phase separating solution to cool to room tempertaure for 10 mins. The

rest of the protocol was then followed, keeping the glass coverslips and sample at room

temperature. The largest condensates were generated by centrifugation, as detailed in

Section 5.3.1. Note that for samples prepared on supported lipid bilayers, the POPC

coated coverslips always kept at room temperature.

3D confocal z-stacks of sessile condensates were collected at room temperature (≈

22 ◦C) as detailed in Section 4.3.2, using 2.5 µm Alexa-488 �uorescent dye (unless stated

otherwise) partitioned into condensates as a contrast agent. Condensate pro�les were then

extracted and �t to the Young-Laplace equation for sessile drops as detailed in Sections

4.3.3 and 4.3.4, permitting an evaluation of contact angle on a per-condensate basis.
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6.4 Results & discussion

6.4.1 Ddx4N* condensates exhibit a positive line tension

It is crucial for contact angle interpretation to establish whether line tension plays a role,

resulting in size-dependent contact angles, as is illustrated by Equation 6.5. Considering

the predicted �uid-�uid interfacial tensions of the Ddx4N* condensates studied in this

thesis are of order 10−5Jm−2, while general values of line tension are in the range 10−12−

10−5, we may expect a line tension length in the broad range 10−7 − 10−1m. We now

present and investigate the size dependency of Ddx4N* 1-229 condensates on siliconised

glass.

Preparation of sessile condensates by centrifugation generated condensates with con-

tact radii ranging from 3 to 35µm (see Figure 6.5 (a)). To control for any e�ects of high

g-forces on condensates, another sample was prepared whereby the phase separating solu-

tion was left on the bench for 18 h. This generates large condensates through coalescence

through gravity induced sedimentation, avoiding the use of high g-forces. Sedimented con-

densates were resuspended by lightly �icking the sample tube, before being loaded onto a

siliconized glass coverslip, before sealing using adhesive spacers and a second siliconized

glass coverslip as in Section 2.8. As usual, sessile condensates were left to equilibrate for

1 h.

Figure 6.5 (a) shows the pro�le coordinates, with their best �t pro�les from ADSA

for both sample preparation techniques. The pro�les of condensates prepared by centrifu-

gation overlap with those prepared by sedimentation, indicating the `harsher' method of

inducing coalescence through centrifugation does not alter the shapes of sessile conden-

sates, suggesting both preparation methods result in equilibrium liquid drops. Figure 6.5

(b) shows xz slices of condensates taken from the centrifuged samples, with ADSA pro�les

re�ected about r = 0 and overlaid, with the measued contact angle inset. The condensate
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Figure 6.5: Caption on next page.
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Figure 6.5: Sessile Ddx4N* 1-229 condensates resting on siliconised glass, imaged with 5 µm
Cy3B. (a) All pro�le coordinates and their �ts, shown for condensates prepared by centrifugation
in triplicate with 18, 40 and 8 condensates from each sample, and for condensates prepared by
sedimentation in duplicate, with 6 and 2 condensates from each sample. (b) ADSA pro�les
overlaid on xz slices of condesates, taken at their diameter, for condensates ranging from 2.2 µm
(i) to 36.6 µm (iv). The contact angles from ADSA �tting are inset. (c) Contact angles and
contact radii from condensates in (a), �t to Equation 6.6 (solid line), weighting the independent
variable 1/r as r2. The dashed lines indicate the 95% con�dence bands on the line of best
�t, with the goodness of �t shown by the R2 value. (d) The data and best �t lines from (c)
transformed into the (r, θ) plane. The best �t Young's angle and line tension length are inset
with their uncertainties.

shown in (i) is at the limit of acceptable size for ADSA, and has a contact angle larger

than (ii), which is larger than (iii) and (iv), a clear dependency of contact angle on con-

densate size. Equation 6.6 was �t in Figure 6.5 (c) with strong correlation, using linear

regression, to the contact angle and contact radii extracted from the �ts in Figure 6.5 (a).

