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Abstract

In recent years, protein design has undergone a revolution, giving rise to increasingly
complex protein assemblies with atomistic accuracy. This has unlocked the potential to
design sophisticated macromolecular complexes that can emulate biological systems. As
one of the foundations of cellular organisation, the design of artificial organelles is a key
target for synthetic biologists. Designed assemblies emulating bacterial microcompart-
ments or fibrous scaffolds have been accessible for some time. A less-explored mechanism
for protein assembly is by liquid-liquid phase separation. Despite its newfound relevance
to cell biology, the design of protein assemblies that can reversibly de-mix is still in its
infancy.

In this thesis, the bottom-up design of proteins for liquid-liquid phase separation is de-
scribed. These proteins use de novo α-helical coiled coils as protein-protein interaction
motifs, combined with unstructured linkers, to drive self-assembly in cells. Using rational
coiled coil design principles, the interactions between these motifs are calibrated to drive
dynamic liquid-liquid de-mixing, over arrested aggregation. Soft-matter biophysical tech-
niques confirm the liquid-like properties of the de novo assemblies both in vitro and in
Escherichia coli (E. coli). Moreover, the designer condensates can be functionalised with
catalytic enzymes. Co-condensation of the two enzyme pathway for the production of
indigo dye in the de novo organelles results in 6-fold more product than the comparable
free enzymes.

In addition to phase separation, the formation of macromolecular fibres by the designed
proteins is described. Analogous to droplet maturation, the designed proteins can form
both fibres and de-mixed droplets in cells. Finally, following functionalisation in bacteria,
phase separation of the designed helical proteins is investigated in mammalian cells. Here,
the assemblies are re-designed for phase separation within the larger, and less crowded,
eukaryotic cytoplasm. Taken together, these studies begin to highlight the power of
bottom-up design for the construction and rationalisation of protein condensates.
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Chapter 1

Introduction

1.1 The cellular organisation problem

At any one time, the cellular lumen contains hundreds of thousands of different con-
stituent molecules. A single cell of the budding yeast Saccharomyces cerevisiae contains
approximately 42 million protein molecules from a proteome of nearly 6,000 unique pro-
teins.1,2 Not only that, but the cell also encapsulates DNA, RNA, polysaccharides, lipids,
and metabolites. In fact, overall, the cellular interior is occupied approximately 20 – 30%
by volume by macromolecules.3,4 Put into context, if the entire human population (7.7
billion people) occupied a volume with a similar level of crowding, that volume would be
only just over 1.6 km3. This packing of molecules into a dense biochemical environment
is known as macromolecular crowding (Fig. 1.1).5 The question of how the cell is able
to organise its components in such a crowded and complex environment is a longstand-
ing problem in cell biology.6,7 Each of these components is only present in a relatively
low concentration, but must be able to find and identify its interaction partners quickly.
Further, the cell must be able to regulate its components to promote, or attenuate, their
interactions. In order to overcome these problems, cellular organisms rely on complex
systems of trafficking and compartmentalisation to organise their components.

Methods of cellular organisation can be broadly split into two categories: organisation
using phospholipid bilayers (membranes), and protein-based organisation methods (Fig.
1.2). Membrane-bound organelles are the textbook example of cellular compartments,
and indeed, the presence of membrane-bound organelles is so significant that it partially
defines the three domains of life: prokayrotes and archaea contain no internal membrane-
bound organelles, only a double phospholipid cell membrane creating an internal cyto-
plasm and surrounding periplasm; while eukaryotes contain internal membrane-bound
organelles in addition to their double cell membrane.8–11 However, despite the diverse
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and critical roles of membrane-bound organelles in eukaryotes, all 3 domains of life also
use protein-based cellular organisation. These organelles and structures are just as varied
in their assemblies and functions as the membrane-bound organelles. However, instead
of using phospholipid bilayers, these assemblies rely solely on protein-protein interactions
(PPIs) to self-assemble in vivo.

Figure 1.1: The crowded intracellular environment. Artwork depicting the crowded
intracellular environment of an E. coli cell by David S. Goodsell, reproduced with permission
from PDB-101, part of the RCSB Protein Data Bank.

1.1.1 Protein-based cellular organisation

There are several quintessential examples of protein-based cellular organisation in both
eukaryotic and prokaryotic cells. One of these is the cytoskeleton (Fig. 1.3). Both
eukaryotic and prokaryotic organisms share some form of a cytoskeleton, a system of
fibres and tubes formed by protein oligomers.12 The eukaryotic cytoskeleton is made up
of 3 classes of protein assembly made by different protein oligomers. The largest are
microtubules, hollow, cylindrical structures 25 nm in diameter, assembled from α and β
tubulin heterodimers. The smallest are actin fibres, only 6 nm in diameter, formed by
actin oligomers.13 Finally, there are additional intermediate filaments, typically around
10 nm in diameter and constructed from a variety of protein oligomers. More recently
the cytoskeleton in prokaryotic cells has also begun to be understood, with structures
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homologous to the eukaryotic tubules and filaments.14,15 These supramolecular cellular
structures are responsible for a huge range of functions, including cell morphology, move-
ment, division and intracellular transport. Without the cytoskeleton, the entire cellular
apparatus, including its membrane-bound organelles, deoxyribonucleic acid (DNA), and
morphology could not be maintained.

Figure 1.2: Levels of cellular organisation. Cells are organised on a macroscopic scale
using both membrane-bound organelles, such as the nucleus, endoplasmic reticulum, golgi and
mitochondria (left), and protein-based cellular structures, such as the cytoskeleton (right), where
molecular motors traffic cellular components.

Other proteinacious compartments exist that more closely resemble membrane-bound or-
ganelles. One of these classes of compartment are bacterial microcompartments (BMCs).
BMCs are structures found in prokaryotic organisms that fulfill some of the roles played by
membrane-bound organelles in eukaryotic cells.16 However, instead of a semi-permeable
lipid membrane, BMCs are formed entirely by rigid, polyhedral, protein scaffolds rang-
ing from 100 – 400 nm in diameter.17,18 These protein scaffolds are created by highly
conserved BMC proteins that form hexameric building blocks to create the facets of the
polyhedron, while pentameric bacterial microcompartment vertex (BMV) proteins form
the vertices.19 While BMC proteins and the polyhedral BMC shells are highly conserved,
BMCs have diverse functions, participating in both anabolic and catabolic processes by
encapsulating catalytic enzymes within their geometric shell.20–23

Both these types of cellular structure are formed by rigid, geometrically defined PPIs.
Initially, this was believed to be the only way by which supramolecular protein struc-
tures could assemble. However, in addition to these rigid proteinacious scaffolds, there
are a further class of protein-based cellular compartments that form by a very different
mechanism. These organelles, known broadly as protein condensates, have been observed
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for several decades, but are only now beginning to be understood as a key mechanism of
cellular organisation.

1.2 Protein condensates - a new paradigm

The first cellular protein condensates were observed as far back as the 1830s. This com-
partment was later identified as the nucleolus, the dense site of ribosomal RNA (rRNA)
synthesis in the nucleus.24 Since then, a huge number of diverse cellular condensates
have been identified in a host of different contexts.25 For a long time, it was unclear
how these cellular compartments were structured. These assemblies were not membrane-
bound organelles – they were formed entirely of proteins or nucleic acids, and gained
the denomination membraneless organelles (MLOs).26 They were observed to be highly
diverse in their structures, molecular compositions, and functions, but appeared to have
some consistent, unexpected, physical characteristics, such as the ability for two such
compartments to fuse.27

Figure 1.3: Protein-based cellular organisation. Examples of protein-based cellular
organisation. The cytoskeleton (left) is composed primarily of three types of proteinacious
filaments, actin filaments, intermediate filaments, and microtubules. BMCs (right) are composed
of hexameric (red)and pentameric (blue) protein oligomers that self-assemble to form polyhedral
protein assemblies.

The watershed study on protein condensates came in 2009, with the discovery that P gran-
ules, germ granules from Caenorhabditis elegans (C. elegans) embryos, behaved like liquid
droplets within the cytoplasm.28 These ribonucleoprotein granules, formed by ribonucleic
acid (RNA) and RNA binding proteins, were observed to form spherical droplets that were
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responsive to shear forces, could dissolve and re-condense, and fused together like liquid
droplets. Further, fluorescently labelled protein within the droplets was observed to be
motile, with a viscosity approximately 1000 times greater than water. These observations
were in contrast to the ideas that organelles within cells were either membrane-bound, or
formed by a static proteinacious assembly. This discovery opened up the door to the idea
that organelles in living cells could be formed by a physical process called liquid-liquid
phase separation (LLPS).29

Figure 1.4: Liquid-liquid phase separation in biology. Proteins can undergo a de-mixing
process called liquid-liquid phase separation.

1.3 Phase separation in biology

Phase separation is the process where a solution will reversibly de-mix into two or more
distinct phases (Fig. 1.4). In the case of LLPS, it results in the formation of two liquid
phases: a dense phase that is enriched in macromolecules, and a non-enriched dilute
phase. In the C. elegans germ cells, the P granules are the dense phase formed by RNA
and RNA binding proteins, while the surrounding cytoplasm forms the dilute phase.
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LLPS, and phase separation in general, are physical principles that have been recog-
nised in polymer chemistry for much longer than they have been identified in biology.30

Phase separation is a phenomenon that can be observed frequently in everyday life: in
a vinaigrette the oil and vinegar will not remain mixed, and will de-mix back into two
distinct liquid phases. Similarly, in a macromolecular context, LLPS is the process where
macromolecules in a solution reversibly de-mix to form two liquid phases: a dense phase
and a dilute phase.29 However, unlike mixtures of oil and water, both the de-mixed
biomacromolecules and the aqueous solvent of the cell are usually formed by relatively
polar molecules, so the driving forces of de-mixing are perhaps less intuitive, but these
interactions can still be described by the entropy and molecular interactions of the system
during mixing (Fig. 1.5).31

Figure 1.5: Phase diagram for LLPS. The blue shaded area indicates the nucleation limited
region for LLPS for both enthalpically and entropically driven phase separation, limited by the
binodal line. The green shaded area indicates the region limited by the spinodal line, giving
spinodal decomposition. The maximum and minimum points for an upper critical saturation
temperature (UCST) and lower critical saturation temperature (LCST) respectively are the
critical point (red circle), where all 3 phases are in equilibrium.

Several complex and descriptive models for phase separation have been developed, begin-
ning from models developed by Maurice L. Huggins and Paul J. Flory in 1942, known as
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the Flory-Huggins solution theory.32,33 These models describe how de-mixing occurs as
a combination of entropic and enthalpic interactions: LLPS can be enthalpically driven,
where de-mixing occurs because of pairwise interactions between protein molecules that
overcome the entropic penalty of de-mixing, or LLPS can be entropically driven, where
entropic forces drive condensation by differential solubility effects between protein and
solvent. These behaviours give rise to different dependencies on temperature, due to the
inverse dependence of entropic and enthalpic forces on temperature. Enthalpically driven
phase separation is dispelled as the temperature is increased, giving a upper critical satu-
ration temperature (UCST), while entropically driven phase separation is dispelled as the
temperature is reduced, giving a lower critical saturation temperature (LCST). There are
also further phase transitions possible beyond LLPS. Pushing further into the de-mixed
region can induce irreversible spinodal decomposition.

In cells, these dense regions of protein may initially appear similar to inclusion bodies,
regions of misfolded or aggregated protein in both bacteria and eukaryotic cells. However,
LLPS is distinct from protein aggregation or misfolding.26 Phase separation is charac-
terised by a sudden de-mixing event when certain physical thresholds are reached.34 Fur-
ther, LLPS is a reversible process, while protein aggregates are typically characterised by
proteins being trapped in an irreversible non-native or misfolded state.35 Such aggregates
can still have structures and functions, but are frequently toxic to the organism. Conden-
sates meanwhile, while potentially highly viscous, are characterised by dynamic protein
diffusion within the dense phase.36 These compartments are also frequently transient,
and can be recycled depending on the cellular requirements.

1.3.1 A diverse and widespread phenomenon

Since the discovery of phase separation as a mechanism for cellular organisation, there has
been a surge in the number of cellular structures that are described as protein condensates
(Fig. 1.6). These condensates have diverse structures and are implicated in a huge range
of biological functions. In the nucleus alone there are dozens of so called nuclear bodies
(NBs), including the nucleolus, Cajal bodies, nuclear speckles, and paraspeckles.37–40

These NBs have the characteristic properties of phase separated compartments: they
form spherical de-mixed structures, not encircled by a membrane, which can dissolve
and fuse. The roles of these structures in the nucleus is still unclear, but they have
been implicated with discriminating between actively transcribed DNA and repressed
heterochromatin.

Alongside stress granules and RNA granules, there are a host of other protein condensate
bodies that have been implicated to involve phase separation. However, unlike stress
granules, which are quite widely accepted to assemble by some form of phase separation,
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some cellular bodies have disputed mechanisms of self-assembly. One such body is the
centrosome, the main site of microtubule organisation in eukaryotic cells, organising both
the cytoskeletal network and the mitotic spindles during cell division. At the core of the
centrosome are the centrioles, two barrel shaped structures formed by an inner cartwheel
structure surrounded by nine-fold symmetric microtubules.41 Surrounding the centrioles is
the pericentriolar material (PCM), containing hundreds of different protein components.

Figure 1.6: The rapid expansion of LLPS as an organising principle in biology. a,
A selection of some of the cellular compartments identified to-date as assembling as a result of
protein phase separation or condensation. Condensates are coloured according to their associated
roles. Germ granules are coloured in green. Stress granules and RNA granules are coloured in
red. Synaptic densities and membrane clusters are coloured in purple. Nuclear condensates are
coloured in blue, with the nucleolus in dark grey, and the nuclear pore complex is coloured in
yellow. Figure adapted from Banani et al. (2017) with permission from Springer Nature.34 b,
Proportional number of results (results per 100,000 citations) for LLPS (blue) or Biomolecular
condensates (red) in PubMed by year from 1980 to 2023. Data collected using PubMed by Year
(https://esperr.github.io/pubmed-by-year/) on 14th July 2023.

The overall structure of the PCM has been the subject of intense investigation. None
of the the scaffolding proteins that make up the PCM contain motifs that are typi-
cally associated with LLPS, and electron microscopy indicates that the PCM is instead
formed by a fibrous matrix with large pores, allowing it to be permeable to cytoplas-
mic macromolecules, similarly to a phase separated droplet.42 However, further studies
have demonstrated that PCMs assembled in vitro can form spherical liquid-like droplets
that functionally resemble centrosomes, concentrating α/β-tubulin dimers and nucleat-
ing microtubules.43 Indeed, difficulties in determining whether cellular compartments are
formed by phase separation or other phenomena is a recurring theme in this burgeoning
field.44
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1.4 Phase separation in disease

Overall, LLPS has become a seemingly ubiquitous feature in cell biology in a remarkably
short period of time. It follows therefore that there has been considerable focus on the
roles of aberrant phase separation in disease.45 Scaffold proteins that form membrane-
less organelles are susceptible to mutations, like other forms of protein assembly, causing
altered or reduced functionality (Fig. 1.7).46 In addition however, due to the sensitivity
of protein condensates to their local environment, membraneless organelles are also par-
ticularly susceptible to changes in physical and chemical conditions.47 This means that
unstable cellular conditions, such as can occur in aging tissues, can also lead to aberrant
phase separation.35,48,49

1.4.1 Phase separation in neurodegeneration

Abnormal or deficient phase separation is most frequently implicated in neurodegenerative
disorders.50 Neuronal cells are considered to be particularly vulnerable to aberrant phase
separation.51 Neurons are post-mitotic cells, and therefore do not undergo cell division,
which is a mechanism by which many cells are able to clear or reduce the accumulation of
toxic aggregates.52 Further, despite their size and being unable to undergo cell division,
neurons are extremely plastic cells, with the capacity to undergo large morphological and
molecular changes to react to stimulus.53 These changes require that neurons transport
and store pools of messenger RNA (mRNA) for local translation, as well as using intricate
layers of genetic regulatory networks.54,55 Some of these networks have been directly
implicated to function using phase separation, such as for the fragile X mental retardation
protein (FMRP) transcriptional repressor.56–58

Aberrant phase separation has been closely implicated in both of the neurodegenerative
disorders amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD).59–61

ALS-causing mutations in several RNA binding proteins (fused in sarcoma (FUS), TAR
DNA binding protein of 43 kDa (TDP-43), heterogeneous nuclear ribonucleoprotein A1
(hnRNPA1), and heterogeneous nuclear ribonucleoprotein A2 (hnRNPA2)) have been
identified to drive accumulation in stress granules.62–68 Further, several of the proteins
found in these stress granules have also been found in the pathological FTD and TDP-43
aggregates identified in ALS and FTD neuronal tissues.69–71 ALS-causing mutations have
also been implicated to alter the morphology and material properties of stress granules,
with such mutations suggested to accelerate the transition from a liquid-like organelle to
a solid-like aggregate.72–77
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Figure 1.7: Phase separation in disease. Concepts of how defects or changes in phase
separation can lead to disease phenotypes, such as by changes to protein assembly, localisation,
or regulation leading to altered phase separation characteristics. Adapted from Alberti and
Dorman (2019) with permission from Springer Nature.46

1.4.2 Phase separation in cancer and infectious diseases

In addition to neurological disorders, phase separation has also been implicated to play
roles in a range of other diseases. In cancers, aberrant phase separation is suspected to
play a role in disrupting normal cell signalling homeostasis, and aid cancerous cells in
entering a hyper-proliferative state.78,79 Direct evidence linking phase separation defects
and cancers is so far limited, but one study has identified that cancerous mutations in
the tumor suppressor protein speckle-type BTB/POZ (SPOP) lead to specific phase sep-
aration defects.80 In infectious diseases, evidence suggests that viral replication centres,
compartments within infected cells that promote the formation of new viral particles and
aid in the evasion of the immune response, are formed by phase separation.80,81 Stud-
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ies also suggest that phase transitions are used by bacteria and fungi in order to enter
a dormant state, and survive unfavourable conditions.81 In this state, portions of their
cytoplasm can harden and reversibly solidify to avoid stress, and can allow pathogenic
bacteria to avoid cytostatic drugs.82 Overall, the evidence that phase separation and
phase transitions play key roles in biology and disease is continuing to mount. These dis-
coveries have re-enforced the need to understand the principles behind phase transitions
in a biological context, and possibly reveal new opportunities for therapeutic intervention.

1.5 Molecular principles of phase separation

Understanding the molecular principles underlying phase separation and aberrant phase
transitions is likely to be key to the treatment of pathological defects. This could aid in
understanding how mutations within phase-separating proteins alter their structure or
function, and lead the way to treating phase separation defects. Models of polymer solu-
tions like the Flory-Huggins solution theory describe how de-mixing occurs for an ideal
polymer solution, but these rarely translate well to complex proteins with anisotropic
features. One of the challenges in studying biological phase separation is understand-
ing the specific molecular interactions that drive phase separation.83 As the number of
proteins that have been identified to phase separate continues to increase, the diversity
of their molecular structures and interactions is remarkable (Fig. 1.8).84 This makes it
challenging to identify a consistent molecular architecture that drives phase separation,
particularly in a predictive manner.85 However, some features are beginning to emerge
as characteristic molecular markers of phase-separating proteins.

1.5.1 Multivalency and modular domains

The most consistent feature of phase-separating proteins is multivalency: phase separa-
tion is driven by a large number of protein-protein or protein-nucleic acid interactions.86

Individually, each of these interactions is characteristically weak and short-ranged, but it
is the net attractive interactions of these multivalent proteins that overcome the penal-
ties of de-mixing.87 In proteins, multivalency can occur in a number of different ways:
well-folded globular proteins can be multivalent due to the presence of multiple inter-
action patches on their surface.88 Alternatively, individual folded protein domains can
be concatenated together by linkers to create a linear multivalent assembly, known as a
modular domain protein. Moreover, largely or entirely unstructured protein sequences,
known as intrinsically disordered regions (IDRs), can form the basis of multivalent PPI
domains.89,90
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Figure 1.8: Varied interactions leading to phase separation. Schematic of a number of
intermolecular interactions that have been characterised as leading to or implicated in protein
phase separation. Figure adapted from Boenyaems et al. (2018) with permission from Elsevier.25

All of these forms of multivalency have been identified to play roles in protein phase sep-
aration in different contexts. One of the first examples of an engineered phase-separating
protein used the modular protein SRC Homology 3 (SH3) domain and its binding part-
ner proline rich motif (PRM).91 Linear repeats of these folded protein domains formed
complexes that readily liquid-liquid phase separated. Further, increasing the number of
SH3 and PRM repeats increased the strength of their interactions, eventually leading to
gelation.

However, by far the most common multivalent architecture driving phase separation,
are IDRs.92,93 These domains do not form a stable structure, instead forming highly
flexible and dynamic linear protein chains.94 Despite their lack of secondary structure,
IDRs have widespread roles in biology, often as a result of their unique flexibility. IDRs
are found in a large number of biomolecular condensates, most notably in those that
also condense nucleic acids, and these unstructured proteins have also been identified to
phase separate in vitro.95,96 IDRs typically have a low sequence complexity, with repeats
of a limited palette of amino acids, frequently enriched in serine, asparagine, glutamine,
phenylalanine, glycine, and tyrosine residues. In phase separation, individual residues or
short repeats of residues in IDRs make up interaction motifs that drive de-mixing.97
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1.5.2 Weak intermolecular interactions

In addition to multivalency, another molecular principle applied to phase separation is
the requirement for relatively weak or transient intermolecular interactions.86 Strong, ir-
reversible, PPIs can lead to forms of protein assembly with larger energy minima, such as
precipitation, gelation, or crystalisation.25,98 Instead, to create a de-mixed phase with dy-
namic, liquid-like properties, the intermolecular interactions must be able to re-arrange on
very short timescales. This necessitates that interactions between proteins that undergo
LLPS are either weak, or rapidly reversible.99–101

The requirement for weak or transient PPIs is reflected in the types of molecular interac-
tion that are believed to be important for phase separation. Weak molecular interactions
such as π-π stacking, cation-π interactions, and electrostatic interactions have all been
heavily implicated in phase-separating proteins, particularly in IDRs.83,85 However, there
is also is an extraordinary diversity of interaction motifs and contacts implicated in phase
separation: from π-π interactions and RNA binding domains, to β-zipper and coiled coil
motifs, suggesting that there is a flexibility around phase separation and the molecular
interactions that drive it.25,83

1.6 Protein design meets biology

As the molecular mechanisms surrounding phase separation begin to be understood,
the potential for these systems to be engineered or even designed from the bottom-
up has increased dramatically. This can not only contribute to our understanding of
how membraneless organelles can assemble in vivo, but also towards developing phase-
separating systems not seen in nature. This brings protein assembly and phase separation
into the realm of synthetic biology, and specifically, protein design.

Protein design is the bottom-up creation of defined 3D assemblies from a primary amino
acid sequence. The goal of protein design is distinct from that of protein engineering.102

Protein engineering modifies defined protein scaffolds to introduce new or modified func-
tionalities. This has the advantage that it enables the accessible re-designing of proteins
either rationally or through screening methods such as directed evolution.103 In de novo
protein design, by contrast, the entire conformation and structure of the protein is part
of the design target.104 This can require a greater level of understanding of protein fold-
ing, and consideration of all elements of a protein’s sequence. As a reward for these
challenges however, the entirely bottom-up design of proteins presents the potential to
create new structures and functions unexplored in nature, and prove our understanding
of the sequence-to-structure relationship.105 In the context of designing supramolecular
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cellular assemblies, this could deliver artificial cytoskeletons, or organelles that function
orthogonally to the endogenous cellular machinery. From its inception in the early 1980s,
with a series of poorly soluble β-sheet and β-sandwich peptides, protein design has de-
veloped rapidly, and become a tractable tool for the design of a huge diversity of protein
structures and architectures.106,107 As the field has matured, two distinct approaches to
protein design have developed: rational or minimal protein design, and computational
protein design (Fig. 1.9).108

Figure 1.9: A gallery of structures developed by protein design. Structures are
divided broadly into those designed by minimal or rational protein design techniques, and those
developed by computational design techniques. Below the structures are their common names
and 4 figure PDB IDs. Coiled coil is abbreviated CC and scCC denotes a single chain coiled coil.
This gallery is by no means exhaustive and may be subject to personal bias, but is designed to
show the versatility and diversity of structures that can be generated by protein design methods.
Figure adapted from Woolfson (2021) with permission from Elsevier.102

1.6.1 Rational protein design

The effort to understand the why of protein folding has been the focus of the field of ratio-
nal protein design.102 Rational protein design uses logical and understandable sequence
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rules and repeats to generate a protein fold from a pattern of amino acids.109,110 In en-
tirely minimal protein design, these sequence repeats may be patterns of hydrophobic and
polar amino acids (hpphppp) used to create amphipathic α-helices.106 However, rational
protein design can go further and parameterise more complex sequence-to-structure re-
lationships through specific patterns of amino acids.111 Rational protein design methods
promise to deliver the human understanding behind protein folding, through the creation
of simple rules for why a pattern of amino acids has a tendency to fold into a certain
structure.

In the past 50 years, rational protein design has built a steadily increasing understanding
of why proteins fold into differing secondary, tertiary, and quaternary structures. Many of
the first de novo proteins were designed rationally, and used recent advances in solid phase
peptide synthesis (SPPS) to use peptides as scaffolds for testing protein folding. In 1985
DeGrado and Lear created some of the first rationally structured de novo peptides, with
peptides using alternating polar and hydrophobic residues (LKLKLKL) folding into a β
secondary structure. However, when the pattern of hydrophobic and polar residues was
changed to match the rotation of an α-helix (LKKLLKL), the peptides now self assembled
into tetrameric α-helical bundles.107 This was some of the first evidence that chemical
principles of amphipathic peptides could be related directly to their secondary structure
in solution. Since then, minimal and rational models of protein folding have delivered
a range of increasingly complex protein structures, from β-barrels and β-propellers, to
rubredoxin folds, triosephosphate isomerase (TIM) barrels, and coiled coils.112–116

This approach differs significantly from the use of computational design tools, where the
rationalisation of why certain combinations or patterns of amino acids produce a stable
protein fold is lost through the use of complex physical models, or more recently, machine
learning techniques.

1.6.2 Computational protein design

In the preceding two years, computational protein design has undergone a revolution.117

In 2021, at the 14th meeting of the critical assessment of structure prediction (CASP),
AlphaFold2 was released.118 Created by researchers at DeepMind, AlphaFold2 showed
a remarkable and highly consistent ability to predict a protein’s 3D structure from its
primary sequence. When tested on previously unreleased protein structures from the
community, AlphaFold2 correctly predicted their structure with an overall root mean
square deviation across Cα atoms of less than a 1 Å. Such accurate predictions were due
to the revolutionary use of neural networks in structure prediction (Fig. 1.10).119

The results are structural predictions that far outperform any previous entries to the
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CASP meetings, and likely one of the greatest scientific revolutions of the century.120,121

The release of AlphaFold2 allows biologists to rapidly generate models of protein struc-
tures that have never been solved before. While the direct evaluation of these models
should be taken with caution, AlphaFold2 has proven itself to be an excellent tool for
generating new hypotheses, fitting models to low resolution structural data, or rapidly
testing experimental ideas in silico. All of which come with a remarkably low barrier to
entry.122

Figure 1.10: Steps in structural prediction of proteins using machine learning. A
schematic of the key steps in structural prediction of a protein without a template. Target
sequences are initially passed through a multiple sequence alignment, before local areas of struc-
ture are generated from homologous fragments, and incorporate elements of physical parameters
such as torsion angles. The sequence alignment also feeds into predicted residue contacts, where
residues are predicted to be in close proximity by assessing correlated mutations and distance
constraints. These predictions then feed into model building that are refined to minimise energy
and create the final energy landscape projections. Figure adapted from Kuhlman and Bradley
(2019) with permission from Springer Nature.117

The use of neural networks for protein structure prediction has not only revolutionised
structural biology, but has had enormous implications for protein design.123 Until re-
cently, computational protein design used arrays of physical functions that attempted to
minimise a protein’s energy.124–126 These packages compute elements like van der Waals
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forces, steric repulsion, burying of hydrophobic residues and solvation of polar residues,
hydrogen bonding effects, electrostatic potentials, and scoring for residue backbone and
side chain torsion angles and rotamers.127,128 Now, neural-network-based design tools
have been developed that show much greater proficiencies at generating soluble protein
assemblies that match their design targets, while also being several orders of magnitude
faster and computationally cheaper.129 In the last year, the advance of artificial intel-
ligence (AI) methods in computational protein design has only increased.130 Recently,
several new techniques taking advantage of methods in AI image generation such as
DALL-E have been generated. These techniques use a process called diffusion to sample
a range of protein backbone conformations by a de-noising process. Several tools have
been released in the past year to generate protein backbones for a variety of structures
and applications.131,132

As the role of AI and machine learning in protein design is likely to only increase in the
future, it is worth considering the lost "human" element in protein design. Generative
models take almost no input from the user in their generation of new protein backbones,
and both these tools and other machine learning tools tell us very little about why proteins
fold. Indeed, these tools can be considered very much a black box in their weighting and
decision making. This means that while they may serve as incredibly useful and accurate
tools for protein design, in much the same way as AlphaFold2 is a useful tool for structural
prediction, they have not solved the protein folding problem. Understanding the rules
and requirements for why a protein sequence will fold into a predictable structure will
require a much clearer understanding of protein chemistry, with increased emphasis on
the rationalisation of protein folding.

1.6.3 Coiled coil design

Both rational and computational protein design have been highly successful in delivering
solutions and understanding for synthetic biology. In the future, they will almost certainly
continue to work synergistically to develop new protein folds and architectures, as they
have already done so. Indeed, one of the best examples of this marriage is in coiled
coil design. Coiled coils represent a special case in protein folding, and an example of
one of the great success stories of both rational and computational protein design.111,133

Coiled coils are a highly regular quaternary protein structure created by two or more
α helices, that wrap around each other in a left-handed super-helix.134 The reason for
this special quaternary structure comes from the unique geometry of the α helix, which
is precisely defined in order to maximise backbone hydrogen bonding along its length,
while minimising steric constraints. As a result, α helices have exactly 3.6 residues per
turn of the helix, giving a rise per residue of 1.5 Å (Fig. 1.11a).
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Figure 1.11: Coiled coils in protein design. a, A model of a dimeric coiled coil, with the
characteristic 3.6 residue per turn geometry. b, A helical wheel representation of a dimeric coiled
coil, with the hydrophobic interface residues (leucine and isoleucine) highlighted in blue, and
the solvent exposed exterior to the coiled coil highlighted with a green semi-circle. c, Interfacial
angles and heptad repeats for dimeric (left) and tetrameric (right) coiled coils. The change in
position of the hydrophobic leucine and isoleucine from the a and d positions is highlighted in
red on the sequence, and on the models a positions are coloured in blue, and d positions in
red. d, A selection of some of the coiled coil assemblies that have been designed de novo, with
oligomeric states ranging from dimer to octamer. Surface representations of the coiled coils from
pentamer to octamer are shown side on, to visualise the solvent accessible cavity. PDB codes
are given below each structure. * denotes that 6Q55 is an anti-parallel tetramer, while all other
structures are parallel assemblies.
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When two or more α helices come together to form an interface, they interact via a seam
of residues along their length. Due to the 3.6 residues per turn rotation of the helix,
the interacting residues will be spaced 3 and 4 residues apart in a 7 residue (heptad)
repeat. These heptad repeats are denoted abcdefg, with interacting residues occupying
the a and d positions (Fig. 1.11b). This creates an average spacing of 3.5 residues, as
close as possible, but not exactly identical, to the 3.6 residues per turn of the α helix.
The coiled-coil structure comes from this mismatch between the 3.5 residue repeat in
interacting residues, and the 3.6 residues per turn of the α helix. For the two seams
of interacting residues to perfectly match, the helices must coil around each other in a
left-handed super-helix.135,136

From this highly regular secondary structure come highly specific quaternary interactions.
Helical nets showing the 3-4 residue spacing within the helices highlight the specific pack-
ing of interacting residues within the coiled coil. Along the interacting seam of residues,
a and d residue side chains from one helix interdigitate with diamond shaped holes be-
tween residues on the other helix. These interactions, specific to coiled coils, were denoted
knobs-into-holes packing by Francis Crick in 1953, along with predictions of coiled coil
structure that would later be experimentally determined to be highly accurate.137,138

Because of this regularity in sequence, and the ability to rationally and parametrically
predict their structure, coiled coils have been studied by protein designers for several
decades, and our understanding of their folding and assembly goes far beyond the math-
ematical analysis available to Crick in the 1950s. We now understand the chemistry of
coiled coils perhaps better than any other protein fold.139 Initially, all of the interacting
residues between helices (a and d residues) are assumed to be hydrophobic. This has
the result that when two helices interact, the hydrophobic residues are buried, producing
a positive entropic effect. Further, because the knobs-into-holes packing within this hy-
drophobic core is so compact, its quaternary structure is highly sensitive to the identities
of these hydrophobic residues.140

In a dimeric coiled coil, the side chains of residues at the d position are angled directly
towards the centre of the coiled coil, into the hole formed by residues on the opposing helix
(Fig. 1.11c).141 This direct packing is known as perpendicular packing, and due to the
compact interface, overwhelmingly prefers non-β-branched leucine residues. In contrast,
the side chains of residues at the a position are angled slightly away from the centre of
the coiled coil, parallel to the knob on the opposing helix. As this residues side chain is
less intimately packed in the core of the coiled coil, it can more readily accommodate β-
branched or non-β-branched residues, with a slight preference for β-branched isoleucine.142

If the hydrophobic interface is enlarged to accommodate a third helix, forming a trimeric
coiled coil, the packing angles of the a and d residues rotate slightly to face the centre
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of the hydrophobic core. The resulting packing is now more similar between the a and
d residues, both now somewhere between parallel and perpendicular, known as acute
packing. As the positions are equivalent, there is no strong preference for β-branched or
non-β-branched residues, and hence helices with isoleucine at both the a and d position
will prefer to form trimeric coiled coils.116,142 If the interface is enlarged even further
to create a tetrameric coiled coil, the interfacial angles are essentially the inverse of the
dimeric coiled coil.143 Now the side chains of residues at the a position are pointing
directly towards the centre of their respective holes, in perpendicular packing, and the
residues at the d position are pointed parallel to their holes. This creates a preference
for non-β-branched leucine at a, and β-branched or non-β-branched residues at d.

Natural coiled coils typically form either dimers, trimers, or tetramers, but through pro-
tein design oligomeric states above those found in nature have been made accessible.141

By expanding the hydrophobic interface to include the residues flanking the a and d
positions (the e and g residues), the coiled-coil interface is widened enough to accom-
modate oligomeric states above tetramers. Through a process of rational design and
physical computational modelling, new rules for the assembly of pentameric, hexameric,
and heptameric coiled coils have been developed (Fig. 1.11d). These include rules for the
e and g positions, where progressively smaller residues at these flanking positions drive
the assembly of larger oligomeric states, up to a nonameric coiled coil with glycine at the
e and g positions.

Overall, coiled coils have been a triumph of rational and computational protein design,
with robust rules in place for designing coiled coils far beyond even those found in na-
ture.144–147 As protein design too has matured, work has progressed beyond the under-
standing of their chemistry and physics, to the potential applications in biology.

1.7 Design of assemblies for cellular organisation

As the complexity of protein design increases, the field comes closer to the bottom-up
design of systems that rival biological components. Protein designers can create new
protein folds both rationally and computationally, but also create proteins for expanded
functionality in living cells.108,148–150 Methodologies have been created to design pro-
teins for protein and ligand binding, membrane protein assembly, protein assembly in
vivo, and increasingly, proteins that incorporate conformational changes or switch-like
behaviours.104,146,151–160 One of the key challenges remaining is the design of proteins that
mimic the supramolecular cellular components found in nature, such as the cytoskeleton,
microcompartments, or even entire organelles.
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1.7.1 Designed geometric protein assemblies

Some of the first designed protein assemblies were created to emulate the natural rigid
cellular complexes such as the cytoskeleton and BMCs. It was quickly realised that the
design of large protein assemblies requires precise control over protein geometry. As
the protein assembly increases in size, small deviations in interfacial angles can have
large implications for the geometry of the overall assembly.161 As a result, most designed
protein nanoparticles or scaffolds have stringent requirements for protein and interface
rigidity, as well as symmetry.162–165

Due to these requirements, it is perhaps not surprising that the first designed supramolec-
ular assemblies designed were linear assemblies. Both designed β-sheet proteins and α-
helical coiled coils have been used to create fibrous materials in vitro.166

β-sheet assemblies
typically take advantage of the tendency of β-sheets to assemble laterally, much like natu-
rally forming amyloid-like fibres.167,168 Helical assemblies meanwhile use the rationality of
coiled coil design to create helices that have "sticky ends" for linear assembly, or by creat-
ing heteromeric coiled coils that self-assemble into fibres by domain swapping.169–171 All
of these designs however will essentially assemble indefinitely as long as their components
are available.

The first discrete protein assemblies designed were protein nanocages.161 It was discov-
ered that the combination of two oligomerising proteins of differing symmetries into a
single polypeptide could self-assemble using the natural interfaces of the component pro-
teins. Further, it was identified that if the fusion protein was created with the correct
orientation, geometry, and was sufficiently rigid in its construction, the protein could
self-assemble into discrete nanocages.161 In this pioneering work, dimeric and trimeric
oligomerising domains combined using a rigid helical linker created tetrahedral protein
cages with a radius of approximately 9 nm. Since this discovery, a number of groups have
continued to apply protein design principles to nanocages and nanoparticles, increas-
ingly using computational protein design to create new interfaces of defined geometries
and symmetries, for complex assemblies (Fig. 1.12a).172,173 Now, these nanoparticles are
being functionalised to leverage the effect of oligomerisation and assembly on protein-
protein interactions and binding to create neutralising antibody platforms and vehicles
for protein delivery.174–176

Indeed, an increasing focus of protein design is not only the construction of supramolecu-
lar protein assemblies, but also their functionalisation. Both fibrous and discrete protein
assemblies have been functionalised by recruitment of client proteins to the designed scaf-
fold (Fig. 1.12b).152,178 Engineered protein filaments have been decorated with alcohol
dehydrogenase to produce ethanol in Escherichia coli (E. coli), and protein nanoparti-
cles have been used to encapsulate nucleic acids and small molecules for delivery.152,162
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Figure 1.12: Engineered protein nanoparticles and fibres. Protein design and engineer-
ing has been leveraged to create discrete protein nanoparticles (a) and supramolecular protein
fibres that self-assemble in living cells (b). Panels adapted from Edwardson et al. (2022) and Lee
et al. (2018) with permission from the American Chemical Society and Springer Nature.152,177

Central to all of these protein scaffolds however, is that they require strictly defined ge-
ometric interfaces to self-assemble correctly, and small changes to these assemblies can
change their structure significantly. The recent discovery and exploration of proteins that
can self-assemble into largely unstructured compartments by LLPS has presented an al-
ternative route to protein self-assembly. Instead of designing geometrically defined, rigid
scaffolds, protein designers and engineers have recently begun exploring the potential for
constructing synthetic MLOs using natural and engineered proteins.

1.7.2 Designer protein condensates

The potential utility of LLPS in biology meant that it very quickly caught the attention
of synthetic biologists. This not only presents the opportunity to design condensates from
the bottom-up, but also circumvents many of the challenges and restrictions associated
with designing a rigid, geometric protein assembly (Fig. 1.13).179 These designer con-
densates typically incorporate elements from natural phase-separating proteins to drive
protein condensation. Several such systems have now been generated using elements from
a variety of endogenous condensates, including FUS and TDP-43 from ribonucleoprotein
granules, LAF-1 from P granules, as well as some recombinant proteins such as spider
silk and elastin.180–184

These disordered motifs have proven highly capable of scaffolding engineered MLOs, and
robust systems for phase separation have been achieved relatively readily through fusion
of these extant IDRs to client proteins. In some cases, duplication of the phase-separating
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domain is used to lower the critical saturation concentration, and drive phase separation
more readily.185,186 The challenge for the field has been to build increasing levels of con-
trol and functionality into the designed condensates that have been created.187 Controlled
assembly and disassembly of MLOs has been introduced by several different triggers. Ir-
reversible dissassembly has been triggered by proteolytic digestion of the scaffold IDR,
while highly specific and reversible phase separation has been engineered by the elegant
Corelet and OptoDroplet systems.180,188 These systems use the FUS IDR as a scaffold
component combined with photoactivatable oligomerisation domains.182 The increase in
valency on photoactivation of the oligomerisation domains is sufficient to induce phase
separation, and is reversible on deactivation of the photoactivatable domain. To expand
the repertoire of synthetic triggers still further, an alternative system instead focuses on
condensate disassembly. One system inducibly dissolves condensates by recruitment of a
disruptive ligand called a C-BLOCK.189 Recruitment of C-BLOCKs to FUS condensates
inducibly dissolves MLOs in mammalian cells. These systems, and other works, demon-
strate that phase separation is a process that can be rationally controlled by protein
design concepts, analogous to more conventional protein assemblies.185,187

In addition to its controllability, phase separation has gained significant interest due to
its potential utility. The ability to inducibly sequester client proteins into MLOs offers
several clear potential applications. An elegant study first demonstrated that protein
condensates can be used to sequester natural proteins, and as a result directly control
endogenous cellular processes.190 This demonstrated several controllable and reversible
methods of recruiting endogenous proteins to synthetic protein condensates, including by
fusion of coiled coils, DNA oligonucleotides, and indicible PPIs to both the endogenous
protein and a phase-separating RGG domain from LAF-1. Sequestration of natural pro-
teins led to a functional knock-down of the targeted protein, with predictable impacts on
cell biology.190 Further work on the control of cell biology using synthetic condensates used
variations of photoactivatable phase separation scaffolds, combined with clustered regu-
larly interspaced short palindromic repeat (CRISPR)-Cas9 proteins, to drive controllable
LLPS of nuclear proteins at specified genomic loci for targeted chromatin restructuring.
In prokaryotes, researchers used the oligomeric PopZ protein from Caulobacter cescentus,
and DivIVA from Bacillus subtilis, to create polar condensates in E. coli that induce cell
asymmetry and asymmetrical division in the typically symmetrical bacteria.191,192

Some of the most impressive demonstrations of the utility of protein condensates have
come from the development of synthetic systems that act orthogonally to endogenous cel-
lular processes. One approach used photo-inducible phase separation to direct metabolic
flux through a branched metabolic pathway. Here, compartmentalisation of enzymes for
deoxyviolacein biosynthesis was used to direct metabolic flux through either linear or
branched metabolic pathways, using phase separation for post-translational control of
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biosynthesis.193 Another approach used the protective capacity of protein sequestration
within condensates to protect the host cell from toxic intermediates. A recent study
measured the production of a sesquinterpene, α-farnesene in E. coli within RGG conden-
sates.194 They demonstrated that E. coli expressing the enzymes Ldi and LspA within
phase separated compartments demonstrated improved production of α-farnesene, which
they attributed to alleviated cytotoxicity of Ldi-catalysed products. However, perhaps
the most impressive example of engineered protein condensates comes from the use of
biomolecular condensates to create organelles for orthogonal translation.195 This enables
replacement of amber stop codons with non-canonical amino acids only in mRNAs re-
cruited to the engineered condensates, while the endogenous translation machinery op-
erates simultaneously. These condensates have perhaps the greatest versatility demon-
strated to-date, recruiting mRNAs, transfer RNAs (tRNAs), and ribosomes selectively to
the synthetic organelles, but also demonstrates a powerful use case for phase separation in
synthetic biology. This system has been developed further, by creating multiple orthog-
onal membraneless organelles using membrane localisation as a second layer of localised
assembly, for simultaneous incorporation of several non-canonical amino acids within a
single cell.196,197

Despite these advances, several challenges remain in our capacity to engineer biomolecular
phase separation - chief among them, the bottom-up design of scaffolds to induce phase
separation. While several groups have demonstrated that it is possible to introduce new
functionality into biomolecular condensates and control their assembly or disassembly,
the vast majority of these systems rely on natural protein sequences as scaffolds to drive
phase separation. In addition, these sequences are predominantly extensively intrinsi-
cally disordered, making elucidating the precise molecular interactions involved in phase
separation challenging. However, some pioneering attempts have been made to design
proteins for phase separation from the bottom-up. Artificial intrinsically disordered pro-
teins have been developed using a minimal 8 residue repeat from Rec-1 resilin, a protein
that naturally undergoes phase separation.198 This created between 20 – 80 repeats of
this octa-residue repeat, and includes rational mutations to understand the impact of
changes to its residue composition on protein LLPS.

Instead of looking at natural sequences, other work has examined the construction of
condensates using synthetic protein oligomerisation domains.199 Combinations of dimeric
and tetrameric oligomerisation domains produced synthetic condensates in Saccharomyces
cerevisiae (S. cerevisiae). The relative concentrations of these two components, and
their affinities, was shown to determine the phase boundary within cells. This work is
noteworthy because it reduces the disordered component of the synthetic proteins almost
entirely, building a system with quantifiable and structurally defined PPIs.
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Figure 1.13: Design and engineering of protein condensates. Upper: designed ele-
ments that have been introduced into synthetic protein condensates, including engineering of
natural phase-separating domains, the design of condensates from a bottom-up approach using
natural consensus sequences and entirely artificial protein domains, and mechanisms for con-
trolled assembly and disassembly of protein condensates. Lower: functional outcomes of the
engineered condensates, including knock-downs of endogenous proteins, induction of asymmetry
into cell division, accelerated enzymology by direction of metabolic flux or protection from cyto-
toxic intermediates, and the creation of orthogonal organelles for amber stop codon suppression.
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Further work has described the design of other self-assembling condensates, also using
two oligomerising domains.200,201 In addition to condensation, these assemblies use the
well-characterised FK506 binding protein (FKBP) and FKBP–rapamycin binding (FRB)
rapamycin dependent PPI interface, so that proteins can be selectively sequestered on ad-
dition of a small molecule trigger. Cargo release was engineered using the photoinducible
LOV2 trap and release of protein (LOVTRAP) system, which uses the photosensitive
interaction between LOV2 and Zdk1. On illumination with blue light the interaction is
disrupted, and cargo released from the synthetic condensates.

Overall, our ability to engineer and even design phase-separating proteins is growing
rapidly. Physical interrogation of LLPS has shed light on the molecular mechanisms of
how these phase transitions occur in biology, while chemical dissection of PPIs provides
new rationalisation of the interactions involved. These advances in our understanding
have made phase separation accessible to synthetic biologists for the creation of artificial
MLOs.202–204 However, significant questions still remain. Namely, how can we design a
protein condensate so that it behaves like a liquid, rather than a diffusion-limited gel
or arrested aggregate? Further, would it be possible to make such a protein from the
bottom-up, using principles of protein design to create the interaction interfaces? And
could such a de novo condensate confer similar benefits on catalysis as natural IDR-based
systems? These questions are still relatively unexplored, and will form the premise of this
thesis.

1.8 Scope of this thesis

Biomolecular condensates formed by protein phase separation have critical roles in cell
biology, and the utility of phase separation in synthetic biology has been increasingly
realised in recent years. Current state-of-the-art protein condensates re-purpose extant
IDRs to scaffold LLPS, but more recently the potential for protein design to offer solutions
for protein phase separation has been realised. The aim of this thesis is to use concepts
in rational protein design to create a protein for LLPS from the bottom-up. This can
offer insights into how the rational design of PPIs can drive the formation of different
condensate materials, and the implications on catalysis within these designer MLOs.
Chapter 3 describes the design and characterisation of a de novo polypeptide for LLPS
in vitro and in E. coli, using rationally designed coiled coils as PPI motifs. Chapter 4
applies these designed MLOs to the colocalisation of a multi-enzyme cascade in cells,
producing a clear improvement on pathway efficiency due to condensation. Chapter 5
investigates the formation of ordered fibres of the designed protein in vitro and in cells,
and the interplay between LLPS and fibre formation. Chapter 6 applies the developed
empirical design rules for LLPS to attempt to port the designer protein from prokaryotes
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into eukaryotic cells. Together, these studies present new insights into the bottom-up
design and functionalisation of de novo proteins for LLPS.
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Chapter 2

Materials & methods

2.1 Materials

2.1.1 Molecular biology

Restriction enzymes, DNA polymerase, purple gel loading dye, DNA and protein elec-
trophoresis size markers were supplied by New England Biolabs. DNA ligase and Pro-
TEV Plus tobacco etch virus (TEV) protease were supplied by Promega. Agar, lysogeny
broth (LB), agarose, glycine, sodium chloride (NaCl), polyethylene glycol (PEG) 3350,
2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris-base), 2-Bis(2-hydroxyethyl)amino-2-
(hydroxymethyl)-1,3-propanediol (Bis-tris), β-mercaptoethanol, ampicillin, chloram-
phenicol, isopropyl β-D-1-thiogalactopyranoside (IPTG), D-arabinose, N-Methyl-2-
pyrrolidone (NMP), paraformaldehyde, phosphate buffered saline (PBS) tablets, sodium
dodecyl sulfate (SDS), N,N,N’,N’-tetramethylethylenediamine (TEMED), methanol,
BugBuster lysis buffer, urea, tris(2-carboxyethyl)phosphine (TCEP) and imidazole were
purchased from Sigma Aldrich. QIAprep miniprep and midiprep kits, and QIAquick
DNA gel extraction kits were purchased from Qiagen. SybrSafe stain, SimplyBlue SafeS-
tain, 40% Bis-acrylamide/acrylamide, ammonium persulfate (APS), and SuperSignal
Pico chemiluminescence substrate was purchased from Thermo Fisher Scientific. cOm-
plete protease inhibitor tablets were supplied by Roche. Ni-Sepharose HisTrap High
Performance (HisTrap HP) columns, and HiLoad 16/600 Superdex 75 pg and 200 pg
size exclusion columns were supplied by Cytiva. ProLong Gold Antifade Mountant,
Power Blotter 1-Step Transfer Buffer, and TC-ReAsH II was purchased from Invitrogen.
Synthesised gene fragments ordered as double stranded DNA blocks and DNA oligonu-
cleotides were supplied by Integrated DNA Technologies. DNA sequencing was performed
by Source Bioscience. Plasmids were provided as gifts from other researchers. Mouse
anti-polyhistidine antibody (H1029) was purchased from Sigma Aldrich, horseradish
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peroxidase coupled secondary anti-mouse (J1430) was purchased from Invitrogen, and
polyvinylidene fluoride (PVDF) western blotting membranes were purchased from GE
Healthcare.

2.1.2 Oligonucleotides

Name Sequence (5’ – 3’) Length %GC Tm (°C)
HERD-
2.2–GFP
CMV fwd

CACGCGGCCGCATGGGC
AGTCATCACCACCATCA

34 65 61

HERD-
2.2–GFP
CMV rev

CACGGATCCTTATTTGT
AAAGTTCGTCCATGCC
TAATGTAATGC

44 41 61

HERD-0–
GFP CMV
fwd

GGTTTCCCTCTAGAAAT
AATTTTGTTTAACTTT
AA

35 26 56

HERD-0–
GFP CMV
rev

CACGGATCCTTATTTGT
AAAGTTCGTCCATGCC
TAATGTAATGC

44 41 61

HERD-2.2-
XL–GFP
CMV fwd

CACGCGGCCGCATGG
GCAGTCATCACCACC
ATCA

34 65 61

HERD-2.2-
XL–GFP
CMV rev

CACGGATCCTTATTTG
TAAAGTTCGTCCATGC
CTAATGTAATGC

44 41 61

Table 2.1: Oligonucleotides used for sub-cloning of designed HERD constructs. GC
content and melting temperature (Tm) calculated using SnapGene.

2.1.3 Mammalian cell culture

Dulbecco’s Modified Eagle’s Medium (DMEM), PBS for cell culture, and foetal calf serum
were purchased from Gibco Invitrogen. Effectine transfection reagent was purchased from
Qiagen. The antibiotics penicillin and streptomycin were supplied by PAA.

2.1.4 Instrumentation

Confocal fluorescence microscopy and fluorescence recovery after photobleaching were
performed on a Leica SP8 confocal using a 65 mW Ar laser (488 nm) and 20 mW solid
state laser (561 nm), with a 63x 1.4 numerical aperture oil immersion objective lens.
Sonication was performed using a Sonics VibraCell. Western blots were imaged with a
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G:Box Chemi-XT4 chemiluminescent imager (SynGene). An Äkta Pure 25L (Cytiva)
was used for protein purification. Western blots were transferred using a Power Blotter
XL (Invitrogen), and imaged G:Box Chemi-XT4 chemiluminescent imager (SynGene).
Cloud-point measurements used a Perkin Elmer Lambda 35 UV/Vis spectrophotometer
with a recirculating water bath and Peltier to control the sample temperature. Measure-
ments of indigo production used a Perkin Elmer Lambda 25 UV/Vis spectrophotometer.
Transmission electron microscopy was performed on a Tecnai 12 - FEI 120 kV BioTwin
Spirit. Circular dichroism spectroscopy measurements were performed on a JASCO J-810
spectropolarimeter with a Peltier temperature controlled cuvette holder.