In the �tting, contact radii were weighted as r2, as the solid surface area sampled by each

condensate scales as r2. In Figure 6.5 (d) we map the data from Figure 6.5 (c) onto the

(r, θ) domain. A size dependent contact angle is clearly visible at lengthscales far beyond

the axial and lateral resolution limits of the optical setup (see Section 4.3.2). The best

�t Young's angle and line tension length for this system are 47.6±0.5◦ and 1.3±0.08µm

respectively.
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Figure 6.6: Sessile Ddx4N*1-229 condensates resting on siliconized glass, imaged with 2.5 µm
Alexa-488. The 23 orange datapoints correspond to condensates prepared by centrifugation,
the 61 green datapoints correspond to condensates prepared by allowing condensates to phase
separate in the sample tube and allowing them to sediment and coalesce for 10min before
imaging. Blue datapoints correspond to condensates prepared as described in Section 4.3.1. (a)
Linear �t of Equation 6.6 to condensate contact angles and contact radii, dashewd lines show
the 95% con�dence bands. (b) Datapoints and �t from (a) transformed into the (r, θ) plane.

The data presented in Figure 6.5 were collected using 5 µm Cy3B as the �uorescence

contrast agent. To test whether the observed line tension e�ect was dependent on the

identity of the �uorescent dye in the sample, an analogous experiment was set up with

2.5 µm Alexa-488 dye. These data were �t to Equation 6.6, as shown in Figures 6.6 (a)

and (b). The value of Young's angle has decreased, from 47.6±0.5◦ to 36.5±1◦, upon

swapping Cy3B for Alexa-488, indicating a degree of dye-dependent wetting. However,

the line tension length, 1.34±0.07µm is the same (within error) as that measured with

Cy3B, suggesting the e�ect is an intrinsic property of the condensate. Subsequently, we

present contact angle measurements of the Ddx4N* 1-229, 1-231, 1-234, 1-236 and 1-236

F�Y condensates on a supported lipid bilayer, siliconized glass and borosilicate glass in

Figures 6.8 and 6.10. As the data presented in Figures 6.5 and 6.6 is suggestive of a

line tension e�ect, we have �t Equation 6.6 to all these data. The measured line tension

lengths are summarised in Table 6.1.

In the cases where a strong line tension was not observed (Ddx4N* 1-236 on siliconized
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Ddx4N* construct
line tension length (µm)

SLB borosilicate glass siliconized glass

1-229 - 1.04±0.03 1.34±0.07
1-231 - 1.19±0.05 1.67±0.06
1-234 - 1.23±0.05 1.26±0.05
1-236 0.7±0.04 - -

1-236 F�Y 0.45±0.03 1.7±0.06 1.39±0.08

Table 6.1: Line tension lengths measured for Ddx4N* condensates on supported lipid bilayers
(SLB), borosilicate glass and siliconized glass surfaces. Uncertainties are reported as the 95%
con�dence interval in the �t to Equation 6.6. Entries marked with a dash are state points where
Equation 6.6 was poorly �t, quanti�ed by a R2 < 0.4.

glass and borosilicate glass, Ddx4N* 1-229, 1-231, 1-234 on the supported lipid bilayer) we

may expect the contact angle data to be too noisy to �t, or the true line tension length

to be too small (< 0.1 µm) to have an e�ect on our condensates. Further experiments

are needed to con�rm this. Where Equation 6.6 is well �t, the line tension is positive,

with a line tension lengths clustered around 1 µm. A positive line tension length of this

magnitude, is expected to have a deleterious impact on intracellular condensate wetting, as

this is the relevant lengthscale describing the size of many endogenous condensates [4,265].

The data in Table 6.1 imply greatly inhibited nucleation of Ddx4N* 1-229, 1-231, 1-234 and

1-236 F�Y condensates on borosilicate glass and siliconized glass surfaces, and Ddx4N*

1-236 and 1-236 F�Y on the SLB [266]. These data could therefore be validated by

setting up carefully controlled nucleation experiments, providing a basis for future work.