2.2 Recombinant protein expression

2.2.1 Molecular biology and DNA assembly

Synthetic DNA fragments for HERD protein construction were ordered as double stranded
DNA blocks from Integrated DNA Technologies. For expression in E. coli , HERD se-
quences were subcloned with XbaI/NdeI restriction sites into the pET28a(+) derivative
pDIC vector generously provided by Dr Matthew Lee. DNA was codon optimised for
expression in E. coli K12 and to enable DNA synthesis of the repetitive sequences.
HERD proteins include an N -terminal His-TEV tag to enable affinity purification by
immobilised Nickel resins. DNA sequences for the client proteins mEmerald, mCherry,
alcohol dehydrogenase, glucose-6-phosphatase, tryptophanase A, and flavin containing
monooxygenase were synthesised as DNA fragments and subcloned C -terminally to the
HERD protein using NdeI/SacI restriction sites, with an additional (GS)3 linker.

Plasmids were assembled by restriction digest and ligation. Restriction digest reactions
were assembled with 1 μg DNA, 10x digestion buffer (1 μl), and 0.5 μl each restriction
enzyme made up to a volume of 10 μl with nuclease free water and incubated at 37 °C for
1 hour. Reaction products were analysed by agarose gel electrophoresis using 1% agarose
in tris/acetate/EDTA (TAE) running buffer supplemented with SybrSafe DNA stain, run
at 60 V for 45 minutes. Digested DNA fragments were gel extracted using QIAQuick gel
extraction kit following the manufacturer’s recommended protocol. Purified fragments
were assembled by ligation using T4 DNA ligase. 100 ng of the insert fragment was
incubated at 16 °C for 2 hours with 33 ng of the vector backbone fragment, 2x rapid
ligation buffer (5 μl), and 1 μl T4 DNA ligase in nuclease free water to a total volume of
10 μl.

Ligated assemblies were transformed into chemically competent DH5α E. coli . 50 μl of
ultracompetent DH5α were defrosted on ice and incubated with DNA (typically 3 μl for
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a ligation reaction, and 0.5 μl for an intact vector) for 30 minutes on ice. Reactions
were heat shocked at 42 °C for 30 seconds, before chilling on ice for 1 minute. 200
μl of LB was added and cells incubated at 37 °C for 1 hour, before spreading the cell
suspension on LB-agar plates containing the appropriate antibiotics (ampicillin (AMP)
- 100 μg/ml, chloramphenicol (CMP) - 25 μg/ml) and incubating at 37 °C overnight. A
single colony was picked from the transformation plate and inoculated into 5 ml LB with
antibiotics, before incubating overnight at 37 °C shaking at 200 rpm. Plasmid DNA was
extracted from the overnight cultures using the QIAPrep spin miniprep or midi-prep (for
transfection of mammalian cells) following the manufacturer’s recommended protocols.
All plasmid assemblies were verified by test restriction digest, followed by DNA sequencing
by Source Bioscience.

For mammalian expression, HERD–GFP sequences were subcloned into the commercial
cytomegalovirus vector pCMV. The restriction sites NotI/BamHI were introduced up-
stream and downstream of the open reading frame by polymerase chain reaction (PCR)
and used for subcloning into pCMV. PCR was performed using Q5 high fidelity DNA
polymerase from New England Biosciences. 50 μl reactions were assembled with 100
ng of template DNA, 5x polymerase reaction buffer (10 μl), 10 mM deoxynucleotide-
triphosphates (dNTPs), 10 μM each forward and reverse primer, and 0.5 μl Q5 DNA
polymerase made up 50 μl with nuclease free water. PCR cycles used an initial 98 °C, 30
s denaturation step, followed by 30 cycles of 98 °C (10 s), 55 °C – 72 °C (oligonucleotide
annealing temperature dependent, 30 s), and 72 °C (30 s per kb of product length). Final
extension was provided by a 2 minute 72 °C incubation before incubating at 4 °C. The
PCR reaction was verified by agarose gel electrophoresis and the product purified by gel
extraction, before assembly into pCMV by restriction digest and ligation.

2.2.2 Protein expression and purification

For protein expression, chemically competent BL21*(DE3) E. coli were transformed with
the vector of interest as described. A single colony from the transformation plate was
inoculated into a 5 ml LB overnight culture supplemented with AMP or CMP, and grown
overnight (37 °C, 200 rpm). Expression cultures (50 ml – 1 l) supplemented with AMP or
CMP were inoculated 1:100 with overnight culture and grown (37 °C, 200 rpm) to OD600

= 0.4 – 0.6. Protein expression was induced with 400 μM IPTG/0% – 0.2% D-arabinose
and the culture grown at the chosen expression temperature (18 °C – 37 °C, 200 rpm) for
up to 18 hours.

For protein purification, cells were collected by centrifugation (3400 xg, 20 minutes) and
the pellet resuspended in 40 ml of resuspension buffer (20 mM Tris pH 7.5, 50 mM imida-
zole, 500 mM NaCl, 2 M urea, plus 1 tablet cOmplete protease inhibitor cocktail). Cells
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were lysed on ice by sonication for 15 minutes (5 s on, 2 s off, 75% amplitude). Following
complete lysis, the suspension was centrifuged (16000 xg, 20 minutes). The supernatant
was retained and filtered using 0.2 μm syringe filters to clarify. The clarified supernatant
was then added to a 5 ml HisTrap HP immobilised metal ion affinity chromatography
(IMAC) column pre-equilibrated in Ni-nitrilotriacetic acid (Ni-NTA) binding buffer (20
mM Tris pH 7.5, 500 mM NaCl, 50 mM imidazole, 2 M urea). After sample application,
the column was washed in binding buffer for 4 column volumes. Then the bound protein
was eluted using a gradient of NiNTA elution buffer (0 – 100%) (20 mM Tris pH 7.5, 500
mM NaCl, 2 M urea, 500 mM imidazole). Following, the elution fractions were further
purified using a HiLoad Superdex 200 pg size exclusion column at 1 ml/min flow rate (20
mM Tris pH 7.5, 2 M urea). The resulting fractions were analysed by SDS-polyacrylamide
gel electrophoresis (PAGE). 6 μl of sample was added to 6 μl of prestained loading dye
and boiled at 95 °C for 10 minutes. Then, 8 μl of the fully denatured solution was loaded
on a 10 – 12% acrylamide/bis-acrylamide (29:1) gel, with 8 μl of broad-range pre-stained
protein standard (New England Biolabs) used as a molecular weight ladder, and run at
200 V for 1 hour. The gel was then stained with SimplyBlue SafeStain Coomassie G-250
total protein stain for 1 hour, and destained in water. Fractions were pooled and dialysed
into 20 mM Tris pH 7.5 using a 26/10 desalting column run at 5 ml/min. Desalted frac-
tions were pooled and concentrated using 10 kDa molecular weight cut-off Amicon spin
columns, and snap frozen in liquid nitrogen for storage at -70 °C. Protein concentration
was measured by absorbance at 280 nm using a Nanodrop and calculated into molar con-
centrations using the molecular weight and molar extinction coefficient from the primary
amino acid sequence.

2.2.3 TEV cleavage

TEV cleavage of HERD-2.2–GFP was performed using ProTEV Plus (Promega). The
reaction was set up with 18 mg of HERD-2.2–GFP, 0.5 mM EDTA, 1 mM DTT, and 200
units of ProTEV Plus, to a create a total volume of 12 ml. The reaction was incubated at
30 °C overnight, shaking at 50 rpm. Following cleavage, the protein was purified from the
tag a HisTrap HP column and collecting the unbound flow-through. Complete cleavage
and purification was confirmed by running samples on SDS-PAGE as described above,
and total protein staining with SimplyBlue SafeStain.
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2.3 Cell culture

2.3.1 Mammalian cell culture

HeLa cells were cultured in Dulbecco’s Modified Eagle’s Medium with high glucose, 10%
foetal calf serum and 5% penicillin/streptomycin. Cells were grown at 37 °C and 5%
CO2. For transfection of recombinant proteins, 1 – 4 x105 cells were seeded the day
before onto individual 35 mm culture dishes with 175 μm glass bottoms. Cells were
transfected with 0.4 μg DNA using the Effectene transfection reagent (Qiagen), following
the manufacturer’s recommended protocol and grown for 18 – 22 hours before imaging.

2.4 Microscopy and protein detection

2.4.1 E. coli cell imaging

For visualisation of de novo proteins in E. coli, from the overnight culture, 50 ml of LB
was inoculated with 500 μl and grown (37 °C, 200 rpm) to OD600 = 0.4 – 0.6. For fixed
cell imaging, after protein expression was induced with IPTG, the cultures were grown
at 18 °C (200 rpm) for 5 hours. Aliquots of expression cultures were taken (typically 1
ml), and the cells collected by centrifugation (3000 xg, 5 minutes). The cell pellet was
then washed 3 times in 1 ml PBS, followed by fixing with 1 ml 2% formaldehyde in PBS
and incubating for 15 minutes. The cells were then pelleted (3000 xg, 5 minutes) and
the formaldehyde discarded. The cells were washed 3 more times with 1 ml PBS before
resuspending in 100 μl PBS. Two drops of ProLong Gold Antifade Mountant (Invitrogen)
were added to a clean glass slide, and 10 μl of the fixed cells added to the mountant before
covering with a coverslip and leaving to set overnight.

To image cells live, variable growth and imaging temperatures were used after induction
of expression (18 °C – 37 °C). Cell pellets were collected by centrifugation (3000 xg, 5
minutes) and instead directly resuspended in 50 μl PBS and 15 μl applied to a slide pre-
equilibrated to match the growth and imaging temperature. The coverslip was sealed
with clear nail polish to prevent evaporation and carried to the microscope on a tem-
perature controlled heat block. Microscope temperature was controlled using a variable
temperature controlled stage (Linkam), pre-heated to the chosen imaging temperature
at least 30 minutes before imaging. Microscopy images were analysed using ImageJ and
presented as maximum intensity projections, assembled using Adobe Illustrator.205,206
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2.4.2 Mammalian cell imaging

All mammalian cell imaging was performed on live HeLa cells grown at 37 °C, and the
temperature was maintained before and during imaging as described above. 18 – 22 hours
after transfection, cells were washed 3 times in preheated PBS and imaged live in the
glass bottomed culture dishes.

2.4.3 Automated image analysis

Cell samples for automated image analysis of condensate formation were collected as
described above for E. coli imaging of fixed cells. Cells were collected beginning at the
induction of protein expression in the mid-exponential phase of growth (OD600 = 0.4
– 0.6). This was established as timepoint 0, and cells collected and fixed for confocal
microscopy every hour for the following 6 hours, when the cultures reached OD600 = 2
– 2.5. Both brightfield and fluorescence microscopy images were collected for automated
cell detection and quantification.

Automated cell detection and condensate quantification used the custom ModularImage-
Analysis (MIA) plugin for ImageJ (version 0.21.11), created and adapted by Dr Stephen
Cross for this purpose.207,208 In brief, individual cells were detected from Z-stack im-
ages of E. coli. For this, the brightfield Z-stacks were background subtracted using a
sliding paraboloid with a radius of 10 pixels. Then, single Z-slices giving the best focal
plane were selected using the Stack Focuser ImageJ plugin.209 The focused images were
then normalised for their brightfield intensity and background corrected further.210 The
corrected brightfield images were then passed to the convolutional neural network-based
plugin StarDist for detection of E. coli, using a model trained on the DeepBacs E.coli
dataset.211 Overlapping cells were discounted to avoid conflation of foci from multiple
cells. Foci within the identified individual cells were detected using maximum inten-
sity projections from the fluorescence microscopy Z-stacks. Background intensity was
removed, and TrackMate’s LoG spot detector was used to convolve the image to enhance
foci-like features, and detect foci that are brighter than a set threshold.212 The number
of foci, their area, and their total fluorescence intensity were measured for each cell and
recorded for statistical analysis.

2.4.4 TC-ReAsH II labelling

For specific labelling of proteins encoding tetracysteine sequences (CCPGCC), the bi-
arsennical dye TC-ReAsH II (Invitrogen) was used.213 For in vitro labelling, tetracysteine
encoding proteins were each incubated at 100 μM with 1 μM TC-ReAsH II and 1 mM
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TCEP in the dark, to prevent photobleaching. For measurement of enrichment within
HERD-2.2–GFP droplets, the proteins were then mixed with 2 mM HERD-2.2–GFP, be-
fore inducing phase separation by addition of buffer containing 250 mM NaCl, 8% PEG
3350, and 20 mM Tris pH 7.5. The droplets formed were measured by excitation at 561
nm (TC-ReAsH II). For subtraction of background, HERD-2.2–GFP droplets contain-
ing no tetracysteine labelled proteins were incubated and imaged in parallel alongside
each sample, and the fluorescence intensity within non-labelled droplets subtracted as
background.

For in-cell labelling, cells were grown as described previously (18 °C, 200 rpm) for 5
hours after induction of protein expression. Here, plasmids encoding HERD-2.2–GFP
and the tetracysteine labelled protein were co-transformed and co-expressed, along with
cells expressing only HERD-2.2–GFP as a control for non-specific labelling. After 5 hours,
1 μM TC-ReAsH II and 1 mM 1,2-ethanedithiol (EDT) were added for specific labelling
of tetracysteine encoding proteins. Cells were then imaged live at room temperature.

2.4.5 Western blotting

For western blotting, transformed E. coli were grown overnight and inoculated 1:100 into
50 ml of fresh LB plus AMP or CMP. Cells were grown as described at 18 °C, 200 rpm,
for 5 hours after the induction of protein expression. To normalise protein aliquots to cell
density, aliquot volume was normalised to OD600 of the culture according to the following
equation:

Aliquot volume (µl) =
V olume of lysis buffer (µl) × 400

OD600
(2.1)

The 400 multiplier was chosen empirically as it gave good protein concentrations for
visualisation by SDS-PAGE. Typically, 50 μl was the volume of lysis buffer used for re-
suspension. The aliquots were collected by centrifugation (3000 xg, 15 minutes) and
resuspended in BugBuster lysis buffer (Sigma Aldrich), with 1 μl benzonase, before incu-
bating at 37 °C for 30 minutes. The solution was then freeze thawed using liquid nitrogen
3 times to ensure complete lysis. Where cell lysates were separated into their soluble and
insoluble fractions, the solution was then centrifuged (18000 xg, 20 minutes). The super-
natant was removed and collected as the soluble protein fraction. The pellet was washed
once in PBS, before resuspending again in 50 μl of BugBuster as the insoluble protein
fraction.

Samples were run on SDS-PAGE gels as described previously, but without staining with
Coomassie total protein stain. Proteins were transferred to a 0.2 μm PVDF western blot-
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ting membrane with a Power Blotter XL (Invitrogen) transfer system using the recom-
mended transfer buffer (Invitrogen) for 15 minutes at 1.3 A. The membrane was blocked
using 5% milk powder in PBS-T for 1 hour, before incubating with the primary antibody
(H1029, Sigma Aldrich) in 4% milk in PBS-T (1:5000) for 1 hour. The membrane was
then washed 3 times for 5 minutes each in PBS-T to remove the primary antibody before
incubating with the HRP coupled secondary anti-mouse antibody (J1430, Invitrogen) in
4% milk in PBS-T (1:10000) for 1 hour. The membrane was then washed 3 more times
with PBS-T. Finally, 2 ml of SuperSignal West Pico Plus chemiluminescent substrate was
added, and incubated for 1 minute before imaging.

2.4.6 Transmission electron microscopy

Purified protein samples for transmission electron microscopy (TEM) were prepared and
deposited onto a glow-discharged 300-mesh carbon grid coated with pioloform. 10 μl of
sample was applied to a grid and incubated for 1 minute, then samples stained using a
2% uranyl acetate (UA) solution. Grids were swept through a drop of UA, then dropped
sample-side down into a second drop and incubated for 3 minutes. The grid was then
blotted with filter paper to remove excess stain, and swept through a third UA drop,
and blotted again. The grid was then swept through two drops of ultrapure water, before
blotting and leaving to dry. Stained grids were then imaged on a 120 kV Tecnai 12 electron
microscope. Staining, sectioning and imaging of cell sections by TEM was performed by
Dr Lorna Hodgson. 1 ml of cell suspension was pelleted by centrifugation, and 1 μl of
pellet was vitrified using a Leica EM PACT2 high pressure freezer with a rapid transfer
system. The vitrified cells were freeze substituted with 0.2% UA, 5% H2O in acetone for
5 hours at -90 °C using a Leica AFS2 automated freeze substitution system. The samples
were then warmed to -45 °C, and kept for 2 hours at that temperature before washing
in acetone for 30 minutes. Resin (Lowicryl HM20) was then infiltrated into the freeze
substituted samples at increasing dilutions (25%, 50%, 75%) for 3 hours each, before
embedding in 100% resin for 16 hours, followed by 3 changes of resin, left for 2 hours
each. The infiltrated resin was then polymerised using UV for 48 hours. The resin blocks
were sectioned using an EM UC6 microtome with a diamond knife at 45 °. For TEM,
slices were placed onto TEM grids for imaging. For correlative light electron microscopy
(CLEM), slices were first imaged using a Leica SP8 AOBS confocal microscope with a 63x
oil immersion objective, before negative staining with 2% UA as described for purified
samples, and imaging by TEM.
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2.5 Soft-matter biophysics

2.5.1 Cloud-point measurements

Phase separation of HERD-2.2–GFP was measured in 4% PEG 3350, 125 mM NaCl,
and 20 mM Tris pH 7.5, with the concentration of HERD-2.2–GFP varied from 2.7 –
37 mg/ml. The protein sample was filtered using a 0.2 μm filter, and all the materials,
including the cuvette holder, cuvette, and protein sample were pre-heated in an incubator
to 40 °C for at least 20 minutes to equilibrate. The solution temperature during mea-
surement was measured using a temperature probe placed in the reference cuvette, with
an identical buffer solution. Phase separation was measured by detecting the change in
percent transmission (%T) at 600 nm, while the temperature was initially decreased from
40 °C to 5 °C, and then restored from 5 °C to 40 °C. The 50% transmission value as the
temperature was reduced was identified as Tcloud, while the 50% transmission value as the
temperature was increased again was identified as Tclear. The binodal phase boundary at
each protein concentration point is the mean of Tcloud and Tclear.

2.5.2 Fluorescence recovery after photobleaching

For measurement of fluorescence recovery, imaging was recorded at 400 hz bidirectionally,
giving an interval of 648 ms between frames. HERD-2.2–GFP droplets in vitro were
formed by 33 mg/ml HERD-2.2–GFP, with 125 mM NaCl, 20 mM Tris-HCl pH 7.5,
and 4% PEG 3350. E. coli expressing HERD–GFP proteins for in-cell measurement
were grown and prepared as described for live cell confocal microscopy imaging. Prior
to bleaching 3 measurements were recorded of the bleach point, giving the pre-bleach
fluorescence intensity as their mean. Bleaching was performed using a single 40% laser
burst for 100 ms (for in vitro bleaching) or 1 ms (for in-cell bleaching), and fluorescence
recovery recorded over a period of 20 – 30 s. The background fluorescence intensity
was subtracted from all measurements. To allow comparison between different bleaching
experiments, recovery was normalised to the pre-bleach fluorescence intensity and to the
fluorescence intensity measured immediately after bleaching. To correct for spontaneous
bleaching during measurement, a second independent reference area was measured during
the experiment. In vitro this was a distal area of the same large droplet, and in-cell
this was an independent condensate in a different E. coli cell. This reference area was
background subtracted and normalised in the same manner as the bleach area, and the
bleach area divided by the reference area to account for spontaneous bleaching. t1/2 values
were calculated by fitting FRAP data in OriginPro. An exponential of f(t) = A·(1−e−τ ·t)

was used. Here, A is the plateau intensity, τ is the fitted parameter, and t is the time
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after bleaching. Using this exponential, half-lives were determined using the equation:
t1/2 =

ln(0.5)
τ

.

2.6 Enzymology measurements

2.6.1 Measurement of indigo production

Indigo was produced in E. coli by the recombinantly expressed tryptophanase (TnaA)
and flavin containing monooxygenase (FMO). A TnaA knockout strain of E. coli was
used (∆tnaa BL21 DE3), kindly given for this purpose by Dr Chong Zhang, so that all
product formation was due to the recombinantly expressed enzymes.214 In addition, for
cell density measurements OD700 was used instead of OD600, to avoid conflation with the
absorbance spectrum of indigo (measured by absorbance at 610 nm).215 For co-expression
of HERD proteins and the two enzymes, ∆tnaa E. coli were transformed with two vec-
tors, one with the HERD protein under the T7 promoter (AMP selection), and a second
polycistronic vector with the two complimentary enzymes TnaA and FMO under the ara-
binose promoter (CMP selection). A single colony from the transformation plate was used
to inoculate an overnight culture, supplemented with both AMP and CMP antibiotics.
From the overnight culture, 50 ml of fresh LB supplemented with AMP and CMP was
inoculated 1:100 and grown (37 °C, 200 rpm) to OD700 = 0.4 – 0.6. Protein expression
was then induced with 400 μM IPTG to induce expression of the HERD protein, and
varying concentrations of D-arabinose (0% – 0.2 % w/v) to induce titratable expression
of the TnaA and FMO fusions. Cultures were then grown at 18 °C or 33 °C, 200 rpm for
22 hours. Cell density was then recorded by measurement at OD700. For indigo measure-
ment, a 2 ml aliquot of each culture was collected by centrifugation (3000 xg, 5 minutes).
The cell pellet was resuspended in NMP and sonicated (3x 5 seconds, 60% amplitude) to
lyse the cells and resuspend the indigo. The solutions were centrifuged (13000 xg, 20 min-
utes) to remove cell debris before measurement of indigo concentration by absorbance at
610 nm. Finally, the expression levels of the two enzymes TnaA and FMO were measured
by western blotting, for normalisation both to cell density and enzyme expression. For
this, samples for western blotting were collected and performed as described previously,
and blotted against the N -terminal His tags of the two enzymes. Despite their very sim-
ilar molecular weights, FMO runs consistently lower on SDS-PAGE then TnaA due to its
significantly different net charge, permitting analysis of both enzymes from a single blot.
Enzyme expression was quantified from western blots using triplciate cultures in Image
Studio Lite. Background subtraction used a 3-point top-and-bottom subtraction around
the band of interest to subtract non-specific background particularly visible in the HERD
samples. The concentration of FMO was used for the final normalisation as its catalysed

38



oxidisation of the indole to the indoxyl has been characterised as the rate-limiting step in
this reaction pathway, with a kcat/KM of 7.8x103 M-1s-1 compared to the 2.7x104 M-1s-1

of TnaA.216,217 The final relative indigo production was reported relative to the amount
of indigo produced by the free enzymes, which was set as 1.

2.7 Structural biophysics

2.7.1 Solid phase peptide synthesis

Solid phase peptide synthesis (SPPS) was performed using a Liberty Blue peptide syn-
thesiser from CEM. Peptides were synthesised as C -terminal amides on a rink amide
resin using Fmoc protected amino acids, coupled with DIC/Oxyma. Amino acids were
deprotected using solutions of 20% morpholine in DMF. Synthesised peptides were N -
terminally acetylated by addition of pyridine (5%) and acetic anhydride (3%) in DMF
and incubated for 1 hour at room temperature. Peptides were then cleaved from the
resin by adding 95% trifluoroacetic acid (TFA), 2.5% H2O, and 2.5% triisopropylsilane
and incubated on a rotating platform for 2 hours at room temperature. The cleaved pep-
tide was collected and excess TFA evaporated using a stream of N2. Residual TFA was
removed by precipitation of the peptide with ice cold diethyl ether, and centrifugation
(4000 xg, 10 minutes). The peptide pellet was then resuspended in deionised water.

2.7.2 Peptide purification

Peptides made by SPPS were purified by high pressure liquid chromatography (HPLC)
on a reverse phase C18 column with a 5 μm particle size and 100 Å pore size. In general,
the crude peptide was dissolved in 20% acetonitrile with 0.1% TFA, and separated using
a 20 – 100% gradient of acetonitrile over 30 minutes, with elution monitored at 280 nm.
Peptide mass was confirmed by mass spectrometry and analytical HPLC.

2.7.3 Circular dichroism spectroscopy

Circular dichroism (CD) spectra were recorded on a a JASCO J-810 spectropolarimeter
with a Peltier temperature controller, in a 10 mm path length reduced volume cuvette.
Single measurements of ellipticity were performed at 5 °C. Measurements of ellipticity
with respect to temperature (melting and cooling spectra), were recorded by collecting
initial spectra at 5 °C, with ellipticity measured at 222 nm every 1 °C and full spectra
measured every 5 °C as the temperature was increased to 90 °C, and then decreased again
to 5 °C. Full spectra measured ellipticity between 190 nm and 260 nm in 1 nm intervals,
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with a 100 nm/min scanning rate, 1 nm bandwidth and 1 s response time. A reference
spectrum using the same cuvette, parameters and buffer at 5 °C was subtracted from the
measured ellipticity. Ellipticity (deg) values were converted to mean residue ellipticity
(MRE) (deg·cm2·dmol-1·res-1) by normalisation to the number of peptide bonds in the
protein, and the path length using the following equation:

MRE (deg · cm2 · dmol−1 · res−1) = θ × 100

c× l × b
(2.2)

Where θ is the difference in absorbed circularly polarized light in millidegrees, c is the
protein concentration in mM, l is the path length in cm, and b is the number of amide
bonds in the protein. Fraction helicity was calculated using the MRE at 222 nm (MRE222)
using the following equation:

Fraction helix (%) = 100× MRE222 −MREcoil

−42500× (1− 3
n
)−MREcoil

(2.3)

Where MREcoil is 640 - 45T, T is the temperature in degrees Celcius, and n is the number
of amide bonds in the sample.

2.7.4 X-ray fibre diffraction

X-ray fibre diffraction was performed and analysed with the help of Prof Louise Serpell
at the University of Sussex. Fibres were prepared in solution without NaCl or PEG
to prevent diffraction peaks due to salt rings. Solutions containing purified fibres (16
mg/ml protein, 20 mM Tris pH 7.5) were hung between two glass capillaries with the
ends sealed with paraffin, placed approximately 1 cm apart. These droplets were left to
dry for 18 hours to produce dry protein fibres suspended between the capillaries. Fibres
were aligned in the detector at 0 and 90° orientations, before diffraction using a Rigaku
copper rotating anode X-ray source with a Saturn CCD detector at a distance of 50 mm
for 30 – 60 s. Diffraction patterns were analysed using CLEARER to identify distances.

2.8 Computational tools

Protein parameters, including molecular weight, pI, net charge, and extinc-
tion coefficient (ϵ) at 280 nm were calculated from primary amino acid se-
quences using ExPASy ProtParam (https://web.expasy.org/protparam).218 Models
of homomeric coiled coils were generated using CCBuilder 2.0 using ISAMBARD
(http://coiledcoils.chm.bris.ac.uk/ccbuilder2/builder).219,220 Predictions of protein in-
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trinsic disorder were performed using IUPred3 (https://iupred3.elte.hu).221,222 Protein
structure prediction and modelling was performed using AlphaFold2 ColabFold notebooks
(https://colab.research.google.com/github/sokrypton/ColabFold/).223 All data analyses
except those mentioned explicitly were performed in Python using the Pandas and Numpy
libraries, and visualised using the MatPlotLib and Seaborn libraries.
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Chapter 3

Rational design of proteins for LLPS

The following work in this chapter comprises part of the publication: Assembling mem-
braneless organelles from de novo designed proteins, Alexander T. Hilditch, Andrey V.
Romanyuk, Stephen J. Cross, Richard Obexer, Jennifer J. McManus & Derek N. Woolf-
son, Nature Chemistry (2023).224 All of the work described in this chapter is that of the
author, with the exception of those mentioned explicitly (construction and training of the
MIA model written by Dr Stephen Cross, and used by the author for Figs. 3.12 and 3.16,
and CD spectroscopy performed by Dr Andrey Romanyuk, presented in Fig. 3.15).

3.1 Chapter introduction

Phase separation of proteins is no longer the mysterious physical phenomenon that it first
appeared when identified in the early 2000s. Recent physical and chemical studies on the
properties of phase-separating proteins have begun to dissect the molecular architecture of
their interactions and understand how they function in vivo.83 Overall, phase-separating
proteins can be considered to form a network of intermolecular interactions that drive
de-mixing.86 Therefore, phase separation can be considered to be an interplay between
interaction valency, and affinity.85 As molecular valency increases, the propensity of a
protein to phase separate increases.88,225–227 As a result, many natural and engineered
proteins for LLPS use repetitive PPI motifs to increase the overall molecular valency.90,95

Complementary to valency is interaction affinity. Overall, the higher the interaction affin-
ity, the lower the protein concentration required to induce phase separation, known as the
saturation concentration (Csat).228–230 The interaction affinity of phase-separating pro-
teins is challenging to elucidate, as the majority of systems use highly dynamic IDRs as
scaffolds. However, engineered protein condensates using structurally defined PPIs have
demonstrated these principles, that protein condensation is an interplay between valency
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and affinity of interactions.188,199,231 In addition, more nuanced concepts surrounding the
interactions that drive phase separation have begun to emerge. The interplay between in-
tramolecular and intermolecular interactions is being recognised, as a high propensity for
intramolecular interactions reduces the overall extent of network formation, and therefore
attenuates phase separation.226 Taken together, these studies begin to create an image
of the molecular architecture of proteins that drive phase separation. Nonetheless, the
construction of minimal, de novo designed systems for LLPS from the bottom-up remains
a formidable challenge.

Figure 3.1: Workflow for the design and characterisation of proteins for LLPS.
Rational design of concatenated coiled coils was followed by in cell and in vitro characterisation,
for the ultimate creation of organelles in cells that can be functionalised with enzymes.

This chapter describes the design of a minimal polypeptide for LLPS in E. coli. PPI mo-
tifs are designed using extant de novo coiled-coil motifs, and their interactions rationally
tuned to produce dynamic liquid condensates rather than arrested aggregates. Protein
phase separation is characterised using soft-matter biophysical techniques both in vitro
and in cells to confirm it forms compartments that behave like de-mixed liquids. This
design process unifies many of the concepts about the molecular architecture of biomolec-
ular condensates into a single design pipeline, demonstrating that the bottom-up design
of LLPS is tractable and can be created from de novo protein motifs (Fig. 3.1).
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Figure 3.2: The stickers and spacers model for phase-separating proteins. Stickers
and spacers can be used to represent a range of architectures of phase-separating proteins.
Three different models are shown, with stickers highlighted in red, and spacers in blue. Top: the
globular protein lysozyme undergoes LLPS with surface interactions acting as stickers. Middle:
Poly SH3 domains have been used as stickers in engineered phase-separating proteins. Bottom:
the N -terminal IDR from FUS is rich in tyrosine residues acting as single residue stickers. Figure
adapted from Choi, Holehouse, and Pappu (2020) with permission from Annual Reviews.89

3.2 Bottom-up design of de novo stickers and spacers

To create the initial framework for the design of a phase-separating protein, a stickers
and spacers arrangement was used (Fig. 3.2).89 This places PPI motifs (stickers) along a
linear polypeptide, separated by linkers (spacers). This arrangement of motifs has been
described previously as a way of generating the high valency of interactions required for
LLPS.91,232 Further, it is a broad framework, which permits modularity of motifs and
domains. For instance, sticker motifs can be folded, globular PPI domains, as in the case
of poly-SH3 proteins.89,233 Alternatively, stickers can be individual residues in an IDR,
as with the repeated tyrosine residues in FUS.31 Sticker and spacer frameworks have
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even been used to describe the phase separation of monomeric globular proteins, such as
lysozyme, which phase separates at high NaCl concentrations.234 However, in this case
the stickers are attractive patches on the globular protein surface, physically separated
by the protein’s surface.

Figure 3.3: Orthogonal coiled coils as peptide stickers. Crystal structures of the coiled
coils CC-Tri (blue, PDB: 4DZN) and CC-Tet2 (red, PDB: 6XY1), shown from the side, and top
down, with the interacting a and d residues shown as sticks. Sequences for the peptides are
given below, with the heptad repeat in italics, along with a helical wheel representation of the
coiled coils.

3.2.1 Coiled-coil stickers

To create a de novo protein for LLPS, rather than relying on natural PPIs or phase-
separating motifs, coiled-coil motifs were used as PPIs for the stickers. This not only
ensures that phase separation has been designed truly from the bottom-up, but also en-
ables as detailed as possible rationalisation of the contributing PPIs. Coiled-coil motifs
are a tractable choice for stickers in such a framework for several reasons. Firstly, as va-
lency has been demonstrated to be key for protein condensation, the stickers should aim
to maximise the valency of the overall molecule.227 Coiled coils have been created to form
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dimers to octamers in solution, giving an extremely high potential valency in a minimal
sequence motif.111,142,235 Secondly, within coiled-coil sequence and structure space, there
are a wide range of designed elements available. Both homomeric and heteromeric assem-
blies have been designed, as well as coiled coils with interaction affinities ranging from
high μM to low nM.145,149,150,236 Thirdly, coiled coil design is accessible rationally, as well
as computationally.139,219 This is important for the design of proteins for LLPS, as there
are no existing computational frameworks for the design of such unstructured proteins,
and computational design cannot yet produce the weak PPIs that would be required for
LLPS. Instead, the rational mutation of coiled-coil sequences provides a tractable route to
the design of proteins for LLPS. Indeed, coiled coils have recently begun to be implicated
as oligomerisation motifs for phase separation.111,237–239

Figure 3.4: Theoretical pI distribution of the E. coli proteome. Histograms of the
theoretical pI of the whole E. coli proteome (UniProt proteome:UP000000625; 4403 unique
proteins), and only E. coli proteins flagged as being localised to the cytoplasm (GO:0005737)
or cytosol (GO:000582; 1448 unique proteins). Theoretical pI was calculated using Expasy
Compute pI tool.240

To create as minimal a system as possible, only two coiled-coil sequences were used in
the initial stickers and spacers arrangement. Longer sequences with more stickers would
offer greater valency, but as the de novo coiled-coil peptides designed previously typically
have dissociation constants (KD) in the low nM range, the affinities of these stickers would
likely be high enough to cause self-assembly with only two motifs.142 In addition, rather
than using two identical coiled-coil motifs for the stickers, two different coiled coils were
chosen in an effort to improve orthogonality between the two stickers. This would have
the effect of reducing intramolecular interactions between the two stickers, and instead
maximise intermolecular interactions.83 Maximising intermolecular interactions permits
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the greatest potential for intermolecular network formation, which has been suggested to
be important for driving phase separation.83 Furthermore, coiled coils with pentameric
or greater oligomeric states were excluded from the design, as they have accessible hy-
drophobic cavities within the helical barrel that could cause hydrophobic collapse within
the crowded phase-separated environment.151,235

Name Sequence pI

gabcdef gabcdef gabcdef gabcdef

CC-Tri G EIAAIKQ EIAAIKK EIAAIKW EIAAIKQ G 8.38
CC-Tri-EEWE G EIAAIKE EIAAIKE EIAAIKW EIAAIKE G 4.60

cdefgab cdefgab cdefgab cdefgab

CC-Tet2 G EIQKQLK EIQKQLK EIQWQLK EIQKQLK G 9.60
CC-Tet2-EEWE G EIQEQLK EIQEQLK EIQWQLK EIQEQLK G 4.60

Table 3.1: Theoretical pI of de novo coiled coils. Theoretical pIs of de novo coiled coils
calculated from their primary amino acid sequence using Expasy ProtParam.240

With pentamers and above excluded, the highest oligomeric states available are trimeric
and tetrameric. Established and ongoing work has explored the creation of robust, hy-
perstable de novo coiled coils with dimeric, trimeric, and tetrameric oligomeric states
(CC-Di, CC-Tri, and CC-Tet, respectively), that appear ideal for the creation of coiled-
coil stickers (Fig. 3.3).142 However, following work by Dr Freddie Martin indicates that
while these designed sequences are highly specific for their respective oligomeric states,
the helices within some of these bundles can exchange with each other when mixed, in-
dicating that they are not orthogonal to each other in all combinations.241 This could
potentially lead to increased intramolecular interactions, and a reduced intermolecular
valency. Therefore, to maximise orthogonality between the two stickers, a more recently
designed tetrameric coiled coil was used (CC-Tet2). Compared with CC-Tri and CC-Tet,
CC-Tet2 uses a different arrangement of salt bridging residues as well as an alternative
helical register, creating a highly robust homotetrameric coiled coil.149 In addition, this
redesigned CC-Tet2 was found to exchange far less with CC-Tri, indicating that the re-
design had made the two coiled coils interfaces more orthogonal.241 Therefore, the coiled
coils CC-Tri and CC-Tet2 were selected for the stickers and spacers design.

Finally, the overall net charge and isoelectric point (pI) of the coiled coils were considered
before their use in E. coli cells. Historically, to aid purification by high pressure liquid
chromatography (HPLC), the peptides CC-Tri and CC-Tet2 had been designed with an
overall positive charge, and pI of 8.5 – 9.5.142,149 While convenient for in vitro work, this
is in contrast to the vast majority of proteins within the E. coli proteome.242 Here, cyto-
plasmically distributed proteins are predominantly negatively charged, with an overall pI
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of approximately 5.5 – 6.0, to prevent association with the highly negative nucleoid (Fig.
3.4).243 Only a small population of positively charged proteins exists, and is largely made
up of DNA and RNA binding proteins.244,245 In order to prevent undesirable complex
coacervation with nucleic acids, the net charge of the coiled coils was inverted by replace-
ment of lysines at the solvent exposed f positions with glutamates. These acidic coiled
coils, denoted CC-Tri-EEWE and CC-Tet2-EEWE, now had pIs of 4.6, much closer to
that of endogenous E. coli proteins (Table 3.1).

Figure 3.5: The effect of linker effective solvation on sticker cooperativity. Stickers
are represented by red squares connected by blue spacers. Large positive ves favours linker
elongation and poor overall cooperativity between stickers. A large negative ves instead favours
linker compaction. ves close to 0 gives a dynamic tether with both global and local cooperativity.
Figure adapted from Harmon et al. (2017) with permission from eLife.246

3.2.2 Unstructured spacers

Next, a spacer was created to connect the two helical motifs. To create flexibility be-
tween the two stickers, the spacer was designed to be disordered. However, in order to
rationalise as many of the interactions as possible using the de novo coiled coils, PPI
motifs or attractive patches were excluded from the spacer design. Further, natural IDRs
were also excluded from the design process, so that both the stickers and spacers were
rationally designed. Several features of linkers between PPI motifs for phase separation
have already been established. There are strong indications that the physical properties,
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and in particular, the effective solvation volume (ves), of spacers in a stickers and spacers
model is critical to phase separation (Fig. 3.5).246,247 If the linker is efficiently solvated
(ves > 0), it will tend to elongate and stretch out, to maximise spacer-solvent interactions.
By contrast, if the linker is poorly solvated (ves < 0), it will contract to bury its surface
and minimise spacer-solvent interactions.246 Highly solvated linkers are poor drivers of
phase separation, as they reduce the overall cooperativity between the sticker motifs.
Meanwhile, very poorly solvated linkers can have the effect of acting like additional PPI
motifs due to their self-interactions. Instead, it has been suggested that the ideal linker
scaffold should have a neutral effective solvation (ves ≈ 0), and act much like a random
tether. ves is largely determined by the fraction of charged residues in the sequence, with
approximately 30% charged residues giving a ves of 0.

Figure 3.6: The designed linker, and disorder prediction of the coiled coils and
linker by IUPred3. a, Primary amino acid sequence of the designed linker, with negatively
charged residues in red, and positively charged residues in blue. b, Disorder prediction of the
coiled coils CC-Tri-EEWE and CC-Tet2-EEWE, and the designed linker, by IUPred3. Probabil-
ity of the sequences being disordered is given between 0 and 1. The threshold value for disorder
(a score of 0.5 or greater) is shown by a hashed line. IUPred3 predictions used long disorder
parameters without smoothing.

As well as effective solvation, the level of cooperativity between the stickers is also deter-
mined by the length of the spacer.246 Short spacers increase local cooperativity between
the stickers, however, there is reduced global cooperativity, as stickers are less likely to
make intermolecular interactions, and the network is less likely to grow and drive phase
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separation. Increasing spacer length increases the probability that the molecular network
will grow, as there is a greater global cooperativity. However, the stickers within the
molecule are now locally less cooperative, and at infinitely long lengths are essentially
independent. Therefore, linker length must balance global and local cooperativity.246

Figure 3.7: HERD protein architecture. Model of HERD-0 showing concatenation of
the coiled coils CC-Tri-EEWE and CC-Tet2-EEWE with the designed linker, to create a linear
polypeptide. The implied oligomeric states of the coiled coils are represented by white helices
in the HERD protein.

These established concepts were considered when designing the de novo linker. Initially,
residue composition was chosen to create a sequence with no secondary structure. Regular
repeats of hydrophobic amino acids were excluded, and proline and glycine residues used
to break secondary structure. Further, the sequence composition was chosen to be serine
and proline rich to mimic natural IDRs, with an overall charged residue weight of 30%
to give a ves of ≈ 0.248,249 The overall net-charge of the linker was designed to be 0, and
charged residues spaced evenly across the sequence to prevent patchy ionic interactions.
Hydrophobic and aromatic residues were largely excluded to avoid interactions similar to
those in natural IDRs.94 In addition, the linker was made to be 25 residues in length, to
balance both global and local cooperativity. A single linker sequence was parameterised
and tested using these constraints, to focus the design on the coiled-coil motifs used as
stickers (Fig. 3.6a). Structural predictions of both the two coiled-coil motifs, and the
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designed linker, were generated using IUPred3.221 The designed linker was predicted to
be entirely unstructured, with a 100% disorder prediction, while the two coiled coils are
both predicted to form secondary structure (Fig. 3.6b).

Figure 3.8: HERD-0–GFP forms fluorescent subcellular condensates. a, Fixed cell
confocal microscopy images of E. coli grown at 18 °C expressing HERD-0–GFP, and the soluble
proteins mEmerald and His-TEV-mEmerald. Scale bars are 5 μm. b, Western blot of E.
coli expressing HERD-0–GFP. Cell samples were collected 2 hours (2h) and 5 hours (5h) after
induction of protein expression, and separated into the soluble (SF) and insoluble (IF) cellular
fractions. Laddering visible below the band corresponding to HERD-0–GFP is due to protein
degradation in the insoluble fraction.

3.3 HERD proteins form subcellular protein condensates

The chosen coiled coils, CC-Tri and CC-Tet2, and the designed linker were concate-
nated into a single polypeptide to create the final design framework, which was called
a helical repeat domain (HERD) (Fig. 3.7). The monomeric green fluorescent protein
(GFP) mEmerald was attached to the C terminus to facilitate imaging of subcellular
localisation, and an N -terminal His-TEV site was added to enable protein purification,
creating HERD-0–GFP (Tables 8.1 and 8.5).250 Expression of this initially designed con-
struct, and examination of intracellular localisation by confocal fluorescence microscopy
indicated the formation of fluorescent intracellular foci, while expression of mEmerald
alone gave evenly distributed fluorescence, demonstrating that protein condensation was
specific to HERD-0–GFP (Fig. 3.8a).
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3.3.1 Destabilisation of HERD proteins creates soluble condensates

To assess whether the condensates were liquid-like or formed arrested aggregates, the
cells were lysed and separated into their soluble and insoluble fractions, and localisation
of HERD-0–GFP determined by western blotting. HERD-0–GFP localised almost ex-
clusively to the insoluble fraction, indicating that it was unlikely to be forming dynamic
protein condensates (Fig. 3.8b). The formation of insoluble aggregates was attributed to
the extremely high affinities (low nM) of the de novo coiled-coil motifs.142

Figure 3.9: Destabilisation of de novo coiled coil stickers. Mutations were made to
destabilise the helical regions by: a, reduction of helical length, b, mutation of core leucine and
isoleucine residues to alanine, c, mutation of coiled coil surface residues to residues with lower
helical propensities.

Once formed, these oligomers would be unlikely to dissociate again, and rather than
forming dynamic condensates instead become irreversibly aggregated. To create HERD
designs that exchanged dynamically, the affinities of the helical motifs were reduced by
destabilisation of the coiled-coil interface. Initially, the helical regions were weakened
by reduction of the helical length from the initial 4 heptads (28 residues) to 3 heptads
(21 residues; Fig. 3.9a) to give HERD-1.1–GFP (Fig. 3.10, Table 8.1). However, when
assessed in cells, this design behaved similarly to HERD-0–GFP, also producing insoluble
aggregates in E. coli. Therefore, the further reduction of affinities between the helical
regions was considered. To weaken the hydrophobic interface further, 3 different strategies
were employed in parallel. Firstly, the helical length was shortened further from the initial
4 heptad (28 residue) length of HERD-0, down to a minimum of 2.5 heptads (17 residues).
Secondly, the interface was disrupted by replacing some of the hydrophobic residues in
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the core of the coiled coil with alanine, to reduce the intimate van der Waals packing
within the interface (Fig. 3.9b).

Figure 3.10: Destabilised HERD proteins create soluble condensates. a, Fixed
cell confocal microscopy images of E. coli grown at 18 °C expressing HERD-1.1–GFP through
HERD-2.4–GFP (Table 8.1). Scale bars are 5 μm. b, Western blots of E. coli expressing HERD-
1.1–GFP through HERD-2.4–GFP. Cell samples were collected 2 hours (2h) and 5 hours (5h)
after induction of protein expression, and separated into the soluble (SF) and insoluble (IF)
cellular fractions.

Here, rather than by mutating both the core a and d positions, only the a positions
were mutated to retain some potential for helix-helix knobs-into-holes packing. Thirdly,
alanine to serine mutations were made to the solvent-exposed surface of the helical regions
to reduce their overall helical propensity, and improve their solvation (Fig. 3.9c, Table
8.1).251,252 These designs, HERD-2.1–GFP through HERD-2.4–GFP, were then screened
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in cells for protein condensation and solubility. They retained the ability to form protein
condensates, but had improved protein solubility (Fig. 3.10). Further, the complete
destabilisation of the helical regions beneath the limit of coiled-coil formation by reducing
the helical lengths to two heptads (14 residues) or less, resulted in the loss of condensate
formation and largely evenly distributed fluorescence (HERD-2.5–GFP through HERD-
2.8–GFP; Fig. 3.11).253

Figure 3.11: HERD proteins with severely reduced helical interactions produce
fewer condensates. a, Fixed cell confocal microscopy images of E. coli grown at 18 °C
expressing HERD-2.5–GFP through HERD-2.8–GFP. Scale bars are 5 μm. b, Western blots
of E. coli expressing HERD-2.5–GFP through HERD-2.8–GFP. Cell samples were collected 2
hours (2h) and 5 hours (5h) after induction of protein expression, and separated into the soluble
(SF) and insoluble (IF) cellular fractions.

3.3.2 HERD-2.2–GFP undergoes a temperature-dependent phase transition

Automated image analysis was used to quantitatively determine changes in cellular locali-
sation of the HERD proteins. The custom MIA plugin for ImageJ detects protein conden-
sates automatically within E. coli, developed for this process by Dr Stephen Cross.207,208
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Figure 3.12: Automated image analysis of condensate formation in E. coli. a – c,
Histograms of cells expressing HERD-0–GFP (a, n = 5782), HERD-2.2–GFP (b, n = 5993), and
HERD-Ctrl2–GFP (c, n = 7923), with cells identified as containing foci by automated image
analysis in red, and cells not containing condensates in blue, against total cellular fluorescence
intensity. d, Total counts of cells with and without condensates, expressing HERD-0–GFP,
HERD-2.2–GFP, and HERD-Ctrl2–GFP. e, Fraction of cells identified identified as displaying
intracellular foci against total cellular fluorescence. f, Mean foci area (μm2) of identified foci in
cells expressing HERD-2.2–GFP and HERD-Ctrl2–GFP.
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This identifies individual E. coli cells, and determines the overall fluorescence intensity
and number of foci within the cell, as well as their size. To evaluate how protein localisa-
tion changes during expression, images of cells expressing HERD proteins were collected
beginning at the induction of protein expression, and then every hour for the following
6 hours. Measurement of HERD-0–GFP indicated that foci formation occured almost
immediately, at low protein concentrations (Fig. 3.12a). In contrast, the destabilised
HERD-2.2–GFP, with helical regions 17 residues in length, and alanine at the a positions
and isoleucine at the d positions, formed condensates only after a threshold concentra-
tion had been reached, suggesting a phase transition (Fig. 3.12b). In addition, live-cell
imaging of HERD-2.2–GFP indicated that condensation was temperature dependent.
E. coli expressing HERD-2.2–GFP grown and imaged at 37 °C showed no condensates,
while reducing the temperature to 33 °C resulted in the formation of enriched protein
condensates, which became more dense as the temperature was reduced to 18 °C (Fig.
3.13).

Figure 3.13: HERD-2.2–GFP condensation in cells is temperature dependent. Live
cell confocal microscopy images of E. coli expressing HERD-2.2–GFP at varied growth and
imaging temperatures (37 °C – 18 °C). Scale bars are 5 μm.

In addition, to confirm that condensation was due to the helical regions, two HERD
constructs were created where all of the core a and d residues had been mutated to
alanine in one (HERD-Ctrl1–GFP) or both (HERD-Ctrl2–GFP) of the helical regions,
to resemble the de novo designed monomeric α helix CC-Mono (Table 8.1).254 Neither
of these proteins formed large intracellular condensates, indicating that the hydrophobic
positions at a and d are essential for protein condensation. Moreover, this demonstrates
that these positions are required in both of the helical regions, confirming the original
design hypothesis (Fig. 3.14). Measurement of HERD-Ctrl2–GFP by automated image
analysis confirmed that protein condensation had been abolished in this construct, and
those foci that were identified by automated image analysis were far smaller than the
mean foci area of HERD-2.2–GFP condensates (Fig. 3.12c–f).
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Figure 3.14: Fully mutated HERD constructs do not form condensates. Fixed cell
confocal microscopy of E. coli grown at 18 °C expressing HERD-Ctrl1–GFP and HERD-Ctrl2–
GFP. Scale bars are 5 μm.

3.3.3 The helical regions of HERD-2.2 are unstructured in solution

The helical regions used in the HERD-2.2 design had been significantly altered and desta-
bilised compared to the parent CC-Tri and CC-Tet2 peptides. While these changes pro-
duced condensates that appear much more soluble, it was unclear whether they would
still be forming coiled coils or even helical interactions. Dr Andrey Romanyuk investi-
gated the solution-phase behaviour of the component peptides of HERD-2.2. For this,
the HERD assembly was broken down into its constituent peptides (helical region 1: CC-
Tri, linker, and helical region 2: CC-Tet2), and chemically synthesised in vitro by SPPS,
followed by circular dichroism (CD) spectroscopy to examine their secondary structure
in solution.224 The components of the parent HERD-0 showed the expected secondary
structural characteristics by CD spectroscopy: the helical regions CC-Tri-EEWE and
CC-Tet2-EEWE displayed strong α-helical profiles, with minima at 208 and 222 nm (Fig.
3.15a). Moreover, the designed linker was confirmed to be unstructured in solution, with
overall low ellipticity between 190 and 260 nm.

However, measurement of the destabilised HERD-2.2 helical regions showed that the
secondary structure had been nearly entirely lost from these sequences (Fig. 3.15b).
Moreover, the synthesised single polypeptide comprising the two helical regions and linker
also showed no secondary structure. These data were puzzling, and appeared contrary
to the design hypothesis that helical interactions were driving LLPS of HERD-2.2–GFP.
However, it was proposed that rather than highly ordered and well-folded coiled coils, the
helical regions in HERD-2.2 could be interacting by weak, nascent helical interactions that
are poorly folded in solution. Weak α-helical interactions have been implicated in phase
separation of natural proteins such as elastin, where there is some evidence for protein
folding assisted phase separation, however this remains an area of active research.255,256

To elucidate the potential for weak helical interactions, Dr Romanyuk investigated the
secondary structure of the HERD-2.2 peptides in trifluoroethanol (TFE).
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Figure 3.15: The helical regions of HERD-2.2 are unstructured in solution. a-b,
CD spectra for the component peptides of HERD-0 (a) and HERD-2.2 (b) at 500 μM in 125
mM NaCl, 20 mM Tris pH 7.5. c, CD spectra for the component peptides of HERD-2.2 in 50%
TFE, with 100 μM peptide. d, Fraction helicity of HERD-2.2 component peptides at increasing
TFE concentration (0 – 90%), at 100 μM peptide.