The �uid-�uid surface tension in our system is likely of order 10−5Jm−2 (see Section

5.4.1), giving a line tension of ∼ 10−11Jm−1. This is on the lower range of reported

experimental values, similar to theoretical values calculated for �uids considering only van

der Waals interactions [243, 245]. Larger experimental values of τ , of order 10−6Jm−1,

are attributed to gravitational contributions. Clearly, we may rule this out, as this would

require condensate �uid-�uid interfacial tension of order 10−1Jm−2, greater than the

interfacial tension at the water-air interface.
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6.4.2 Ddx4N* condensates are repelled by lipid bilayers

The lack of intracellular condensate wetting on intracellular membranes, without facili-

tation by direct interactions with membrane proteins, suggests an intrinsic repulsion be-

tween condensates and membrane surfaces. To study this in a controlled environment, we

introduce a POPC model membrane, prepared on borosilicate glass as a supported lipid

bilayer (SLB) as detailed in Section 6.3.1. POPC is a common reagent used to prepare

biomimetic SLBs, with its phosphatidyl head group found on over 50% of the eukaryotic

membrane phospholipids [267]. In the sample set up used in this thesis, gravity serves to

bring condensates into contact with the SLB, allowing a measurement of their contct an-

gles. By comparing the wetting behaviour of the Ddx4N* constructs introduced in Section

3.1.1 on the model membrane, we aim to infer how the interaction between condensates

and membranes is a�ected by protein-protein electrostatic and cation-π interactions.

In Section 6.3.1, atomic force microscopy was used to examine the surface of the SLB

coated glass, showing a distinct structure compared to uncoated glass (see Figure 6.4 (c)).

To further con�rm the presence of a SLB, Ddx4N* 1-229 condensates were prepared on

both coverslips treated with POPC and coverslips equiavelently treated with isopropanol,

plasma and SUV bu�er, without any POPC to serve as a control. Figure 6.7 we plot the

measured contact angles as a function of contact radius. We see contact angles in the

control experiment are well separated from those measured on the supported lipid bilayer,

indicating a successful coating of coverslips.

Con�dent in the generation of a supported lipid (POPC) bilayers, Ddx4N* conden-

sates were prepared on SLBs and imaged 1-4 h after preparation. Figure 6.8 (a) shows all

Ddx4N* constructs showed partial wetting behaviour, with contact angles almost unani-

mously greater than 90◦. As we expect a line tension e�ect, Young's angles were meaured

by �tting Equation 6.6. In the case of a poor �t, as for constructs 1-229, 1-231 and

1-234, we de�ned Young's angle as the mean contact angle θ̄, weighted by r2. In Figure



148 Molecular Determinants of Condensate Wetting

Figure 6.7: Contact angles and radii plotted for sessile Ddx4N* 1-229 condensates resting on a
supported lipid bilayer and a surface prepared equivalently, in the absence of POPC (see text).

6.8 (b) we plot the measured Young's angles against the absolute net charge per residue

(NCPR) for each Ddx4N* construct. All constructs show a Young's angle greater than

90◦, therefore a higher interfacial tension between the condensates and the bilayer than

between the bilayer and the protein poor phases. This indicates the bilayer prefers to be

wet by the protein-poor phase, due to a relative repulsive interaction between the bilayer

and condensates. These data show no obvious dependency of θ0 on NCPR. Equally, the

contact angle is una�ected by the F�Y substitution. Taken together, these data show

condensate-POPC bilayer interactions are unlikely to be electrostatic in nature, or involve

the cation-π interaction.
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Figure 6.8: (a)-(e) Contact angles and radii plotted for sessile Ddx4N* condensates resting on
a POPC supported lipid bilayer. θ̄ is calculated as the mean contact angle, weighted by the
contact area, with the uncertainty reported as the equivalently weighted standard deviation.
All data were collected between 1 and 3 hours after phase separation. We did not see any
time-dependent phenomena. (f) Young's angles (see text) for Ddx4N* condensates on a POPC
supported lipid bilayer plotted against the absolute net (negative) charge per residue of the
Ddx4N* chain.
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6.4.3 Hydrophobic determinants of condensate wetting

In Section 6.4.2 we saw the relative repulsion between Ddx4N* condensates is and the

POPC bilayer is not electrostatic in nature, or a�ected by cation-π interactions. In Section