TFE stabilises hydrogen bonding of peptides in solution, and therefore their secondary
structure.257 Measurement of the HERD-2.2 components in TFE now showed a clear
α-helical profile for the two helical regions, while the linker remained remarkably unstruc-
tured even up to 90% TFE (Fig. 3.15c–d). These data indicate that the helical regions
of HERD-2.2 are unstructured in solution, but have a propensity to form α-helical sec-
ondary structures, which could potentially drive the weak interactions necessary for phase
separation.
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Figure 3.16: Fully mutated HERD constructs do not form condensates. Automated
image detection of condensates within E. coli expressing HERD-Ctrl3–GFP (a, n = 4141),
HERD-Ctrl4–GFP (b, n = 5530), HERD-Ctrl5–GFP (c, n = 5554), HERD-Ctrl6–GFP (d, n =
4339), and HERD-Ctrl7–GFP (e, n = 4113) against cells expressing HERD-2.2–GFP (blue, all
panels, n = 5993).
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3.3.4 Helical interactions of HERD-2.2 are important for condensation in
cells

In vitro analysis on the component peptides implicated extremely weak, transient α-
helical structure in the helical regions of HERD-2.2, but this was yet to be determined to
be a factor on condensation in cells. To determine whether α-helical secondary structure
could be implicated in protein condensation, several additional variations on HERD-
2.2 were constructed where the helical regions were disrupted such that they would no
longer be expected to form helices (HERD-Ctrl4–GFP through HERD-Ctrl7–GFP, Table
8.1). These constructs included helix breaking mutations (proline and glycine residues) at
various positions in both helical regions, as well as an overall scramble of the hydrophobic
residues in the heptad repeat, so that the helical regions would no longer be able to form
an amphipathic helix.

Each of these designs was assessed for condensation by automated image analysis and
compared to the HERD-2.2–GFP design (Fig. 3.16). All of the disrupted helical de-
signs showed significantly reduced or nearly completely abolished protein condensation
in E. coli, corroborating the idea that helical interactions were important for protein
condensation. However, it should be noted that this does not conclusively prove α-helical
interactions are present, and studies similar to those performed on elastin, such as fol-
lowing phase separation by nuclear magnetic resonance (NMR) would be required to
investigate this further.258

3.3.5 AlphaFold2 predicts α-helical secondary structure for HERD-2.2

Since helical interactions could be implicated in HERD-2.2 interactions, the sequence was
modelled using AlphaFold2 to see whether it would predict the now destabilised helical
regions as α-helical.118,223 Modelling of the entire HERD-2.2–GFP sequence predicted
the designed helical regions with α-helical secondary structure, and correctly predicted
the well-folded β-barrel GFP (Fig. 3.17). Further, the linker was predicted to be un-
structured, as was the N -terminal His-TEV tag. However, despite predicting the helical
regions as α-helical, the confidence of the prediction made to the HERD sequence was low,
demonstrated by a low predicted local distance difference test (pLDDT) score. There-
fore, structural predictions of these helical regions should not be considered accurate.
The low confidence may be due to the low sequence coverage for this de novo protein,
and helical representations of these sequences could be due to bias from the published
de novo α-helical coiled coils in the PDB, on which AlphaFold2 was trained. Overall
though, modelling of HERD-2.2 using AlphaFold2 was not informative for predicting its
secondary structure.
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Figure 3.17: AlphaFold2 predicts α-helical secondary structure for HERD-2.2–
GFP. a, Representative AlphaFold2 models of HERD-2.2–GFP, with the helical regions coloured
in red and blue, and mEmerald in green. b, pLDDT plots for the top 5 AlphaFold2 models of
HERD-2.2–GFP. Sections are coloured to correspond to the models shown in a.

3.3.6 Changes to the linker do not significantly alter condensation

Having interrogated several changes to the helical motifs that appear critical for protein
condensation, several linker variations were also tested (Table 8.1). These experiments
aimed to determine how important the length and sequence of the linker were to con-
densation of the de novo protein. Theoretical models of stickers and spacers suggest
that protein condensation is highly dependent on changes to both the linker length and
its effective solvation.247 Therefore, linkers were constructed to vary the length, while
keeping the overall primary sequence composition the same. Or alternatively, to keep the
length the same but vary ves by inclusion or removal of additional charged residues. For
this, linkers 8 residues and 50 residues long were designed to match the overall sequence
composition of the original linker while varying the length, and two additional 25-residue
linkers were designed with either a greater (50%) proportion of charged residues, or no
charged residues to vary ves.

These changes were made to the linker using the helical regions from HERD-2.2, which
appeared to form condensates readily that were sensitive to their environment, making
HERD-3.1–GFP through HERD-3.4–GFP. When screened in E. coli, all of these designs
formed condensates that matched those made by HERD-2.2–GFP, indicating that con-
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densation in cells had not been significantly perturbed by the changes to the linker (Fig.
3.18). However, it is highly likely that these changes could have impacts on the phase
behaviour of the de novo protein that may not revealed by in cell screening. Instead, a
full assessment could be elucidated with more sensitive assays or in vitro measurements.
However, as the design process focused on changes to the helical regions of the de novo
protein, further investigation into the impact of the linker was not pursued.

Figure 3.18: Changes to the linker do not significantly alter condensation. Fixed
cell confocal microscopy of E. coli grown at 18 °C expressing HERD-3.1–GFP through HERD-
3.4–GFP. Scale bars are 5 μm.

3.4 HERD-2.2–GFP undergoes LLPS in vitro

Following the observation that HERD-2.2–GFP underwent a phase transition in cells,
the de novo protein was purified in order to evaluate its phase behaviour conclusively in
vitro. Initially, phase separation of HERD-2.2–GFP was screened using buffers of varying
ionic strength and molecular crowding. Varying concentrations of NaCl were used to
modulate ionic strength, while PEG was used to simulate the crowded environment of
the bacterial cytoplasm.259,260 The pH was maintained at 7.5 to emulate physiological
pH. HERD-2.2–GFP did not phase separate at low NaCl and PEG concentrations, but
formed a single soluble phase (Fig. 3.19). However, at increasing molecular crowding and
ionic strength the formation of two de-mixed phases was evident. Promisingly, in several
cases, this took the form of spherical macroscopic droplets, characteristic of liquid-like de-
mixing. Further increases in molecular crowding resulted in the formation of amorphous
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aggregates, indicative of a second phase transition. Optimal conditions within the regime
where liquid-like droplets were observed were 250 mM NaCl, 4% PEG 3350 in Tris (pH
7.5).

Figure 3.19: HERD-2.2–GFP forms de-mixed droplets in vitro. a, A screen for HERD-
2.2–GFP phase separation was set up using a 2 dimensional gradient of NaCl (0 – 500 mM) and
PEG 3350 (0 – 7.5%) in a 96 well MRC crystallography plate with HERD-2.2–GFP (400 μM)
in a total volume of 0.8 μl, and 20 mM Tris pH 7.5. The sitting droplets were automatically
imaged in a Formulatrix RI-1000 crystallisation hotel with a 5 MP camera and categorised based
on appearance. b, Representative images of the phase behaviours described in a. Droplets were
classified into 4 groups based on the several criteria: A single (1) phase had no observable
precipitation or phase separation. 2 phases (liquid-liquid) formed largely spherical de-mixed
particles with smooth borders between phases. 2 phases (liquid-solid) formed non-spherical
particles with coarse (non-smooth) boundaries between phases. 3 phases (liquid-liquid-solid)
had both morphologies within the same droplet.

3.4.1 HERD-2.2–GFP droplets are reversible and dynamic

Observation of HERD-2.2–GFP under these conditions (125 mM NaCl, 4% PEG 3350, 20
mM Tris pH 7.5) by confocal microscopy confirmed the presence of macroscopic de-mixed
droplets, clearly enriched in the de novo fluorescently tagged protein (Fig. 3.20a). The
droplets were highly spherical, and rapidly coalesced in under 2 seconds to form larger
droplets that reformed a spherical shape (Fig. 3.20b). Moreover, variable-temperature
microscopy measurements captured droplet nucleation as the temperature was reduced
from 40 °C to 5 °C (Fig. 3.20c). This phase transition recapitulates the observed tem-
perature dependence of condensation observed in cells, with a similar temperature range
of nucleation, indicating that the chosen conditions mimicked those in cells. In addition,
reheating of the de-mixed droplets in vitro fully reversed de-mixing, reforming a sin-
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gle phase, demonstrating that phase separation of HERD-2.2–GFP was highly reversible
(Fig. 3.20d). In turn, each of these measurements indicate that the designed HERD-2.2–
GFP undergoes LLPS in vitro under these conditions, forming dynamic and reversible
de-mixed droplets.

Figure 3.20: HERD-2.2–GFP droplets are reversible and dynamic. a, Confocal
microscopy of de-mixed HERD-2.2–GFP droplets. Scale bar is 5 μm. b, Coalescence of HERD-
2.2–GFP droplets. Coalescence was complete after 2 – 3 seconds, imaging every 648 ms. Scale
bar is 5 μm. c, Nucleation of HERD-2.2–GFP droplets as the temperature is reduced from 40 °C
to 5 °C. Frames are 6.5 s apart. Scale bar is 20 μm. d, Dissolution of HERD-2.2–GFP droplets
as the temperature is increased from 40 °C to 5 °C. Frames are 64 s apart. Common conditions:
1 mM HERD-2.2–GFP, 125 mM NaCl, 4% PEG 3350, 20 mM Tris pH 7.5.

3.4.2 HERD-2.2–GFP still undergoes LLPS following TEV cleavage

To ensure that all of the interactions making up HERD-2.2–GFP were robustly interro-
gated, the contribution of the N -terminal His-TEV tag on phase separation was assessed.
Initially, the tag had been retained for the in vitro measurements to more closely match
the protein measured in cells. To assess its contribution, the tag was cleaved using the
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TEV protease site. Following cleavage, the tag-free HERD-2.2–GFP still underwent phase
separation, forming enriched droplets similar to the protein with the N -terminal tag, but
required greater molecular crowding reagent, with 10% PEG 3350 used instead of 4%
(Fig. 3.21). This increase in molecular crowding is noteworthy, and indicates that the
tag does contribute to the attractive interactions of the protein, though it is not the main
or a required driving force for LLPS. The HERD proteins described from this point retain
this tag, as this combination of interactions gave the optimum conditions for LLPS in
cells.

Figure 3.21: HERD-2.2–GFP still undergoes LLPS following TEV cleavage. a,
SDS-PAGE of HERD-2.2–GFP and HERD-2.2–GFP following TEV cleavage and purification,
confirming removal of the tag. b, Confocal microscopy of HERD-2.2–GFP droplets following
TEV cleavage. Scale bar is 15 μm. Conditions: 2 mM HERD-2.2–GFP (cleaved), 125 mM NaCl,
10% PEG 3350, 20 mM Tris pH 7.5.

3.4.3 The LLPS boundary of HERD-2.2–GFP can be mapped

To characterise the phase transition of HERD-2.2–GFP robustly, the binodal LLPS phase
boundary was mapped by cloud-point measurements. These measurements use the light
scattering effect produced by protein de-mixing to measure nucleation.261,262 As tem-
perature had been identified to trigger LLPS of HERD-2.2–GFP, it was used to induce
nucleation. The change in cloud-point temperature was measured as a function of HERD-
2.2–GFP concentration. Beginning with a single phase solution heated to 40 °C in the
identified 4% PEG 3350 crowding conditions, the temperature was lowered and nucleation
measured by the change in percent transmission (%T; Fig. 3.22a). As the temperature
was decreased there was a sharp decrease in %T, characteristic of nucleation-driven LLPS,
with the temperature at 50% transmission giving the cloud-point temperature (Tcloud).
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Further, on reheating the sample back to 40 °C the %T nearly completely recovered,
returning to a largely single phase system. Here, the temperature at 50% transmission
gives the solution clearing temperature (Tclear). This reversibility is again characteristic
of LLPS, which is an entirely reversible phase transition, unlike irreversible aggregation
or spinodal decomposition.44

Figure 3.22: Measurement of the binodal phase boundary for HERD-2.2–GFP. a,
Measurements of the change in transmission (600 nm) as the temperature was reduced from 40
°C to 5 °C, and then returned to 40 °C. b, The measured portion of the binodal phase boundary
of HERD-2.2–GFP. Bars represent the measured difference between Tcloud and Tclear, with the
midpoint being the phase boundary.

Several other aspects of these data confirm that the phase transition observed was nu-
cleation driven LLPS. Firstly, at high protein concentrations the changes in %T were
rapid, giving extremely sharp phase transitions. However, as the protein concentration
was decreased the transitions became protracted, as droplet nucleation and coalescence
was slowed by the reduced protein concentration in solution. Further, the measured tran-
sitions Tcloud and Tclear displayed the characteristic hysteresis associated with nucleation
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(Fig. 3.22b).263,264 As there is an energy barrier associated with nucleation and LLPS,
the temperature Tcloud is always lower than Tclear, except at the critical point.30,33 For
HERD-2.2–GFP, as expected for the binodal phase boundary, as the protein concentra-
tion was increased the difference between Tcloud and Tclear was reduced, indicating that
it was moving towards the critical point. However, as there was still a large difference
between Tcloud and Tclear at the highest protein concentration measured (12.5 °C at 37
mg/ml), the critical point likely lies at a much higher protein concentration.

Figure 3.23: HERD-2.2–GFP droplets recover rapidly after photobleaching. Mea-
sured fluorescence recovery and representative images of the droplets before bleaching, immedi-
ately after bleaching, and 30 s after bleaching. n = 13. Scale bar is 5 μm. Conditions: 1 mM
HERD-2.2–GFP, 125 mM NaCl, 4% PEG 3350, 20 mM Tris pH 7.5.

It is noteworthy that at the highest protein concentrations the reversibility of phase
separation was incomplete, with %T only returning to approximately 90% of the starting
value. This incomplete reversal of phase separation is likely due to a second, irreversible
phase transition occurring after the initial nucleation-limited LLPS.265 LLPS of proteins
is by definition a metastable process. This is because LLPS occurs due to weak, relatively
non-directional interactions. However, proteins are generally anisotropic molecules, with
patchy or directional interactions. While these interactions can help to drive LLPS,
within the dense environment of a phase-separated droplets molecules can come into
close proximity. Now, the stronger structural interactions can predominate and induce a
second irreversible phase transition, either through spinodal decomposition to form a gel,
or aggregation, or even crystallisation. Therefore, it is likely that the incomplete recovery
of %T is due to a small amount of protein aggregation or gelation occurring as a result
of the initial LLPS.
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3.5 HERD-2.2–GFP droplets recover rapidly after bleaching

Having confirmed that HERD-2.2–GFP undergoes a liquid-liquid phase transition in vitro,
the molecular motility within the de-mixed droplets was probed by fluorescence recovery
after photobleaching (FRAP).266,267 In this experiment, a small region of fluorescence
within the de-mixed droplet is bleached by a high-intensity laser burst, and the recovery
of fluorescence within the bleached area measured with respect to time.267 This provides
information on whether the macromolecules within the droplets are immobile or whether
they can move freely.268

Figure 3.24: HERD-2.2–GFP forms liquid-like droplets in cells. a, Representative
images of E. coli expressing HERD-2.2–GFP before bleaching, immediately after bleaching, and
20 s after bleaching. The bleach point is circled in red, and the two measured areas within
the same condensate (within the bleached area, and outside of the bleached area) are circled in
blue and magenta respectively. Scale bar is 5 μm. b, Measured fluorescence recovery within the
bleached area of HERD-2.2–GFP condensates in E. coli grown at 37 °C. n = 13. c, Relative
normalised fluorescence intensity between the measured areas directly within the bleached spot
(blue) and outside of the bleached spot within the same condensate (magenta). n = 13, error
bars represent the standard error. Statistical testing used a two-tailed T-test with P-values of
< 0.001 for 0 s post-bleach, and 0.0958 for 20 s post-bleach.
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3.5.1 FRAP in vitro gives rapid and complete recovery of fluorescence

The rate of recovery within HERD-2.2–GFP droplets in vitro was assessed. To facilitate
bleaching, relatively high protein concentrations were used (1 mM) so that the droplets
were large enough that recovery was not limited by the amount of fluorescent protein
within each droplet. Bleaching of a region of protein within each droplet caused a drop in
fluorescence that rapidly recovered, with a 50% recovery time (t1/2) of approximately 1.54
s (Fig. 3.23). However, it should be considered that the rate of imaging was relatively
slow (every 648 ms) to prevent spontaneous bleaching, so this value likely has additional
error. Nonetheless, recovery of fluorescence was nearly complete; only 10% of the initial
fluorescence signal did not recover 30 s after bleaching. These data demonstrate that
LLPS of HERD-2.2–GFP produces motile and dynamic droplets under these conditions.

3.5.2 HERD-2.2–GFP produces liquid-like condensates in cells

Further, and to demonstrate that HERD-2.2–GFP condensates could behave like de-
mixed liquids in cells, FRAP was performed on E. coli expressing HERD-2.2–GFP. Ini-
tially, and because of the temperature dependence of LLPS for HERD-2.2–GFP, FRAP
was performed on cells grown at 37 °C that were then chilled at 5 °C for 5 minutes to
induce phase separation. These cells initially do not form HERD-2.2–GFP condensates,
however after the brief cooling, enriched, fluorescent condensates were readily visible.
By inducing phase separation immediately before imaging it was proposed that these
condensates would be most likely to still be liquid-like, rather than having already ma-
tured into arrested, immobile materials. It was noted that condensates formed by this
method were larger than those formed by HERD-2.2–GFP when grown at 18 °C. This
was an additional advantage, as smaller condensates are more challenging to photobleach
accurately in live cells.44,269

Bleaching of HERD-2.2–GFP condensates in E. coli again showed a rapid recovery of
fluorescence within the bleached area, with a t1/2 of <1 s (Fig. 3.24). Precise interpre-
tation of the exact value was not performed as the rate of imaging precludes accurate
analysis. However, in contrast to the in vitro experiments, the magnitude of fluorescence
recovery was modest, with recovery only reaching approximately 25% of the initial fluo-
rescence after 20 s. The cause of this weak magnitude of recovery was initially puzzling,
as visually the condensates appeared to have relatively uniformly distributed fluorescence
after bleaching, suggesting that there was not in fact a large immobile fraction. Indeed,
condensates that had been bleached had highly unequally distributed fluorescence imme-
diately after bleaching. The fluorescence intensity directly within the bleached area was
significantly lower than that within the same condensate, but outside of the bleach point.
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Figure 3.25: HERD-0–GFP forms static aggregates in E. coli. a, Representative
images of E. coli expressing HERD-0–GFP before bleaching, immediately after bleaching, and
20 s after bleaching. The bleach point is circled in red, and the two measured areas within
the same condensate (within the bleached area, and outside of the bleached area) are circled in
teal and magenta respectively. Scale bar is 2.5 μm. b, Measured fluorescence recovery within
the bleached area of HERD-0–GFP condensates in E. coli grown at 37 °C. n = 19. c, Relative
normalised fluorescence intensity between the measured areas directly within the bleached spot
(teal) and outside of the bleached spot within the same condensate (magenta). n = 13, error
bars represent the standard error. Statistical testing used a two-tailed T-test with P-values of
< 0.001 for both comparisons.

However, 20 s after bleaching the distribution of fluorescence had nearly completely re-
equilibrated so that these two areas were now almost equal again. This suggests that in
fact there had been near-complete recovery of fluorescence, but that there had been a sig-
nificant amount of fluorescent protein lost in the bleach process, causing the magnitude of
fluorescence to appear much lower. This is likely a result of the droplets in E. coli being
far smaller than those used in vitro, where there was a large available pool of protein
available for recovery. Here, bleaching the cells reduced the available pool of fluorescent
protein significantly, and was only slightly corrected by normalisation for background
or spontaneous bleaching, where fluorescence of a nearby independent cell was used to
correct for spontaneous bleaching during measurement. Comparison of these data with
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literature experiments of FRAP on phase separated droplets in E. coli, corroborated the
notion that fluorescence does not recover completely, giving the false impression of a large
immobile fraction.270

3.5.3 HERD-0–GFP produces immobile aggregates in E. coli

From these data, HERD-2.2–GFP appears to form condensates in E. coli that can behave
with liquid-like properties, with rapid recovery of fluorescence after photobleaching that
matches that measured in vitro. To assess the design strategy and screening method
used for selection of HERD-2.2–GFP, condensates made by HERD-0–GFP were also
measured by FRAP (Fig. 3.25). E. coli expressing HERD-0–GFP were also grown at 37
°C and chilled at 5 °C, however in contrast to HERD-2.2–GFP, HERD-0–GFP formed
condensates prior to cooling. In addition, when tested by FRAP, condensates made by
HERD-0–GFP displayed nearly no fluorescence recovery following bleaching, indicating
that protein within these condensates was almost entirely arrested. Further, following the
same comparison as made for HERD-2.2–GFP, HERD-0–GFP condensates did not return
to an equal distribution of fluorescence following bleaching, demonstrating that there was
conclusively no fluorescence recovery. These results show that the design strategy had
been successful in transitioning from immobile aggregates to dynamic protein condensates
in cells.

3.6 Chapter summary

The design and engineering of proteins for phase separation has made significant progress
in recent years.187 Now, protein designers have begun to explore the potential for the
bottom-up construction of artificial MLOs.83 Concepts like the stickers-and-spacers frame-
work have proved extremely useful in this regard, and have been implemented in the
engineering of natural phase-separating proteins and the design of synthetic multivalent
assemblies.89 This chapter has explored the potential for de novo protein design to create
a stickers and spacers array from the bottom-up. This incorporates elements of rational
coiled-coil design, using sequence-to-structure relationships for these α-helical assemblies
to modify their interfaces and affinities to an extent currently inaccessible to computa-
tional design methods (Figs. 3.25 & 3.26) Further, these helical motifs are concatenated
by a designed unstructured linker.

Changes to the primary sequences of these polypeptides translate directly to the material
properties of the resulting condensates, as demonstrated by the FRAP measurements on
HERD-2.2–GFP and the parent HERD-0–GFP. The optimised HERD-2.2–GFP forms

71



droplets that are highly dynamic, and behave like de-mixed liquids, indicative of LLPS
(Fig. 3.24). It is likely that the resulting subcellular compartments, which are among the
first MLOs to be created in prokaryotes, could be permissive to functionalisation.271 This
could allow the sequestration of endogenous cellular proteins, or the compartmentalisation
of functional client proteins within an organelle-like structure in E. coli. These ideas form
the basis for the following chapter of this thesis.

It is interesting to highlight how this bottom-up designed construct resembles, and differs
from, natural phase-separating proteins. By following a stickers-and-spacers framework
the design incorporates significant elements of disorder, and in many ways emulates nat-
ural intrinsically disordered proteins.272 Its success however, is that the unstructured
linker does not appear to be a significant factor for phase separation, and so more of
the interactions can be rationalised through helical sequence rules. However, it is also
clear that some of the design concepts used in the selection of the coiled coils CC-Tri
and CC-Tet2 are no longer valid in the destabilised HERD-2.2. It is well recognised that
as helical length and knobs-into-holes packing are attenuated, so is the specificity for
oligomeric state and interaction interfaces.273 This means that while the original CC-Tri
and CC-Tet2 may be largely orthogonal to one another, the destabilised motifs used in
HERD-2.2 are highly unlikely to be. In fact, Dr Andrey Romanyuk examined the sec-
ondary structure of the components of HERD-2.2, and found that due to the extensive
destabilisation of the coiled coils they were largely unstructured in solution, requiring
TFE to stabilise their α-helical secondary structure (Fig. 3.15).224

It is also noteworthy that in contrast to natural phase-separating proteins, HERD-2.2–
GFP requires molecular crowding to induce LLPS, whereas some natural proteins form
de-mixed droplets readily in dilute solutions.260 This may be because HERD-2.2–GFP
was designed to condense in the prokaryotic cytoplasm. Prokaryotes not only have much
higher levels of molecular crowding, but are also capable of greater recombinant expression
levels than eukaryotes.274,275 It follows that a protein designed for LLPS under these
conditions would require higher concentrations and additional molecular crowding for
phase separation in vitro as well. However, despite this, the rational HERD design
strategy is appealing as a basis for creating proteins that will phase separate under
different conditions, for instance for the development of de novo MLOs in eukaryotic
cells. This will be the basis for chapter 6 of this thesis.

Further investigation into the components of the HERD proteins could present interesting
evidence into the precise roles of the components in this stickers-and-spacers framework,
including the unstructured linker. These experiments may be of interest to corroborate
the theoretical frameworks developed on phase-separating domains. In addition, func-
tional motifs or additional PPIs could be inserted into the linker, for instance to create

72



multiple layers of control over recruitment. These ideas are outside of the scope of this
thesis, but it will be interesting to see how protein design begins to interface with the
conceptual and theoretical frameworks for phase separation in the future, as it has already
increasingly done so.
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Figure 3.26: Graphical representation of HERD designs 0 through 2.6. Constructs
are shown as models with alanine mutations represented by teal spheres in the place of the
hydrophobic core residues. Low helical propensity is represented by splaying of the helical
bundles.
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Figure 3.27: Graphical representation of HERD designs 2.7 through 3.4, and Ctrl1
and 2. Constructs are shown as models with alanine mutations represented by teal spheres in
the place of the hydrophobic core residues. Low helical propensity is represented by splaying
of the helical bundles. HERD-Ctrl1 and 2 are shown in their presumed monomeric oligomeric
states.
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Chapter 4

Functionalisation of de novo MLOs

The following work in this chapter comprises part of the publication: Assembling mem-
braneless organelles from de novo designed proteins, Alexander T. Hilditch, Andrey V.
Romanyuk, Stephen J. Cross, Richard Obexer, Jennifer J. McManus & Derek N. Woolf-
son, Nature Chemistry (2023).224 All of the work described in this chapter is that of the
author.

4.1 Chapter introduction

The discovery of protein phase separation and LLPS in biology unlocks a variety of po-
tential applications. Compartmentalisation of proteins within synthetic organelle-like
compartments offers the potential to enrich functional enzymes and reaction intermedi-
ates, or sequester them away from endogenous proteins and other cellular processes.190,193

These membraneless compartments also present a route to functional protocells due to
their versatility and facility of assembly.276 As described in chapter 3, both engineered
and entirely synthetic scaffolds for protein phase separation have been developed that
offer a route to artificial condensates in living cells.188,198,199 The challenge now is to
functionalise these condensates, creating artificial cellular compartments that behave like
organelles.

The uptake of client proteins into condensates has now been shown relatively routinely.201,277

Both recombinantly expressed proteins and endogenous macromolecules can be enriched
within synthetic membraneless organelles. Further, and as described in chapter 1, several
systems for controlled uptake and release of client proteins have been described using
small molecule or photo stimulation to trigger switchable PPIs.182,190 It is now clear
that protein localisation can be robustly controlled by recruitment to protein conden-
sates. Moreover, these condensates can be leveraged to produce far-reaching effects on
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cell physiology and metabolism. However, it is still unclear how the compartmentali-
sation of macromolecules within these condensates changes their physical and chemical
properties.278 In vitro, LLPS has been used to enhance the rate of enzymatic reactions, or
channel reaction intermediates through branched metabolic pathways.193,193,279,280 This
is largely attributed to the clustering of enzymes within a pathway leading to increased
turnover and pathway efficiency.281,282 However, LLPS does not always confer a benefit
on catalysis.278,283 Protein condensates are dense environments, with a viscosity similar
to that of glycerol.34,284,285 This can slow mobility of both enzymes and substrate to the
extent that phase separation is deleterious to reaction kinetics.274 Further, crowding can
slow or halt enzyme dynamics, or even block active site accessibility, again reducing rates
of reactions.286 Overall, it is challenging to predict how specific enzymatic reactions will
react to phase separation. This is particularly true for reactions performed in their native
environment – in living cells.

This chapter describes the functionalisation of the designed de novo HERD proteins
with catalytic enzymes. The two enzyme pathway for producing indigo dye from L-
tryptophan is used as a model reaction to measure the effect of protein condensation
on product formation in E. coli. The enzymes TryptophanaseA (TnaA), and Flavin
containing monooxygenase (FMO), are demonstrated to be readily enriched in HERD-
2.2–GFP droplets in vitro and in cells. Co-condensation of this enzymatic pathway in E.
coli produces up to 6-fold more indigo than the free enzymes under equivalent conditions.
Further, the material properties of the condensates are demonstrated to be critical to
catalysis: while dynamic condensates confer significant benefits on pathway efficiency,
static, arrested condensates have the opposite effect, greatly reducing product formation.

4.2 HERD-2.2 can colocalise multiple proteins in E. coli

Initially, to demonstrate that the designed HERD-2.2 polypeptide could colocalise mul-
tiple client proteins, an additional HERD-2.2 protein was designed, HERD-2.2–mCherry,
where mEmerald was replaced with the red fluorescent protein mCherry (Tables 8.2 and
8.5). When expressed in E. coli, HERD-2.2–mCherry formed condensates similarly to
HERD-2.2–GFP (Fig. 4.1a–b). Further, co-expression of HERD-2.2–GFP and HERD-
2.2–mCherry produced condensates that were enriched in both fluorescent proteins, indi-
cating that fusion to HERD-2.2 was sufficient not only to produce synthetic condensates,
but also to colocalise multiple proteins in cells (Fig. 4.1c).

However, it is true that although both monomeric and evolutionarily somewhat divergent,
mCherry and mEmerald are structurally highly similar, both being β-barrel fluorescent
proteins. Therefore, it could be argued that this colocalisation could be biased due to
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the use of two highly similar client proteins. To demonstrate co-condensation of a greater
diversity of proteins, several additional fusion proteins were designed. To visualise cel-
lular localisation, the HERD-2.2–mCherry scaffold was retained, and additional proteins
fused to the C -terminus of mCherry. The model client enzymes alcohol dehydrogenase,
glucose-6-phosphatase, TnaA, and FMO were fused to HERD-2.2–mCherry. Each of these
enzymes have different sequences, structures, and oligomeric states. When co-expressed
with HERD-2.2–GFP, all of these fusion proteins produced condensates that were en-
riched in both fluorescent proteins, demonstrating effective colocalisation by HERD-2.2
(Fig. 4.2, Tables 8.2 and 8.5).

Figure 4.1: HERD-2.2–GFP colocalisation of GFP and mCherry. a, Fixed cell confo-
cal microscopy of HERD-2.2–GFP. b, Fixed cell confocal microscopy of HERD-2.2–mCherry. c,
Fixed cell confocal microscopy of co-expressed HERD-2.2–GFP and HERD-2.2–mCherry. Scale
bar is 5 μm for all panels.

4.3 Enzymatic production of indigo as an example pathway

The successful colocalisation of multiple proteins by HERD-2.2 confirmed that fusion
of HERD-2.2 to client enzymes could be used as a route to creating functional MLOs.
The next step was to apply this concept to a functional catalytic pathway. Here, several
options were considered. Co-condensation of a large number of enzymes for a complex
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biosynthetic pathway was tempting. MLOs appear to be the ideal scaffold for such an
application, as their overall lack of structure makes them amenable to a wide range and
number of client proteins.278 However, ensuring equivalent expression levels of each of
the enzymes would likely prove challenging to robustly demonstrate an improvement on
catalysis.

Figure 4.2: HERD-2.2–GFP colocalisation of functional enzymes. Fixed cell confo-
cal microscopy of co-expressed HERD-2.2–GFP and HERD-2.2–mCherry fusions. Each of the
enzymes is represented as a monomer for clarity, but all are oligomeric (TnaA, alcohol dehydro-
genase – tetrameric, FMO, glucose-6-phosphatase – dimeric). Scale bar is 5 μm.

Instead, as a proof-of-concept enzymatic pathway, the three step reaction for the pro-
duction of indigo dye from L-tryptophan was chosen (Fig. 4.3).287 Indigo is a fluorescent
small molecule used within the textile industry. Indigo is made industrially by petro-
chemical synthetic pathways, and as a result carries environmental and health concerns
due to the inorganic catalysts and reducing agents used. Instead, there have been recent
efforts in green chemistry to replace petrochemical processes with biochemical reactions.
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The biochemical pathway to produce indigo from L-tryptophan uses two enzymes, TnaA
and FMO, followed by a final spontaneous chemical dimerisation step to produce indigo
dye.285 TnaA initially cleaves the indole ring from L-tryptophan, followed by oxidation
by FMO to produce the indoxyl. This reaction pathway was chosen for several reasons.
Firstly, as the reaction product is fluorescent with a relatively high extinction coefficient
(ε, 22140 M-1 cm-1 at 610 nm in dimethylformamide (DMF)), quantification of reaction
progression is possible spectroscopically.215 Secondly, both TnaA and FMO are amenable
to modification by recombinant molecular biology techniques, such as C - or N -terminal
fusion to other polypeptides.287 Thirdly, previous work has demonstrated that colocali-
sation of TnaA and FMO in lipid-containing scaffolds can confer a mild enhancement on
pathway efficiency, suggesting that the pathway could be improved by colocalisation.288

Figure 4.3: Enzymatic production of indigo dye. Indigo is produced from L-tryptophan
by the enzymes TnaA and FMO by a three step biochemical pathway.

4.3.1 HERD-2.2–TnaA but not FMO undergoes LLPS in vitro

To colocalise TnaA and FMO within de novo condensates, both proteins were fused
to the C -terminus of HERD-2.2, creating HERD-2.2–TnaA and HERD-2.2–FMO. Both
fusions expressed well in E. coli and were purified using the N -terminal His tag. First,
it was investigated whether HERD-2.2–TnaA and HERD-2.2–FMO could undergo LLPS
in vitro similarly to HERD-2.2–GFP. The phase behaviour of both fusion proteins was
tested under conditions with varying ionic strength, molecular crowding, and pH. While
HERD-2.2–TnaA formed de-mixed droplets under similar conditions to HERD-2.2–GFP,
HERD-2.2–FMO did not form droplets under any of the tested conditions (Fig. 4.4a).
Examination of the surface properties of these two enzymes suggested an explanation for
this difference (Fig. 4.4b). TnaA has a very similar net-charge to mEmerald (both -6 at
pH 7.5), while FMO is much more negatively charged (-21 at pH 7.5). Due to the weak
interactions driving LLPS it is likely that this increase in net-charge could be sufficient
to disrupt LLPS by adding additional repulsive interactions.
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Figure 4.4: HERD-2.2–TnaA de-mixed droplets in vitro. a, Confocal microscopy
brightfield image of de-mixed droplets formed by HERD-2.2–TnaA. Scale bar is 15 μm. b, Models
of TnaA and FMO coloured by electrostatics, with negatively charged side chains coloured in
red, and positively coloured side chains coloured in blue.

4.3.2 HERD-2.2–TnaA and FMO are enriched in HERD-2.2–GFP droplets

Having established that HERD-2.2–TnaA but not FMO would undergo LLPS in vitro,
phase separation of HERD-2.2–GFP was instead used to create the MLO scaffold. In
this arrangement, HERD-2.2–TnaA and HERD-2.2–FMO are recruited as client enzymes
to extant HERD-2.2–GFP droplets (Fig. 4.5). This has several benefits over using the
catalytic enzymes themselves to induce LLPS. Firstly, if over-expressed to the concentra-
tions required to phase separate, TnaA and FMO would be present in near stoichiometric
concentrations to the substrate, and changes to pathway efficiency would be challenging
to determine in such an enzyme-rich environment. Secondly, and as demonstrated by the
altered conditions required for phase separation of HERD-2.2–TnaA, droplets made by
these enzymes would likely have altered material properties or phase transitions to the
previously characterised HERD-2.2–GFP. By using HERD-2.2–GFP as the scaffold and
injecting small concentrations of HERD-2.2–TnaA and HERD-2.2–FMO, the properties
of the condensates are likely to closely resemble the liquid-like droplets already charac-
terised by soft matter techniques. Finally, the inclusion of a fluorescent scaffold permits
the monitoring of protein condensation with respect to loading of client enzymes.

First, it was tested if HERD-2.2–TnaA and HERD-2.2–FMO would indeed be enriched
within HERD-2.2–GFP droplets. To do this with minimal changes to the polypep-
tide, a tetra-cysteine (TC) tag (CCPGCC) was included into the unstructured linker
of HERD-2.2 to create TC-HERD-2.2–TnaA and TC-HERD-2.2–FMO (Table 8.2).289

To test enrichment within HERD-2.2–GFP droplets in vitro, both these proteins were
first expressed and purified. Addition of a bi-arsennical dye (TC-ReAsH II) was then
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used to site-specifically label the tetra-cysteine tagged enzymes within HERD-2.2–GFP
droplets (Fig. 4.6a).290 HERD-2.2–GFP was included in excess to create the de-mixed
droplets (500 μM) while TC-HERD-2.2–TnaA and TC-HERD-2.2–FMO were added in
catalytic concentrations (25 μM). De-mixing was then induced by addition of PEG to
induce molecular crowding. Measurement of TC-ReAsH II fluorescence within droplets
containing TC-HERD-2.2–TnaA and TC-HERD-2.2–FMO indicated that both enzymes
were enriched within the droplets, though to differing amounts (Fig. 4.6b–c). TC-HERD-
2.2–TnaA produced over 20 times greater fluorescence intensity than droplets containing
TC-ReAsH II, but no tetra-cysteine tagged enzymes. TC-HERD-2.2–FMO, while still
enriched, only had around a 6-fold greater fluorescence intensity than the background.
Again, suggesting that FMO is less readily enriched within the de novo condensates using
the HERD-2.2 based system.

Figure 4.5: Enzymatic production of indigo in de novo condensates. Schematic of
the de novo condensates assembled by HERD-2.2 for the production of indigo dye in E. coli,
co-condensing both HERD-2.2–TnaA and HERD-2.2–FMO within HERD-2.2–GFP MLOs.

Further, to demonstrate co-condensation of TC-HERD-2.2–TnaA and TC-HERD-2.2–
FMO in cells, the tetra-cysteine tagged enzymes were co-expressed with HERD-2.2–GFP
in E. coli, and the cell-permeable TC-ReAsH II used to specifically label the enzymes.289

Here again, both cells expressing TC-HERD-2.2–TnaA and TC-HERD-2.2–FMO showed
TC-ReAsH II fluorescence within HERD-2.2–GFP condensates (Fig. 4.6d–e). However,
there was a strong background signal in cells only expressing HERD-2.2–GFP, without a
tetra-cysteine label.
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Figure 4.6: HERD-2.2–TnaA and HERD-2.2–FMO can be co-condensed in vitro
and in cells. a, Chemical structure of ReAsH dye, showing fluorescence induced by binding to
a tetracysteine motif. b, Confocal microscopy images of HERD-2.2–GFP droplets enriched with
the tetracysteine-labelled enzymes TC-HERD-2.2–TnaA and TC-HERD-2.2–FMO, and labelled
with ReAsH. c, Normalised fluorescence intensity of HERD-2.2–GFP droplets containing TC-
HERD-2.2–TnaA and TC-HERD-2.2–FMO after excitation of ReAsH dye (561 nm). d, Confocal
microscopy images of E. coli co-expressing HERD-2.2–GFP and TC-HERD-2.2–TnaA and TC-
HERD-2.2–FMO, following labelling with ReAsH dye. e, Fluorescence intensity of HERD-2.2–
GFP condensates in E. coli with no co-expressed tetracysteine labelled enzymes, or co-expressing
TC-HERD-2.2–TnaA and TC-HERD-2.2–FMO after excitation of ReAsH dye (561 nm). f,
Fixed cell confocal microscopy of E. coli co-expressing HERD-2.2–GFP-TnaA and HERD-2.2–
mCherry-FMO. Scale bars are 5 μm for all panels.
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In theory, TC-ReAsH II is only fluorescent when covalently conjugated to a tetra-cysteine
tag, and so this background was surprising. However, it may be that dye fluorescence is
affected by the environment within the HERD-2.2–GFP condensates. Due to the level
of background, and being unable to precisely normalise expression levels in cells, TC-
ReAsH II labelling was not used to measure enrichment of HERD-2.2–TnaA and HERD-
2.2–FMO in cells. Instead, and to confirm that both enzymes would co-condense when
fused to HERD-2.2, TnaA was fused C -terminally to HERD-2.2–GFP, creating HERD-
2.2–GFP-TnaA, and co-expressed with HERD-2.2–mCherry-FMO. E. coli co-expressing
these proteins produced condensates enriched in both fluorescent proteins, demonstrating
that both enzymes could be co-condensed using the HERD-2.2 system (Fig. 4.6f).

Figure 4.7: HERD-2.2–GFP condensates are sensitive to enzyme loading. Live cell
confocal microscopy images of HERD-2.2–GFP condensates in E. coli co-expressed with the
enzymes HERD-2.2–TnaA and HERD-2.2–FMO. Scale bars are 5 μm.

4.4 Indigo production in HERD-2.2 condensates is sensitive to

enzyme loading

With a de novo scaffold for LLPS in hand, and having demonstrated that it was possible to
enrich functional enzymes within the condensates in cells, the potential for these MLOs to
accelerate enzymatic pathway efficiency was investigated. For indigo production in E. coli,
HERD-2.2–GFP was expressed at high levels under the viral T7 promoter, while the two
enzymes HERD-2.2–TnaA and HERD-2.2–FMO were expressed at lower concentrations
under the titratable arabinose promoter on a single polycistronic vector. In addition,
as TnaA is an endogenous protein in E. coli, expression was performed in ∆tnaa BL21
(DE3) E. coli kindly donated by Dr Chong Zhang, Tsinghua University, so that all the
available TnaA present was under the control of the exogenous plasmid.214 The relative
amounts of indigo produced were normalised both to cell density (using OD700 to avoid
conflation of cell density and absorbance due to indigo), and enzyme expression levels.215
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Figure 4.8: Indigo production is accelerated by condensation. a, Western blot for
quantification of HERD-2.2–FMO and HERD-2.2–TnaA, blotted against the N -terminal His tag.
Details of western blot quantification are given in the materials and methods. b-c, Quantification
of HERD-2.2–FMO (b) and HERD-2.2–TnaA (c) from western blotting. d-e, Quantification of
indigo production (A610) normalised only to cell density (OD700; d) and normalised both to cell
density and to FMO expression levels as measured by western blotting (A.U.; e). Data for all
panels are represented as the mean +/- the standard error from n = 3 biologically independent
experiments for each sample. Statistical testing was performed using one-way ANOVA and
TukeyHSD post-hoc test with e: 0.01% vs 0.1% P = 0.0318 (*); 0.01% vs 0.2% P = 0.001 (***).
For all panels samples identified as forming condensates are coloured in red, and samples forming
exclusively a single phase are coloured in grey.
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Enzyme expression levels were quantified using western blotting against the TnaA and
FMO constructs using the N -terminal His tags. For normalisation, the concentration
of FMO was used as this has been characterised as the rate-limiting enzyme in this
pathway.216,217 Initially, the effect of client enzyme concentration on condensation was as-
sessed. Having determined that in particular FMO was poorly tolerated within HERD-2.2
condensates, it was possible that its presence at high concentrations could be disruptive
to protein condensation. E. coli expressing HERD-2.2–GFP and HERD-2.2–TnaA and
HERD-2.2–FMO were induced with varying amounts of D-arabinose (0% – 0.2%) to mod-
ulate the enzyme concentrations, while keeping the concentration of IPTG constant (400
μM). Cells were grown and imaged live at 33 °C, as these conditions were believed to be the
most likely to produce dynamic HERD-2.2–GFP condensates with liquid-like properties.
As demonstrated previously, HERD-2.2–GFP forms enriched fluorescent condensates un-
der these conditions (Fig. 4.7). Further, on induction of enzyme expression with low
concentrations of D-arabinose, these fluorescent condensates are maintained. However,
and as postulated, high expression levels (above 0.1% D-arabinose) of HERD-2.2–TnaA
and HERD-2.2–FMO resulted in the disruption of HERD-2.2–GFP condensates, return-
ing to a single phase system.

Interestingly however, cells that formed HERD-2.2–GFP condensates appeared to pro-
duce more indigo than those with disrupted condensates. Cells induced with lower D-
arabinose concentrations (0.01% and 0.05%) that retained their condensates produced
materially more indigo than those induced with higher concentrations (0.1% and 0.2%)
where the condensates were disrupted (Fig. 4.8). Normalisation for enzyme expression
levels, which were confirmed to be higher in cells induced with 0.1% and 0.2% D-arabinose
by western blotting, accentuated this difference in indigo production (Fig. 4.8e). These
data confirm other reports that protein condensation can be disrupted by excess loading
of client enzymes that are poorly tolerated. However they also suggest that HERD-
2.2–GFP condensates confer an improvement on indigo production for this two-enzyme
pathway.

4.5 HERD-2.2–GFP condensates accelerate pathway efficiency

To confirm the acceleration of pathway efficiency by HERD-2.2 condensates, several ad-
ditional experiments were performed. Indigo production in cells with HERD-2.2 conden-
sates was first compared to those expressing free enzymes labelled only with a His tag for
quantification by western blotting. For the HERD-2.2 labelled enzymes, 0.01% arabinose
was used to induce expression, so that condensation was not disrupted by high expression
levels. In addition, the expression levels of the free enzymes was matched as closely as
possible to the HERD-2.2 fusions to ensure as robust a comparison as possible.
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Figure 4.9: HERD-2.2 labelled enzymes produce more than 2-fold more indigo.
a, Western blot for quantification of the HERD-2.2, HERD-0, and His-TEV FMO and TnaA
fusions, blotted against the N -terminal His tag. Details of western blot quantification are given
in the materials and methods. b-c, Quantification of the FMO (b) and TnaA (c) fusions from
western blotting. d-e, Quantification of indigo production (A610) normalised only to cell density
(OD700; d) and normalised both to cell density and to FMO expression levels as measured by
western blotting (A.U.; e). Data for all panels are represented as the mean +/- the standard
error from n = 3 biologically independent experiments for each sample. Statistical testing was
performed using one-way ANOVA and TukeyHSD post-hoc test with e: P = 0.0285 (*); His-
TEV vs HERD-2.2 P = 0.001 (***); HERD-0 vs HERD-2.2 P = 0.001 (***).
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Here, the free enzymes expressed less readily than the HERD-2.2 fusions, and so were
induced with a higher arabinose concentration (0.2%). Comparison of indigo production
in cells grown at 33 °C demonstrated a clear improvement in indigo production due to
condensation. The HERD-2.2 fusion enzymes produced approximately 2.3-fold more in-
digo over the same time period as the free enzymes, after normalisation for cell density
and enzyme expression levels (Fig. 4.9). This fold improvement is modest, but approx-
imately matches that shown by previous in-cell colocalisation of the same enzymes in
lipid-containing scaffolds.288 Further, this fold change is consistent with the decrease in
indigo production shown earlier by over-loading with client proteins disrupting condensate
formation.

4.5.1 HERD-0–GFP condensates restrict indigo production

As it was postulated that the material properties of the designer condensates could impact
enzymatic pathway efficiency, the effect of colocalisation within HERD-0–GFP conden-
sates was assessed. These condensates had been measured by FRAP to be static and
likely arrested aggregates, and so would be expected to behave poorly as reaction cru-
cibles (Fig. 3.25). To colocalise TnaA and FMO in HERD-0 condensates, two additional
proteins were designed, where TnaA and FMO were now fused to the C -terminus of
HERD-0. These proteins expressed well, and were co-expressed with HERD-0–GFP and
compared to the free enzymes. In this system however, there was a significant decrease in
indigo production compared to the free enzymes: following normalisation, there was an
approximately 4-fold overall decrease in indigo production compared to the free-enzyme
control (Fig. 4.9). This decrease confirms the hypothesis that enzymes within HERD-0
condensates have diminished activity, possibly due to attenuated substrate accessibility
or even protein misfolding within the arrested condensates.

4.6 Pathway efficiency correlates with material properties

The potential dependence of pathway efficiency on condensate material properties was
striking, and warranted further investigation. While the HERD-0 system suggested a cor-
relation, these irreversibly aggregated condensates made conclusive determination chal-
lenging. Instead, the strong temperature dependence of HERD-2.2–GFP condensation
was used to corroborate the influence of material properties on enzymatic pathway effi-
ciency.
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Figure 4.10: HERD-2.2–GFP condensates grown at 18 °C are not dynamic. a,
Measured fluorescence recovery within the bleached area of HERD-2.2–GFP condensates in E.
coli grown at 33 °C (pink, n = 16) and 18 °C (grey, n = 15). b, Representative images of E. coli
expressing HERD-2.2–GFP condensates in E. coli grown at the indicated temperature, imaged
before bleaching, immediately after bleaching, and 20 s after bleaching. The red circle indicates
the bleach area. Scale bars are 5 μm.

4.6.1 HERD-2.2 condensates grown at 18 °C do not recover after bleaching

HERD-2.2–GFP appeared to form different condensate morphologies at different growth
temperatures. At 37 °C, the protein was entirely cytoplasmically distributed, while at 33
°C large, relatively sparse, condensates were formed, and at 18 °C the condensates formed
were smaller and appear more dense (Fig. 3.13). It was posited that these changes in
morphology could relate to changes in material properties. To test this, FRAP was
performed on HERD-2.2–GFP in E. coli grown at 33 °C and at 18 °C (Fig. 4.10). As
anticipated, the condensates formed at 33 °C gave rapid recovery after photobleaching,
with a rate and magnitude of recovery similar to that measured for HERD-2.2–GFP in E.
coli grown at 37 °C. These data confirm that at 33 °C HERD-2.2–GFP displays liquid-like
properties. In contrast, in cells grown at 18 °C, HERD-2.2–GFP gave extremely limited
fluorescence recovery after photobleaching. From the change in growth temperature alone,
the condensates had switched from behaving like de-mixed liquids to static condensates.

4.6.2 HERD-2.2 condensates grown at 18 °C inhibit enzymatic activity

Having determined that HERD-2.2–GFP condensates switch from liquid-like behaviour
when grown at 33 °C to arrested materials at 18 °C, these principles were applied to
enzymatic pathway efficiency. The amount of indigo made by HERD-2.2 co-condensed
TnaA and FMO, and the free enzymes, was compared in cells grown at 18 °C.
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Figure 4.11: HERD-2.2 condensates perform worse than free enzymes at 18 °C.
a, Western blot for quantification of the HERD-2.2, HERD-0, and His-TEV FMO and TnaA
fusions, blotted against the N -terminal His tag. Details of western blot quantification are given
in the materials and methods. b-c, Quantification of the FMO (b) and TnaA (c) fusions from
western blotting. d-e, Quantification of indigo production (A610) normalised only to cell density
(OD700; d) and normalised both to cell density and to FMO expression levels as measured by
western blotting (A.U.; e). Data for all panels are represented as the mean +/- the standard
error from n = 3 biologically independent experiments for each sample. Statistical testing was
performed using one-way ANOVA and TukeyHSD post-hoc test with e: HERD-0 vs His-TEV
P = 0.001 (***); His-TEV vs HERD-2.2 P = 0.001 (***).
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Here, instead of conferring a benefit on pathway efficiency, the HERD-2.2 localised en-
zymes produced significantly less indigo than the free enzymes: after normalisation,
HERD-2.2 condensed enzymes were determined to have produced only around 20% of
the indigo made by the free enzymes (Fig. 4.11). This dramatic shift from an overall
230% increase in indigo production, to an 80% decrease, is correlated with the measured
material properties of the HERD-2.2 condensates. The lack of fluorescence recovery sug-
gests that the condensates have now become immobile and are likely restricting enzyme
activity or substrate accessibility similarly to the HERD-0 condensates. Indeed, measure-
ment of HERD-0 localised enzymes in cells grown at 18 °C again showed very poor indigo
production, now only slightly less than that made by HERD-2.2 condensates under the
same conditions.

4.7 HERD-2.2 re-design boosts FMO co-condensation and indigo

production

HERD-2.2 has been demonstrated to be a useful scaffold for condensate formation. Over-
all, it confers a benefit on the chosen enzymatic pathway that is comparable to other
examples of colocalisation of two enzyme pathways. However, the improvement in indigo
production was relatively modest. It was postulated that the effect due to condensation
within an MLO could be improved by more effective enrichment of the client enzymes.