3.4 we identi�ed hydrophobic interactions between hydrophobic residues as a key driver of

Ddx4N* phase separation. We now characterise the e�ect of hydrophobic interactions on

condensate wetting, by introducing two more surfaces: siliconized glass and borosilicate

glass. To characterise these surfaces, we measure the in-air contact angle of the aqueous

experimental bu�er (150mm NaCl 20mm Tris pH 8.0), accounting for 99.9% (v/v) of the

protein-poor phase coexisting with Ddx4N* condensates. In Figure 6.9 we see increased

hydrophobicity (decreased hydrophilicity) in the order: SLB, borosilicate glass, siliconized

glass.

Figure 6.9: Images of 10 µL sessile drops of 150mm NaCl 20mm Tris pH 8.0 bu�er resting
on a POPC bilayer (SLB), borosilicate glass and siliconized glass. Images were captured using
a Samsung Galaxy S8. Contact angles were measured by �tting Equation 4.14 to hand drawn
drop pro�les.

Next we measured the contact angles of sessile Ddx4N* condensates on siliconized

and borosilicate glass surfaces. Figure 6.10 shows these contact angles as a function of

contact radius for the �ve Ddx4N* constructs, along with their �ts to Equation 6.6. All

constructs, except Ddx4N* 1-236 (Figures 6.10 (d) and (i)), are well �t by Equation 6.6,

with a positive line tension. As θ0 for Ddx4N* 1-236 is poorly �t, we de�ne Young's angle

as the mean contact angle, θ̄ ± SD, weighted as r2. Generally, we see decreased wetting

on borosilicate glass, compared to siliconized glass, for all Ddx4N* condensates.
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Figure 6.10: Contact angles and radii plotted for sessile Ddx4N* condensates resting on sili-
conized glass (a)-(e) and borosilicate glass (f)-(j). Solid lines represent the best �t Equation 6.6,
dashed lines show the corresponding 95% con�dence bands with the goodness of �t indicated
by R2, inset are the corresponding �tting parameters τ/r and θ0. θ̄ is calculated as the mean
contact angle, weighted by the contact area, with the uncertainty reported as the equivalently
weighted standard deviation. All data were collected between 1 and 3 hours after phase separa-
tion - we did not see any time dependency in contact angle values.
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Figure 6.11: (a) Young's angles of Ddx4N* condensates on siliconized glass and borosilicate
glass surfaces plotted against the absolute net (negative) charge per residue of the Ddx4N*

chain. (b) The cosine of Young's angles of Ddx4N* condensates on siliconized glass, borosilicate
glass and POPC supported lipid bilayer surfaces plotted against their Flory-Huggins interaction
parameter at 22 ◦C (measured in Section 3.4).

In Figure 6.11 (a) we plot the measured Young's angles against the NCPR of each

Ddx4N* construct. We see the contact angle on both surfaces is decreased by reducing

NCPR, and also by substituting all phenylalanine residues on Ddx4N* 1-236 for tyrosine

residues. In Section 3.4 we saw these mutations increased the phase separation propen-

sity of Ddx4N*, characterised by an increased Flory-Huggins interaction parameter χ at

ambient temperatures. In Figure 6.11 (b) we plot χ at 22 ◦C (χ⋆) against cos θ0, where

increased cos θ0 corresponds to increased wetting and decreased θ0. We see a clear rela-

tionship between χ⋆ and cos θ0 on both siliconized glass, and borosilicate glass surfaces,

with wetting increasing with χ⋆, and consistently greater wetting on siliconized glass. We

now recall the de�nition of Young's angle,

cos θ0 =
γsβ − γsα

γ
, (6.7)

where in our system α represents the condensate phase and β represents the protein poor

phase. In Section 5.4.1 we saw a positive relationship between of χ⋆ and γ is expected.

Taking this to be true, we see the positive relationship between χ⋆ and cos θ0 on siliconized

glass and borosilicate glass is directly due to an increased value of γsβ−γsα. For cos θ0 > 0

this corresponds to preferential adsorption of protein, over solvent, at the solid surface
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(vice-versa for cos θ0 < 0). We now consider the origin of preferential protein adsorption,

and how this may explain the data in Figure 6.11 (b).