In particular, the poor enrichment of FMO within HERD-2.2 droplets was identified as a
possible weakness of the designed colocalisation strategy. HERD-2.2–FMO was measured
to be enriched within HERD-2.2–GFP droplets much less than HERD-2.2–TnaA (Fig
4.6c). As the rate limiting enzyme of the two-enzyme pathway, this relatively weak co-
condensation could be limiting the overall benefits of LLPS on indigo production. As
noted previously, FMO is highly negatively charged, which is potentially accentuated by
it being dimeric.291 To improve co-condensation of FMO within HERD-2.2–GFP droplets,
a final HERD protein was designed to adjust the overall net charge of the protein. Rather
than by changing the surface charge of FMO, which would necessitate characterising the
enzyme to ensure its activity and kinetics had not been altered, all of the changes to the
protein were made to the designed HERD sequence. To adjust the net charge to make
it overall less negative, all 10 negatively charged residues in HERD-2.2 (9 glutamate
residues and 1 aspartate residue) were replaced with glutamine (Fig. 4.12a). These
residues were all positioned either in the solvent exposed positions of the helical regions
or in the unstructured linker, and so would not be expected to have an effect on the
attractive interactions of the HERD sequence. This new HERD, denoted HERD-4.1, had
a net charge when fused to FMO of -13, closer to the net charge of HERD-2.2–GFP (-8).
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Figure 4.12: HERD-2.2 charge re-design boosts FMO co-condensation. a, Models
of HERD-2.2 and HERD-4.1, highlighting the glutamate and aspartate residues in HERD-2.2
(magenta sticks) and mutation to glutamine residues in HERD-4.1 (teal sticks). b, Confocal
microscopy images of HERD-2.2–GFP droplets enriched with the tetracysteine labelled enzyme
TC-HERD-4.1–FMO, and labelled with ReAsH. Scale bars are 20 μm. c, Normalised fluores-
cence intensity of HERD-2.2–GFP droplets containing TC-HERD-2.2–TnaA, TC-HERD-2.2–
FMO and TC-HERD-4.1–FMO after excitation of ReAsH dye (561 nm). Data are represented
as the mean +/- the standard error from n = 12 (TC-HERD-2.2–TnaA, TC-HERD-2.2–FMO)
or n = 18 (TC-HERD-4.1–FMO) measurements. P = 0.001 (***) by one way ANOVA and
TukeyHSD post-hoc test. d, Fixed cell confocal microscopy images of co-expressed HERD-2.2–
GFP-TnaA and HERD-4.1–mCherry-FMO. Scale bars are 5 μm.

To evaluate whether this re-design had improved co-condensation of FMO into HERD-
2.2–GFP droplets, a tetra-cysteine tagged HERD-4.1–FMO protein was designed and
purified as described previously for analysis by TC-ReAsH II labelling (Table 8.2).
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Figure 4.13: HERD-4.1 based condensates improve indigo production 6-fold. a,
Western blot for quantification of the HERD-2.2/4.1, HERD-0, and His-TEV FMO and TnaA
fusions, blotted against the N -terminal His tag. Details of western blot quantification are given
in the materials and methods. b-c, Quantification of the FMO (b) and TnaA (c) fusions from
western blotting. d-e, Quantification of indigo production (A610) normalised only to cell density
(OD700; d) and normalised both to cell density and to FMO expression levels as measured by
western blotting (A.U.; e). Data for panels b-c are represented as the mean +/- the standard
error from n = 3 biologically independent experiments for each sample, while data for panels
d-e are from n = 3 (His-TEV) or n = 5 (HERD-4.1) biologically independent experiments.
Statistical testing was performed using one-way ANOVA and TukeyHSD post-hoc test with e:
His-TEV vs HERD-4.1 P = 0.001 (***).
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Compared to TC-HERD-2.2–FMO, the re-designed TC-HERD-4.1–FMO was now en-
riched approximately 3.5 times more in the HERD-2.2–GFP droplets, showing a clear and
significant increase in co-condensation of this enzyme (Fig. 4.12b–c). In addition, HERD-
4.1–FMO was confirmed to colocalise with HERD-2.2–TnaA in E. coli. HERD-4.1–
mCherry-FMO was constructed and co-expressed with HERD-2.2–GFP-TnaA. Again,
and as for HERD-2.2–mCherry-FMO, this produced condensates enriched in both fluo-
rescent proteins, demonstrating that both enzymes were still co-localised in the conden-
sates consistent with the re-design (Fig. 4.12d). Measurement of improved enrichment
within these condensates was prohibited however, due to changes in overall expression
levels between the two designs.

Finally, with the re-designed HERD-4.1 in hand, the effect of co-condensation of this en-
zymatic cascade within HERD-2.2 condensates was measured. As described previously,
HERD-2.2–TnaA and HERD-4.1–FMO were placed together under the control of the ara-
binose promoter on a single polycistronic vector, and co-expressed with HERD-2.2–GFP
under the control of the T7 promoter. When grown at 33 °C, these cells produced the
most indigo of all the combinations measured: more than 2.5-times more than the free en-
zymes, which, after normalisation, translated to an overall more than 6-fold improvement
over the free enzymes, partially owing to slightly weaker expression of HERD-4.1–FMO
(Fig. 4.13). These data confirm that rational sequence re-design using simple concepts
such as protein net charge, can have powerful effects on pathway efficiency.

Figure 4.14: De novo condensates can accelerate enzymology. Relative amount of
indigo made by cells using free enzymes (His-TEV), enzymes condensed using HERD-2.2 based
de novo condensates, or enzymes condensed using HERD-4.1 based condensates.
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4.8 Chapter summary

As the design and engineering of protein condensates has become accessible to syn-
thetic biologists, there has been increased focus on exploring their potential for func-
tion within living cells.179 The compartmentalisation or sequestration of proteins has
been demonstrated robustly by several different studies, and now the focus is on how
biomolecular condensates can alter the physical and chemical properties of the encap-
sulated macromolecules.97,200,292 This chapter has described the functionalisation of the
designed HERD-2.2–GFP biomolecular condensates. The inert condensates have been
charged both in vitro and in cells with functional enzymes, creating active MLOs. Fur-
ther, the condensates in E. coli were co-enriched with the two enzymes TnaA and FMO
in the multi-step pathway for the production of indigo dye from L-tryptophan. These
de novo condensates ultimately offer significant improvements on indigo production over
the free enzymes (Fig. 4.14).

Through a series of experiments, the properties of the HERD-2.2–GFP condensates have
been directly linked to pathway efficiency. These are concepts that have been considered
elsewhere, but are challenging to directly assess in living cells. Here, due to the rational
design approach used, and the temperature sensitivity of the HERD-2.2–GFP design,
the material properties of the condensates can be manipulated directly. MLOs formed
under the optimal conditions for liquid-like behaviour, giving fast FRAP and dynamic
droplets, offer improvements on pathway efficiency and indigo formation (Figs. 4.9 &
4.10). However, condensates formed under less-favourable conditions such as at lower
temperatures, giving slow or limited FRAP, instead likely render enzymes inaccessible to
substrate and significantly reduce pathway efficiency (Fig. 4.11). This chapter has also
confirmed the design principle of creating increasingly weak PPIs. The initial HERD-
0–GFP scaffold, although able to form condensates at lower concentrations and higher
temperatures than HERD-2.2–GFP, is flawed as an MLO for enzymology, almost entirely
inhibiting catalysis of the enzymes localised to it (Fig. 4.9).

These results confirm that condensates can vary widely in their material properties even
through small changes to their environment. In the functionalisation of MLOs, it is crit-
ical that the condensates chosen have the correct material properties to condense client
and scaffold proteins without restricting their functionality.293,294 This process can be
challenging, as changes to the scaffold to introduce additional PPI motifs or change its
subcellular localisation can also change the overall interactions of the protein and, there-
fore, its propensity to phase separate as a de-mixed liquid. It is likely that assessment of
condensate dynamics by FRAP, or more sensitive techniques such as fluorescence corre-
lation spectroscopy (FCS) or single molecule measurements, will remain an essential part
of the MLO design-build-test toolkit.268,269
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Designer phase-separating scaffolds may be the solution to these challenges. By designing
the scaffold from the bottom-up, its interactions and architecture can be modelled to suit
the function from the outset.199 Here, the potential for the HERD scaffold to be re-
designed to tailor it towards a specific application has been assessed in a proof-of-concept
study. Re-balancing the overall net charge of the designer polypeptide was demonstrated
to have a significant impact on co-condensation of the rate limiting enzyme, and as a
result, improved the fold change in indigo production from a 2.3-fold increase to more than
a 6-fold increase over the free enzymes (Figs. 4.12 & 4.13). This not only demonstrates
that simple principles can still guide protein design of MLOs, but also that the HERD
scaffold is amenable to changes and tuning to the desired function.

Overall, these data corroborate the concept that LLPS can enhance the rate of prod-
uct formation within a biochemical pathway. This process is generally understood to
be largely due to enrichment of the enzymes within the same cellular location, giving
improved substrate and intermediate transfer between enzymes. However, there are ad-
ditional contributions that could be at play, for instance the unique behaviour of proteins
at the de-mixed droplet interface. These physical effects are not directly considered here,
however it is noteworthy that the overall 6-fold enhancement in indigo formation matches
the theoretical value for colocalisation of a two-enzyme pathway.295 This hints that much
greater enhancements on product formation could be made by co-condensation of a three-
enzyme pathway, with a much greater 110-fold theoretical maximum improvement.295 In
addition, future work could examine the effect of condensation on enzyme kinetics. Here,
product formation was considered as an end-point value, due to the relatively slow rate
and challenges associated with assessing product formation in cells. However, accurate
measurement of substrate turnover, for instance by monitoring NADPH depletion in vitro,
could enable accurate measurement of Michaelis-Menten enzyme kinetics in single-phase
and two-phase systems.
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Chapter 5

Investigation into fibre formation by
HERD proteins

5.1 Chapter introduction

While LLPS is being explored by synthetic biologists for its potential to augment biology,
the same processes are being interrogated clinically for their potential roles in disease and
degenerative processes.45,46,51,87 LLPS is characterised by weak and dynamic interactions,
forming a de-mixed droplet where the macromolecules are enriched, but still exchange
and diffuse quickly. However, the same interactions that stimulate self-assembly as inert
droplets can also drive the formation of other ordered assemblies that act pathologically.

This process is due to the inherent metastability of LLPS. Protein phase separation is
not a stable state, instead lower-energy states are accessible under certain conditions
(Fig. 5.1).36 Further, unlike LLPS, these lower energy states are irreversible processes, so
that once formed they are permanently arrested and cannot return to form the dynamic
liquid-like droplets.296,297 This phenomenon of undergoing a second phase transition from
LLPS has been termed the maturation or molecular aging of protein condensates.44

In some cases, droplet maturation is an essential part of the biological role of a protein.
For elastin, droplets are the nucleation point for the formation of extracellular filaments
that are an essential part of the extracellular matrix.255,256 However, droplet matura-
tion has also been implicated in the formation of several pathological assemblies. The
ALS-associated protein FUS forms liquid droplets under a number of conditions, but over
time these mature into amyloid fibres characteristic of neurodegeneration.60 Further, mu-
tations linked to ALS accelerate droplet maturation, suggesting a link between aberrant
phase separation, fibre formation, and neurodegeneration.65,73,74 This formation of patho-
logical assemblies by droplet maturation is a recurring theme, with many of the classic
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examples of phase-separating proteins (FUS, TDP-42, Tau, hnRNPA1) undergoing simi-
lar secondary transitions to amyloid-like states.298–300 Despite its clinical significance, the
mechanisms by which droplet maturation occurs are still relatively poorly understood,
and developing this understanding of how phase separated droplets can mature could
enable routes to reduce the accumulation of amyloidogenic structures in neurons.

Figure 5.1: Maturation of LLPS is due to its metastability. LLPS is a reversible
process, but in proteins it is metastable to other irreversible phases, such as aggregation or fibre
formation.

This chapter describes the formation of supramolecular fibres by the designed HERD-2.2
protein. Fibre formation is characterised both in vitro and in E. coli, and the potential
for their use as supramolecular scaffolds for protein recruitment is discussed. Finally, the
interplay between fibre formation and LLPS is discussed in this de novo system, and the
potential to switch between the two states.

5.2 HERD-2.2 can form fibres as well as drive LLPS

While the HERD-2.2 polypeptide had been designed to drive LLPS in E. coli, it was
discovered that it is also capable of assembling into ordered fibres. As described in
chapters 3 and 4, the HERD series of proteins were designed as minimal polypeptides
for easy fusion to client proteins for LLPS. This enables the rapid portability of the
designed sequence to different use cases. For this purpose, the design and characterisation
of the HERD proteins used a monomeric fluorescent protein (mEmerald) as a model
client protein fusion, and to enable detection of cellular localisation of the recombinant
protein. However, to fully assess the contribution of all the elements of the design, a final
HERD-2.2 polypeptide was expressed and purified without the C -terminal mEmerald for
characterisation in vitro. Without the attached client protein, in vitro HERD-2.2 did not
form de-mixed liquid droplets. Instead, the formation of protein fibres several microns in
length were evident (Fig. 5.2).

This switch in phase behaviour was puzzling, as the fluorescent client protein was not
implicated in participating in PPIs, and mEmerald has been characterised as behaving
monomerically.301 Instead, it is possible that steric bulk from the client protein hinders
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full saturation of the helical regions in the HERD protein, and therefore prevents fibre
formation, which would likely require tight, regular packing of many polypeptide chains.
GFP has been used before as a solubility tag for attractive protein domains, and it may
be that a similar mechanism is the cause of the change in phase behaviour between
HERD-2.2 and HERD-2.2–GFP.302

Figure 5.2: HERD-2.2 forms micron length fibres in vitro. a, Fluorescence and
brightfield confocal microscopy images of HERD-2.2–GFP in vitro. Conditions: 1 mM HERD-
2.2–GFP, 125 mM NaCl, 4% PEG 3350, 20 mM Tris pH 7.5. Scale bar 5 μm. b, Brightfield
confocal microscopy image of HERD-2.2 fibres in vitro. Conditions: 500 μM HERD-2.2, 125
mM NaCl, 10% PEG 3350, 20 mM Tris pH 7.5. Scale bar 10 μm

5.2.1 HERD-2.2 forms protein fibres 13 nm in diameter

To explore the molecular structure of the HERD-2.2 fibres, the purified protein solution
was examined by transmission electron microscopy (TEM) with Ms Judith Mantell. This
revealed the formation of individual protein fibres in solution, with diameters of approx-
imately 13 nm (Fig. 5.3a–b). In buffers without additional molecular crowding reagents
or added salt, these fibres were arranged randomly on the TEM grid, forming a dense
mat of fibres. However, when PEG and NaCl were added at pH 6 (10% PEG 3350, 125
mM NaCl, 50 mM Bis-Tris pH 6), the formation of even larger assemblies was visible,
which were detectable by confocal microscopy (Fig. 5.3c). Measurement by TEM showed
that with additional molecular crowding the individual fibrils assembled laterally to form
thicker fibres, that extended over several microns. Examination of these laterally assem-
bled fibres confirmed that they were made up of individual fibrils. However, there was
insufficient resolution to detect spacing within the individual fibrils that might relate to
the molecular structure of the fibres themselves.
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Figure 5.3: HERD-2.2 forms fibres 13 nm in diameter. a, TEM images of HERD-2.2
fibres in vitro. Conditions: 25 μM HERD-2.2, 20 mM Tris pH 7.5. b, Measurement of HERD-2.2
fibre diameter in vitro. The red line shows the measurement area. Fibre diameter is plotted
using a kernel density estimation from measurements of n=43 fibres. c, TEM images of HERD-
2.2 fibres with the addition of molecular crowding reagents. Conditions: 25 μM HERD-2.2, 10%
PEG 3350, 125 mM NaCl, 50 mM Bis-Tris pH 6.
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The slightly altered pH that was required for self-assembly of HERD-2.2 (pH 6) compared
to HERD-2.2–GFP (pH 7.5) was curious, as charged interactions were not expected to
play a role in assembly. However, it was posited that the C -terminal GFP could be
altering the overall pI of the protein slightly, as mEmerald has a pI of 5.85. To adjust the
self-assembly conditions of HERD-2.2, a single glutamate residue was added to the C -
terminus, to increase the overall net-charge of HERD-2.2 and bring it closer in line with
that of HERD-2.2–GFP (Table 8.3). This construct, named HERD-2.2-E, also formed
fibres similarly to HERD-2.2, but now at the same pH as HERD-2.2–GFP (Fig. 5.4).
Both of these proteins were considered for further investigation.

Figure 5.4: HERD-2.2-E forms fibres at a shifted pH. TEM images of the HERD-2.2-E
fibres in vitro. Conditions: 50 μM HERD-2.2-E, 10% PEG 3350, 125 mM NaCl, 20 mM Tris pH
7.5.

5.2.2 HERD-2.2-E forms fibres within the E. coli cytoplasm

Having determined that HERD-2.2 and HERD-2.2-E could form fibres in vitro, it was
tested whether similar behaviour could occur in cells. As HERD-2.2 was not fluorescently
labelled, its subcellular localisation could not be assessed by fluorescence microscopy.
Instead, the formation of fibres was examined by TEM with Dr Lorna Hodgson. E. coli
expressing HERD-2.2-E were grown and vitrified by high-pressure freezing, and embedded
in resin for sectioning by ultramicrotomy so that thin layers of the block could be imaged
by TEM. TEM on sections of E. coli expressing HERD-2.2-E showed the formation of
fibres within the cytoplasm (Fig. 5.5). These fibres appeared to be assembled laterally,
similarly to the fibres measured in vitro with simulated molecular crowding reagents. The
formation of such long fibres was remarkable, and it was surprising that they were not
toxic to the E. coli by physically puncturing the plasma membrane. Instead, the fibres
were able to bend, potentially with elastic properties, as cells grown for an extended
period of time (21 hours after induction of protein expression), developed fibres that
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grew from one cell pole, curved around the cell periphery to the other cell pole, and then
curved back towards the original cell pole, showing a remarkable capacity for flexibility.
Cells expressing HERD-2.2–GFP did not form fibres, and instead dense regions of protein
were found at the cell poles where the protein condensates localised. Cells expressing no
recombinant proteins showed no areas of enrichment or intracellular fibres.

Figure 5.5: HERD-2.2-E forms fibres in vitro and in cells. TEM images of the expressed
HERD-2.2-E and HERD-2.2–GFP in E. coli. Cells expressing HERD-2.2-E were grown for 5
and 21 hours after induction, and before high pressure freezing and staining, and cells expressing
HERD-2.2–GFP were grown for 5 hours. E. coli were imaged by Dr Lorna Hodgson.
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5.3 HERD-2.2–GFP can be recruited to HERD fibres

The formation of such large fibres within the cramped E. coli cytoplasm was remarkable,
and reminiscent of engineered systems for subcellular recruitment using fibrous struc-
tures.152 Therefore, the capacity for HERD-2.2-E fibres to act as recruitment scaffolds
was assessed. To test recruitment of proteins to HERD-2.2 fibres in cells, HERD-2.2-E
and HERD-2.2–GFP were co-expressed together within the same cells. This was also a
test of which phase behaviour would predominate when the two proteins were expressed
simultaneously. It was hypothesised that at high enough HERD-2.2–GFP concentrations,
fibre formation may be disrupted and spherical protein condensates might predominate.
However, at lower HERD-2.2–GFP concentrations fibre formation may be possible with
some incorporation of the fluorescent protein – indeed, co-expression of the two pro-
teins indicated that the latter was the case in this experiment. Confocal fluorescence
microscopy of E. coli co-expressing HERD-2.2-E and HERD-2.2–GFP showed the for-
mation of long fluorescently labelled fibres that ran the entire length of the cells (Fig.
5.6a).

Remarkably, and as they were now visible by fluorescence microscopy, the full scale of
these fibres could be visualised. TEM of sections from these cells demonstrated that
fibres were indeed formed by co-expression of both proteins (Fig. 5.6b). These fibres
appeared more dense than those formed by expression of HERD-2.2-E alone, possibly by
the inclusion of the bulky fluorescent protein. However, they were still arranged laterally
throughout the cell. To determine conclusively that the fibres were labelled with the
fluorescent HERD-2.2–GFP, correlative light-electron microscopy (CLEM) was performed
with Dr Lorna Hodgson.303 Here, cells were embedded in resin under milder conditions
to retain the fluorescence from GFP, so that fluorescence confocal microscopy could be
used to identify regions of fluorescence, followed by TEM to characterise the molecular
structure at nanometre resolution.152 Indeed, CLEM of E. coli co-expressing HERD-2.2
and HERD-2.2–GFP demonstrated that the green fluorescence overlayed clearly with the
subcellular fibres visible by TEM, showing specific colocalisation of the two proteins (Fig.
5.6c).

5.3.1 Cells expressing HERD-2.2 fibres become elongated

One of the most striking aspects of the E. coli co-expressing HERD-2.2 and HERD-2.2–
GFP was their length. It was evident that expression of these fibres had caused the cells
to grow much longer than the natural length expected for E. coli (typically 1 – 2 μm).
Indeed, measurement of E. coli expressing HERD-2.2 alone indicated that they grew to
a mean length of 7.4 ± 1.8 μm (Fig. 5.7).
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Figure 5.6: HERD-2.2–GFP can be recruited to HERD fibres in cells. a-b, Confocal
fluorescence microscopy (a) and TEM (b) images of the co-expressed HERD-2.2 and HERD-
2.2–GFP, and HERD-2.2-E and HERD-2.2–GFP in E. coli. Scale bars for confocal microscopy
images are 5 μm. c, CLEM overlay of fluorescence confocal microscopy and TEM of E. coli
co-expressing HERD-2.2 and HERD-2.2–GFP. Overlay was created by Dr. Lorna Hodgson.
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Moreover, when HERD-2.2 and HERD-2.2–GFP were co-expressed together, the elon-
gated cell length became even more dramatic, with the mean length increasing to 12.8
± 4.5 μm. This increase in cell length was determined to be unique to the expression of
HERD-2.2, with cells expressing HERD-2.2–GFP alone growing to a mean length of only
2.0 ± 0.6 μm, only slightly shorter than cells transformed with an empty vector (wild
type – 3.1 ± 0.7 μm). The reason for this super elongated phenotype is unclear, however
it is likely due to a significant defect in cell division due to the formation of HERD-2.2
fibres. Indeed, it is possible that fibre formation prevents cell septation and division, as
has been characterised in strains deficient in aspects of the cell division machinery.304

Figure 5.7: Cells expressing HERD-2.2 fibres are elongated. Quantification of cell
length from wild type cells (n=106), and cells expressing HERD-2.2–GFP (n=100), HERD-2.2
(n=107), and HERD-2.2–GFP and HERD-2.2 co-expressed (n=100).

5.4 CD spectroscopy of HERD-2.2 fibres

Having observed the phenotype associated with HERD-2.2 fibres in E. coli, the structural
basis of their assembly was examined. It was considered that these could be α-helical fi-
bres, because of the helical regions that make up the stickers in the designed HERD
proteins. Although less prevalent than β fibrils, α-helical fibres have been designed and
robustly characterised previously. These can self-assemble by homotypic or heterotypic
interactions, creating long individual fibrils or branched hydrogels.169–171,305 To attempt
to determine their secondary structure, the HERD-2.2 fibres were measured by CD spec-
troscopy. To reduce the effect of scattering on the measurements due to the fibres in
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solution, only 25 μM protein was used, and no NaCl or molecular-crowding reagents were
introduced, so that the fibres were evenly distributed in solution without assembling lat-
erally (Fig. 5.8a). HERD-2.2 fibres displayed some, relatively weak, secondary structure
by CD spectroscopy, characterised by the weak minimum at around 222 nm (Fig. 5.8b).

Figure 5.8: CD spectroscopy of HERD-2.2 fibres indicates secondary structure.
a, TEM images of HERD-2.2 fibres before melting by heating to 90 °C and after melting and
returning to 5 °C. b, Left: CD spectra recorded every 5 °C as the temperature was increased
from 5 °C to 90 °C. Right: MRE at 222 nm during melting (5 °C – 90 °C) and cooling (90 °C –
5 °C). Conditions: 25 μM HERD-2.2, 50 mM Tris pH 7.5.

The weak secondary structure may be due to measurement of insoluble fibres. Overall,
it was not possible to conclude what secondary structure was present in the fibres. Heat-
ing of the solution indicated that secondary structure was lost upon heating, measured
by an increase in MRE at 222 nm. TEM following melting confirmed that the loss of
secondary structure was accompanied by a loss of fibres in solution. However, cooling of
the denatured solution did not induce re-folding, and fibres were not re-formed.
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Figure 5.9: X-ray fibre diffraction of HERD-2.2 fibres. a, Cartoons of simple diffraction
patterns from β and α fibres, with the characteristic spacing of both. Additional diffraction
peaks at 9.8 and 9.7 Å correspond to the inter-sheet and inter-helix distances respectively. b,
X-ray fibre diffraction patterns of HERD-2.2 and HERD-2.2-E, with annotated diffraction peaks.
Diffraction data were collected and analysed with the help of Prof. Louise Serpell.

5.4.1 X-ray fibre diffraction indicates β secondary structure

To build a greater idea of the secondary structure within the HERD fibres, they were
analysed by X-ray fibre diffraction. Solutions of HERD-2.2 and HERD-2.2-E were pre-
pared (16 mg/ml protein, 20 mM Tris pH 7.5), and suspended between glass capillaries
before drying overnight, to produce dry, elongated fibres of the purified proteins. Diffrac-
tion of both HERD-2.2 and HERD-2.2-E fibres produced similar diffraction patterns, as
expected from their near-identical sequences. The critical diffraction peaks are along the
meridian of the diffraction pattern. The spacing of these reflections is indicative of either
a cross-β architecture, with a characteristic spacing of 4.7 Å from the distance between
strands in a β sheet, or α-helical secondary structure, with a slightly larger spacing of
5.1 Å from the α-helical turns (Fig. 5.9a).306–308 Measurement of the diffraction patterns
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of the HERD-2.2 and HERD-2.2-E fibres indicated primary meridianal peaks at 4.72
Å, indicating β secondary structure (Fig. 5.9b). Additional diffraction peaks at longer
distances that would correspond to the inter-sheet or inter-helical distance were faintly
discernible but did not distinguish additional structural information.

This structure is at odds with the design hypothesis that these sequences were constructed
from α-helical elements. Indeed, the peptides have been demonstrated to fold as α-helical
in solution with added TFE (Fig. 3.15). Therefore, it is unclear what is driving the
assembly of β secondary structure in these proteins, however it could be interesting to
investigate in the context of LLPS and amyloidogenesis.