As χ⋆ increases, so does the relative protein-protein interaction strength, and the

amount of Ddx4N* in condensates. Because Ddx4N* 1-236 F�Y falls on the trend re-

markably well, between Ddx4N* 1-231 and 1-229, we suggest γsβ − γsα depends on an

interaction mode unaltered between all Ddx4N* constructs. As the wetting is consistently

decreased on (hydrophilic) borosilicate glass, relative to (hydrophobic) siliconized glass,

and the trend between Ddx4N* constructs is the same, this interaction mode is identi�ed

as hydrophobic in nature, and expected to be strongest between Ddx4N* and siliconized

glass. This framework implies the direct, single-molecule interaction between the glass

surfaces and protein is unafected by the mutational series investigated. The density of hy-

drophobic contacts in Ddx4N* condensates naturally increases with the amount of Ddx4N*

in condensates, and therefore with χ⋆. Adsorption of protein at the solid surface is associ-

ated with a free energy penalty, as the phase is disturbed from its equilibrium composition

(see Equation 6.4). As the amount of Ddx4N* inside condensates increases, we propose

greater adsorption of protein to the solid interface, as less deformation of the structure of

the condensate in the vicinity of the surface is required to minimize γsα, decreasing γsα,

and θ0.

We also recognize in Figure 6.11 (b) Ddx4N* 1-236 shows cos θ0 < 0 on both glass sur-

faces, as does Ddx4N* 1-234 on borosilicate glass. While we suggest there is an attractive

force between both surfaces and Ddx4N*, driving adsorption, this suggests there is also

a repulsive interaction, which manifests at lower vales of χ⋆. Ddx4N* is an intrinsically

disordered protein, succesfully modelled as a �exible polymer in solution [62]. There ex-

ists an intrinsic repulsive entropic force between polymers and walls, the depletion force,

where the (large) number of available polymer conformations is necessarily reduced [163].

The depletion interaction is expected to increase with protein concentration, and there-

fore with χ⋆. As the data in Figure 6.11 (b) shows increased wetting with χ⋆, we suggest

reduced scaling of the e�ect of the depletion force with protein concentration on γsα, com-
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pared to the attractive (hydrophobic) forces between Ddx4N* and the two glass surfaces.

Therefore we propose the cos θ0 < 0 regime on borosilicate glass and siliconized glass sur-

faces in Figure 6.11 (b) shows the regime where the repulsive depletion force outweighs

the attractive hydrophobic forces.

With this model of Ddx4N* adsorption driven by hydrophobic interactions, we now

consider the repulsive interaction between Ddx4N* condensates and the POPC supported

lipid bilayer. Figure 6.8 (f) showed Young's angles greater than 90◦ for all Ddx4N* con-

densates, and Figure 6.11 (b) shows the protein poor phase shows the protein poor phase

preferentially wets the bilayer to the greatest extent for all Ddx4N* condensates, except

Ddx4N* 1-236 where all values of θ0 are within error. We have also seen how the aqueous

bu�er wets the POPC bilayer to the greatest extent, with an in-air contact angle of 50◦.

Previously, Schwierz et al [268] have shown solid surfaces become resistant to ad-

sorption by hydrophilic and hydrophobic peptides when their water-in-air contact angle

decreases below 50-60◦, due to preferential solvation of these hydrophilic surfaces by water.

Furthermore, they showed that adsorption of proteins on hydrophobic surfaces is driven

by entropy, explained by the hydrophobic e�ect. This cross-over value of the water-in-air

contact angle is in close agreement with the established Berg limit [269], below which the

water entropy at the solid interface is greater than in the bulk, due to greater numbers of

polar and hydrogen bonding interactions available at the surface [270]. In this regime, the

release of water associated with a hydrophobic interaction between a solute and the solid

surface is entropically unfavourable. This is consistent with our observation that Ddx4N*

condensate wetting decreases on surfaces with decreased water-in-air contact angles, and

our suggestion that this is driven by hydrophobic interactions. Furthermore, as the POPC

bilayer is below the Berg limit, there is no hydrophobic attraction with Ddx4N*, as the

protein is unable to outcompete water for the surface of the bilayer. On a molecular level,

the POPC bilayer headgroups are especially suited to solvation by water over proteins,

as the small size of water allows its close approach with the positive and negative charge

densities on the headgroups [271]. The same cannot likely be achieved by proteins, due
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to the relative bulkiness of their chemical structure.

Extending this picture, we hypothesize that the necessarily hydrophilic nature of the

surfaces of intracellular membranes places them below the Berg limit, implying an intrinsic

repulsion between proteins and the surface of membranes, mediated by water. This is

consistent with the observation that speci�c membrane-binding domains are required

to tra�ck proteins to membrane surfaces [272]. Furthermore, this is in line with our

observation that all reported cases of condensates wetting intracellular membranes is

mediated through speci�c interactions between membrane-bound proteins.

6.5 Conclusions & outlook

The axisymmetric drop shape analysis protocol presented in Chapter 4 has enabled the

precise measurement of contact angles for thousands of Ddx4N* condensates, spanning

a range of sizes. Through analysis of the size dependence of these contact angles, we

a positive line tension e�ect. This e�ect showed a characteristic lengthscale of ∼ 1 µm,

relevant for intracelllar biomolecular condensates, expected to greatly inhibit their wetting

of intracellular surfaces. Our measurements of line tension also emphasise the importance

of measuring contact angles for a wide range of condensates. Future work in this area

should focus on validation of the line tension e�ect through nucleation experiments [266].

Motivated by the absence of reports of non-speci�c adhesion of endogenous biomolec-

ular condensates to intracellular membranes, we used axisymmetric drop shape analysis

to precisely measure the contact angles of model Ddx4N* condensates on a supported lipid

bilayer. We saw a repulsive interaction for all variants of Ddx4N*, characterised by contact

angles above 90◦, regardless of their size. By further measuring contact angles of Ddx4N*

mutants on hydrophobic and hydrophilic glass surfaces, we were able ascertain the con-

tribution of hydrophobic interactions to condensate wetting. Combining our observations

with reported characterisations proteins at hydrophilic surfaces, we suggested that the
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repulsion between biomolecular condensates is an intrinsic property of their constituent

proteins, and is modulated by their content of hydrophobic residues. Our data also showed

cross over from partial condensate wetting to partial drying, on both glass surfaces, as

the Ddx4N* Flory-Huggins interaction parameter decreased. This lead us to hypothesize

the presence of a repulsive depletion interaction, mediated by the high conformational

entropy of Ddx4N* chains.

The immediate next steps of this work concern application of Cahn-Nakanishi-Fisher

wetting formalism [111,237] to our contact angle data, allowing a quantitative inference of

the interactions between the protein and the surface. Further modulation of the Ddx4N*

sequence would allow further testing of the interaction mode of Ddx4N* condensates with

the surfaces presented. Increasing the its hydrophobic content would be predicted to have

an increased contact angle on siliconized glass, in a manner that does not lie on the trends

shown in Figure 6.11 (b), with increased wetting on siliconized glass and borosilicate glass,

and decreased wetting on the POPC bilayer, at a given value of χ⋆.

The proposed replusive depletion force between Ddx4N* and solid surfaces is expected

to scale with the length of the protein chain, although at a rate much slower than the

range (234-241) of lengths investigated [163]. Carefully varying the length of the Ddx4N*

construct, by 100-200 amino acids, retaining sequence features essential for phase separa-

tion, should allow an inference of the contribution of this force to wetting phenomenon.

The depletion force may also be measured in a more direct manner, through observing

its e�ect on collliodal particles [273, 274]. The current experimental system allows easy

introduction of bilayers with alternative compositions, for example introducing charged

lipids to investigate the role of charge in condensate bilayer interactions, or measuring

contact angles on bilayers functionalised with membrane proteins. Expanding our exper-

iments to alternative biomolecular condensate systems, will allow a test of the ubiquity

of our observations.
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