5.5 HERD-2.2-E fibres can pattern LLPS droplets

Ultimately, the HERD-2.2 fibres were interesting because of the potential interplay be-
tween LLPS and fibre formation, which has been demonstrated to be critical in a number
of natural systems. Therefore, the association between de-mixed liquid droplets and
structured fibres was considered. While in cells the co-expression of the two proteins led
to the patterning of HERD-2.2 fibres with GFP, in vitro their association could be more
nuanced, due to the less restricted volume and lower molecular crowding. For in vitro
investigation the altered HERD-2.2-E protein was used, as it formed fibres under more
similar conditions to LLPS of HERD-2.2–GFP.

Initially, the two purified proteins HERD-2.2 and HERD-2.2–GFP were mixed in vitro,
and phase separation was induced by addition of 10% PEG and 125 mM NaCl. Inde-
pendently, this would result in the formation of fibres and de-mixed droplets. When now
mixed and phase separated together, green labelled fibres were formed, similarly to those
observed in cells (Fig. 5.10a). However, now, in addition to labelling the length of the
fibre, some de-mixed droplets remained, visible by fluorescent puncta that patterned the
surface of the fibres. Examination of these fibres by TEM confirmed the formation of both
fibres and de-mixed droplets within the solution (Fig. 5.10b). These interactions appear
to indicate some interplay between the phase separated droplets and fibres, however the
precise manner of these interactions was not yet clear.

5.6 Fibres are not nucleated from HERD-2.2–GFP droplets

Because of the interplay between LLPS and fibre formation observed by the HERD-2.2
design, it was considered whether this could act as a model for droplet maturation.309

For this, the capacity for HERD-2.2–GFP droplets to nucleate the formation of HERD-
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2.2 fibres was assessed. As the difference between these constructs was the addition
or removal of the C -terminal fluorescent protein, it was reasoned that cleavage of the
fluorescent protein from HERD-2.2–GFP could lead to the formation of fibres in vitro.
Further, cleavage from within de-mixed liquid droplets could allow monitoring of fibre
nucleation from within a large, easily observable phase separated environment, creating
an accessible model for fibre nucleation by LLPS. To induce protease digestion of HERD-
2.2–GFP, the TEV protease digestion site was moved from the N -terminus (where it
formed part of the His-TEV tag), to the linker between HERD-2.2 and mEmerald. This
would allow addition of TEV protease for cleavage of the C -terminal fluorescent protein.

Figure 5.10: HERD-2.2-E fibres can pattern LLPS droplets. a, Confocal microscopy
images of the mixed HERD-2.2-E and HERD-2.2–GFP proteins in vitro. Scale bars are 10 μm
(left) and 5 μm (right). b, TEM images of the mixed HERD-2.2-E and HERD-2.2–GFP proteins.
Conditions for both panels: 50 μM HERD-2.2-E, 150 μM HERD-2.2–GFP, 10% PEG 3350, 125
mM NaCl, 20 mM Tris pH 7.5

For this, both the original HERD-2.2 design and the additional HERD-2.2-E design were
tested. Expression and purification of these constructs, named HERD-2.2-TEV–GFP
and HERD-2.2-E-TEV–GFP respectively, indicated that they both still formed de-mixed
droplets under the same conditions as HERD-2.2–GFP, demonstrating that phase sepa-
ration had not been perturbed (Fig. 5.11a). However, despite efficient digestion of the
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protein by TEV protease, forming two independent polypeptides, there was no evidence
of fibre formation by either of the individual HERD proteins (Fig. 5.11b). This may be
because the protein concentrations used were insufficient for fibre formation, or that the
conditions did not allow for self-assembly. Indeed the assembly process of HERD-2.2 is
still unclear, with the irreversible melting by CD spectroscopy indicating that there may
be a concentration dependence. Future work could investigate how fibres are formed in
this system, and this may lead to real-time observation of fibre nucleation by LLPS.

Figure 5.11: TEV cleavage of GFP does not induce fibre formation. a, Confocal
microscopy images of HERD-2.2-TEV–GFP and HERD-2.2-E-TEV–GFP in vitro. Scale bars
are 5 μm. Conditions: 1 mM HERD protein, 4 % PEG 3350, 125 mM NaCl, 20 mM Tris pH
7.5. b, SDS-PAGE stained with Coomassie total protein stain on HERD-2.2-TEV–GFP solution
with added TEV protease (+TEV) and solution without added TEV protease (-TEV).

5.7 Chapter summary

Many proteins that undergo LLPS have also been identified to form other proteinacious
materials. These assemblies vary greatly in their structures and functions, but have been
particularly implicated in disease because of the potential for pathogenic amyloidogenesis
or aggregation.35,46,74 This chapter has described the capacity for the designed HERD-
2.2 polypeptide to form macromolecular fibres. These fibres have been characterised to
assemble both in vitro and in E. coli. The resulting structures have significant effects on
cell physiology, creating elongated rod-shaped bacteria far longer than wild type E. coli
(Fig. 5.7). Moreover, these fibres can be patterned with fluorescently labelled HERD-2.2,
acting as a rigid scaffold for client recruitment.

Further, the molecular architecture of the fibres was investigated by CD spectroscopy and

110



X-ray fibre diffraction. The structure of these fibres was determined to be different to that
of the designed HERD-2.2–GFP. As indicated by X-ray fibre diffraction, the fibres formed
by HERD-2.2 have β secondary structure components (Fig. 5.9). There are indications
that the peptides used in HERD-2.2–GFP, and HERD-2.2, have α-helical properties in
solution, as they formed α-helical assemblies after stabilisation with TFE (Fig. 3.15c–d).
Therefore, there are suggestions of an interesting shift in secondary structure from α to
β.310

Overall, the mechanism of fibre formation by HERD-2.2 is still unclear. This polypeptide
was designed as an N -terminal fusion to client proteins, such as GFP, for LLPS. How-
ever, without a client protein not only is phase separation lost, but instead the protein
forms structured fibres. This is certainly an unintended feature of the HERD design,
and its role and prevalence could be the subject of future research. The distinguishing
feature of the HERD-2.2 fibres is the interplay between LLPS and fibre formation. This
is a phenomenon that has been observed in a number of natural proteins, and has been
particularly identified as a pathway to amyloid formation.67 Understanding how aberrant
phase separation can lead to droplet maturation and the formation of pathogenic assem-
blies could lead to more effective prevention or treatment of neurodegenerative disorders.

Fibres made by the designed HERD-2.2-E protein were demonstrated to interact with de-
mixed liquid droplets formed by HERD-2.2–GFP in vitro (Fig. 5.10). However, attempts
to re-create droplet maturation by cleavage of the C -terminal fluorescent protein were
unsuccessful (Fig. 5.11). It is possible that this is due to the differing structures of these
proteins. In solution, the peptides constituting HERD-2.2 have a propensity to form α he-
lices, while the HERD-2.2 fibres are β assemblies. There are cases where proteins undergo
a change in secondary structure from α to β, particularly with respect to fibre formation,
and it is possible that this could be the case with this designed protein.306,310,311 However,
more detailed and time-resolved measurements of their secondary structure would be re-
quired to investigate these ideas. Measurements that can capture the nucleation process
of HERD-2.2 could be exciting as an alternative way to monitor amyloidogenesis. It is
possible that HERD-2.2 still undergoes LLPS as part of its assembly process, but that
this quickly matures into the fibrous structures visible by TEM and confocal microscopy.
Imaging of fibre nucleation could be informative to understanding how these structures
self-assemble in cells, though this would be challenging to investigate in situ.
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Chapter 6

De novo proteins for LLPS in
eukaryotes

6.1 Chapter introduction

Chapter 3 described the design of a protein for LLPS in E. coli from the bottom-up.
This system, named HERD-2.2–GFP, has been characterised to have all of the properties
associated with de-mixed liquid condensates. Chapter 4 described the functionalisation
of these condensates with two enzymes, to create a functional MLO in bacteria. Together,
these present a tractable route to the bottom-up construction of cellular compartments
in bacteria by LLPS. However, the scale and simplicity of prokaryotic cells means that
the potential applications are limited. Instead, the design of proteins for LLPS in eukary-
otes would enable a wider range of functions. Understanding how recombinant protein
expression and the cellular environment differs between prokaryotes and eukaryotes, and
how this impacts PPIs, is central to this task.

It is significant that it took far longer for natural phase-separating proteins to be identified
in prokaryotes than eukaryotes.271 Indeed, only a handful of phase-separating proteins
have been characterised in prokaryotes.312,313 This makes the designed HERD-2.2–GFP
system somewhat unusual, having been designed to phase separate in E. coli.270,314,315 The
reason for the much higher prevalence of LLPS in eukaryotes is not yet clear, however it
may be due to the similar greater abundance of disordered proteins. Predictions indicate
that as many as 30% of the residues in eukaryotic proteins are likely to be disordered, in
contrast to only 10% of those in prokaryotes.316 IDRs are strongly implicated as drivers
of LLPS in nature, and this abundance of disorder may be linked to an increased capacity
for phase separation.86

In addition, prokaryotic cells have significantly different internal macromolecule concen-
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trations, estimated to be 3 times more crowded than eukaryotic cells: while in prokaryotes
around 30% of their internal volume is occupied by macromolecules, in eukaryotes it is
10%.317 This much higher crowding, in addition to the much smaller overall volume in
prokaryotes, can significantly affect the relative strength of PPIs required for intermolec-
ular interactions.263,318

This chapter describes the design and characterisation of HERD proteins for LLPS in
eukaryotes. Beginning from the successful HERD-2.2–GFP design used in E. coli, ra-
tional coiled-coil design was again used to make predictions about PPI strength and
condensation, this time for LLPS in mammalian HeLa cells. This process highlights the
differences in internal chemistries between prokaryotes and eukaryotes, and the effect this
has on PPIs in cells. Further, the experiments described here begin to offer additional
insights into why LLPS is so prevalent in eukaryotes, but not in prokaryotes.

Figure 6.1: HERD-2.2–GFP does not phase separate in HeLa cells. a, HERD-
2.2–GFP shows temperature sensitivity of condensation in E. coli. Scale bars are 5 μm. b,
HERD-2.2–GFP does not form condensates in HeLa cells. Scale bar 10 μm.

6.2 HERD-2.2–GFP does not phase separate in HeLa cells

Initially, and to test whether the designed HERD-2.2–GFP protein would phase separate
directly in eukaryotic cells, this designed protein was cloned into a mammalian cell vector
for transient transfection in HeLa cells. The sequence for HERD-2.2–GFP was transferred
into the viral cytomegalovirus vector (pCMV) by PCR using oligonucleotides described in
Table 2.1, followed by restriction digest and ligation using the 5’ and 3’ NotI and BamHI
restriction sites.
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Transient transfection of HERD-2.2–GFP in HeLa indicated that the designed protein
expressed well in mammalian cells, producing a range of green fluorescence indicative of
successful transfection. Cells were imaged live at 37 °C. However, unlike expression in E.
coli, no cellular condensates were visible in the HeLa cells (Fig. 6.1). From the charac-
terisation of HERD-2.2–GFP described in chapter 3, this was not an entirely unexpected
result. Even in E. coli, HERD-2.2–GFP was determined to be highly temperature sensi-
tive, and does not form condensates in cells at 37 °C. As mammalian cells are less tolerant
of temperature changes, cells were grown at 37 °C, and so it was unlikely that condensates
would be formed under these conditions. Further, as introduced above, eukaryotic cells
have much lower levels of molecular crowding than prokaryotes, and so this effective drop
in crowding would reduce the overall propensity of HERD-2.2–GFP to phase separate
still further.317,318 Not only that, but transient transfection in HeLa cells is unlikely to
reach the protein concentrations created by T7 expression of recombinant proteins in E.
coli, where the available volume is also much lower.318 The combination of these factors
is the likely reason why the HERD-2.2–GFP system phase separates in prokaryotes but
not in eukaryotes.

Figure 6.2: HERD re-design to introduce additional valency or affinity. Phase
separation can be introduced either through (a), an increase in interaction affinity, or (b), an
increase in the overall valency of interactions.
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6.3 HERD re-design is required for LLPS in mammalian cells

The rational re-design of the HERD system for phase separation in mammalian cells was
considered. To increase the propensity of HERDs for LLPS in eukaryotes, two approaches
were attempted: firstly, the assembly of HERD constructs with additional stickers and
spacers, to increase the overall valency of the design; secondly, design of HERD constructs
with higher affinity helical regions, to increase the overall affinity of the design (Fig. 6.2).

6.3.1 Helical regions with tighter affinities

Initially, to test designs with higher affinities, the originally designed HERD-0 construct
was tested in HeLa cells. This has 4 heptad (28 residue) helical regions with fully intact
hydrophobic cores. In prokaryotes, this produces insoluble aggregates that do not recover
after photobleaching (Fig. 3.25). However, when HERD-0–GFP was expressed in HeLa
it still did not produce condensates, giving evenly distributed fluorescence indicative of
soluble cytoplasmically distributed protein (Fig. 6.3). This result was surprising, given
the highly insoluble condensates that HERD-0–GFP formed in E. coli.

Figure 6.3: Neither HERD-0–GFP nor HERD-2.2-XL–GFP phase separate in HeLa
cells. Live cell confocal microscopy images of HERD-0–GFP, and HERD-2.2-XL–GFP expressed
in HeLa cells. Scale bars are 15 μm.
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6.3.2 Additional stickers and spacers

As HERD-0 was insufficient for condensation in HeLa cells, it was tested whether in-
creasing valency could instead drive phase separation. Here, more of the existing helical
regions from HERD-2.2 were added to introduce a greater overall valency of interactions,
in an extended stickers-and-spacers arrangement.

For this design, as the interactions given by the helical regions of HERD-2.2 had proven
ideal for phase separation in prokaryotes, these stickers were used again but in a longer
HERD design. This design, named HERD-2.2-XL–GFP, used 4 helical regions duplicated
from the two used in HERD-2.2–GFP, separated by 3 identical linkers. The introduction
of additional stickers should increase the overall attractive interactions of the protein,
and potentially lower the saturation concentration. However, expression of HERD-2.2-
XL–GFP in HeLa did not result in condensate formation, indicating that these additional
stickers were insufficient to drive de-mixing (Fig. 6.3).

Figure 6.4: Longer coiled coils do not drive condensation. Live cell confocal microscopy
images of HERD-5.1–GFP through HERD-5.3–GFP, expressed in HeLa cells. Scale bars are 10
μm.

6.3.3 Longer coiled coils for LLPS

In chapter 3, three methods of destabilisation were used to attenuate the interaction po-
tentials between the helical regions in the HERD proteins: shortening the helical regions,
introducing mutations into the hydrophobic core, and introducing helix-destabilising mu-
tations onto the predicted surface of the bundles. For the new designs, it appeared that
rather than removing net interactions from the HERD design for LLPS, additional inter-
actions would have to be introduced. Therefore, the opposite approaches were considered.

116



However, even HERD-0 was insufficient to drive condensation, and this design has helical
regions with fully intact hydrophobic cores, with leucine and isoleucine at the a and d
positions, and no destabilising mutations made to the surface of the bundles. Therefore,
the only remaining parameter to adjust was length. Therefore, the helical lengths in the
HERD-0 design were increased from 4, to 5, 6, and 7 heptads in length (35, 42, and 49
residues), creating HERD-5.1–GFP through HERD-5.3–GFP (Table 8.4). In addition, at
this point for in-cell screening the N -terminal His tag was removed to ensure all the inter-
actions were coming from the designed HERD elements. These coiled-coil motifs would
be predicted to be highly strong and specific PPIs, owing to their extended hydropho-
bic interfaces. However, when expressed in HeLa cells, none of these HERDs produced
condensates, but gave diffuse fluorescence (Fig. 6.4).

The absence of any protein condensates with even these strong PPI motifs was puzzling,
and suggested that the design hypothesis for phase separation using HERDs was not
appropriate for eukaryotic cells. Such long coiled coils should be almost guaranteed to
interact, even at very low concentrations, and therefore it suggested that some aspect of
the design was not functioning as intended. To exclude the role of unforeseen elements,
which had not been robustly interrogated in the original design, several additional HERD
designs were tested. To eliminate the potential for steric hindrance by the client GFP
obstructing coiled-coil formation, designs with longer linkers between the HERD and GFP
were screened. In addition, designs with shorter (8 residue) linkers between the coiled-coil
motifs were also tested, in line with increasing their cooperativity. These permutations
were tested with both 4 heptad and 7 heptad coiled-coil motifs, to ensure that affinity
between the coiled coils was not limiting to self-assembly. These designs were called
HERD-5.4–GFP through HERD-5.7–GFP (Table 8.4). Transfection of these designs in
HeLa cells confirmed that none of these proteins formed condensates, demonstrating that
these designs did not differ from HERD-0–GFP or HERD-5.3–GFP (Fig. 6.5).

6.4 LLPS and membrane localisation

As neither HERD-2.2–GFP nor HERD-0–GFP were sufficient to phase separate in HeLa
on its own, the addition of orthogonal localisation mechanisms was considered. The most
compelling of these was membrane localisation (Fig. 6.6a). Membrane localisation can
be induced by the addition of small N - or C -terminal peptides. The effect of membrane
localisation is not only the trafficking of protein to the cell periphery in the case of the
plasma membrane, but also a dramatic increase in the effective concentration of the
protein (Fig. 6.6b). This is because the protein is now effectively constrained in a 2D
rather than 3D space.
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Figure 6.5: Expression of HERD-5.4 through 5.7–GFP in HeLa. Live cell confocal
microscopy images of HERD-5.4–GFP through HERD-5.7–GFP, expressed in HeLa cells. Scale
bars are 10 μm.

Indeed, theoretical analysis on PPIs of soluble proteins that are then constrained on
a membrane indicates that fixing the proteins on a membrane increases their effective
affinities by up to 1000-fold.319 This increase can have the effect of making a weak PPI,
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which would normally have too low of an affinity to find its binding partner in the
3D cytoplasm, more than sufficient for association on the membrane. This mechanism
was used to great effect for the construction of orthogonally translating organelles (Fig.
6.6c).196 In their construction, both phase-separating and membrane-localising proteins
were used as localisation mechanisms.

Figure 6.6: LLPS and membrane interactions. a, De-mixed liquid droplets can be
targeted to cellular membranes to create film-like organelles. b, Constraining proteins on a 2-
dimensional membrane can increase their effective concentration by up to 1000-fold, and induce
PPIs that would otherwise to too weak to form in the 3-dimensional cytoplasm. c, Phase sepa-
ration and membrane localisation has been used to target LLPS to several different subcellular
locations, including the inner cell membrane (magenta), the endoplasmic reticulum (teal), the
golgi apparatus (blue), and the outer mitochondrial membrane (orange). This has been used
for selective and orthogonal amber stop codon replacement. Adapted from Reinkemeier et al.
(2021) with permission from Elsevier.196 d, LLPS can deform otherwise spherical phospholipid
membranes.
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This combination created an organelle that would selectively replace amber stop codons
with an exogenous tRNA.195Individually, these systems perform poorly, with large amounts
of background and poor selectivity.195 However, the combination of both of these systems
to create a phase separated film on a phospholipid membrane gives improved orthogo-
nality and selectivity. Therefore, it seems tractable that the combination of two compli-
mentary localisation methods can be used to create an artificial organelle in mammalian
cells.

In addition, there are functional reasons why localisation of phase separated droplets to
the plasma membrane might be of interest. LLPS has been implicated in several pro-
cesses associated with membrane remodelling. In particular, Wiskott–Aldrich syndrome
protein (WASP) is a family of actin nucleation factors that promote actin polymerisa-
tion and membrane deformation.320 Neural-WASP (N-WASP) has been implicated in
LLPS on the membrane, using phase separation to drive actin nucleation and create
filopodia-like structures.321,322 Moreover, other natural proteins, such as Cavin1, have
extensive IDRs that are proposed to drive phase separation, and are crucial to the for-
mation of spherical membrane nanodomains called caveolae.323 Even cytoplasmically lo-
calised phase-separating proteins have been described to be able to induce membrane
deformation (Fig. 6.6d).324,325 In vitro studies on synthetic and cell-derived vesicles have
demonstrated that recruitment of phase-separating proteins, such as FUS and LAF-1, to
membranes is sufficient to bend the membrane inwards and form long tubules extending
into the vesicle.326,327 Together, these studies demonstrate that phase separation on the
membrane is a key element in membrane deformation and remodelling.

6.4.1 HERD designs can be localised to the plasma membrane

To localise HERD-2.2–GFP to the plasma membrane, two membrane-targeting sequences
were considered: Fyn, and CAAX (Table 8.5). The Fyn membrane tag comes from the
N -terminus of the Fyn tyrosine kinase (GCVQCKDK).328 This sequence is endogenously
acetylated by fatty acids on the glycine and two cysteine residues to create a sequence
that is targeted specifically to the inner leaflet of the plasma membrane. The CAAX
tag meanwhile is a C -terminal sequence used for membrane targeting of monomeric GT-
Pases.329 Similarly, the final CAAX residues signal for prenylation of the cysteine that
drives membrane insertion.

Each of these targeting sequences were first fused to HERD-2.2–GFP as N -terminal
(Fyn) or C -terminal (CAAX) fusions, and the proteins transiently transfected in HeLa.
These proteins, denoted Fyn-HERD-2.2–GFP and HERD-2.2–GFP-CAAX respectively,
displayed plasma membrane localisation, with enhanced fluorescence at the cell periphery
(Fig. 6.7). The CAAX tag however appeared to be detrimental to cell viability, and the
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majority of fluorescent cells identified were rounded. In contrast, the Fyn tag appeared
to be well tolerated and induced membrane localisation, and so was chosen for further
analysis.

Figure 6.7: HERD-2.2–GFP can be localised to the plasma membrane. a, Live cell
confocal microscopy images of HERD-2.2–GFP, and the membrane localised Fyn-HERD-2.2–
GFP and HERD-2.2–GFP-CAAX expressed in HeLa cells. Scale bars are 10 μm. b, Fluorescence
intensity profile of the orange line in a, showing the distribution of fluorescence shifting from
cytoplasmic to membrane localised with the inclusion of either the Fyn or CAAX tag. Black
arrows correspond to the position of white arrows in a.

Fyn-HERD-2.2–GFP gave strong membrane localisation, but it was challenging to iden-
tify whether phase separation was happening in addition to membrane targeting. Areas
of enriched fluorescence were visible around the cell periphery, but distinguishing phase
separation from areas of increased membrane density, due to membrane invaginations or
protrusions, was not possible. However, these areas of enrichment may be challenging to
visualise by confocal microscopy, and alternative techniques, such as total internal reflec-
tion (TIRF) microscopy could extract information about enrichment on the membrane.
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6.5 Intramolecular interactions may inhibit phase separation

To inform the design of future proteins for phase separation in mammalian cells, models
of HERD-0–GFP and HERD-5.3–GFP were investigated using AlphaFold2. Modelling
of these designs indicated that in both cases, the coiled-coil motifs were predicted to be
robustly helical. This is corroborated by the solution phase data for the helical regions
of HERD-0 (Fig 3.14a). However, in the AlphaFold2 models these helical regions are
implicated to interact intramolecularly, forming coiled coils between the two helices (Fig.
6.8). This contrasts to data by Dr Freddie Martin, which indicated that these trimeric
(CC-Tri-EEWE) and tetrameric (CC-Tet2-EEWE) coiled coils behave orthogonally.241

These interactions, although models without experimental evidence, are predicted by
AlphaFold2 with a high level of confidence, as indicated by the low predicted aligned error
(PAE) score given by their cross-interaction. Indeed, it is possible that while these coiled
coils are orthogonal in solution as independent peptides, when combined into a single
polypeptide, the resulting increase in local concentration means that their propensity to
interact intramolecularly is very high.

If the potential to form intramolecular interactions is too high, there will be too few
intermolecular interactions to drive phase separation. Further, it suggests why increasing
the length of the coiled coils does not improve their propensity to condense – stronger
coiled coils would simply form stronger intramolecular interactions, as indicated by the
model of HERD-5.3–GFP, which forms an extended intramolecular coiled coil. It is
interesting to note that these models are in contrast to those of HERD-2.2–GFP, where
the interactions are so weak that the coiled-coil motifs are not predicted to interact
intramolecularly, and this may be partially the cause of this design’s success in E. coli
(Fig. 3.17).

6.6 Chapter summary

Following the successful design and functionalisation of de novo proteins for LLPS in E.
coli their application in eukaryotic cells was considered. Potentially, this offers a greater
range of applications because of their more complex cell biology, as well as much greater
cell volume. The majority of natural proteins identified to undergo LLPS have been found
in eukaryotes, so this appears a natural environment for these disordered and flexible
proteins.35,271 This chapter has described the expression and initial visualisation of HERD
proteins in HeLa cells. The weak, unstructured, HERD-2.2–GFP that was successful in
producing de-mixed liquid droplets in E. coli was not found to phase separate in HeLa.
Instead it formed a single soluble phase (Fig. 6.1). Using the principles of valency and
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affinity to drive LLPS, HERD designs with more coiled-coil motifs, or stronger PPIs, were
tested for phase separation. These designs used coiled-coil motifs from 4 up to 7 heptads
in length (28 – 49 residues). Surprisingly, none of these designs formed condensates either
(Fig. 6.5).

Figure 6.8: Intramolecular interactions may be inhibiting phase separation. Rep-
resentative AlphaFold2 models of HERD-0–GFP and HERD-5.4–GFP with pLDDT and PAE
plots showing confidence scores for each model.

These results reiterate the differences between proteins designed for phase separation in
bacterial and mammalian cells. As noted previously, eukaryotic cells are significantly
larger, less crowded, and express recombinant proteins to lower concentrations than E.
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coli.317,318 These compounding effects have the result that proteins with weak PPIs that
self-assemble within E. coli, can be entirely soluble within HeLa cells. Introducing ad-
ditional PPI motifs or increasing the affinity between the existing motifs seemed like a
tractable approach to drive phase separation. These have been used previously in syn-
thetic phase-separating proteins, where increasing the affinity of the PPIs reduced the
saturation concentration required for phase separation.199 Further, increasing the number
of PPI motifs has also been used to similar effects by an overall increase in valency.180,190

However, these approaches did not induce phase separation in the HERD framework.
Proteins with 4 coiled-coil motifs, or motifs with up to 7 heptads, were still found to only
form a single phase. Indeed, it is remarkable that these proteins did not form insoluble
aggregates when expressed. If the intended network of interactions was assembling as
designed, these PPIs would be hyper-thermostable, and likely cause severe aggregation.
Instead, the maintenance of a single, soluble phase suggests that the HERD design is not
assembling as intended in mammalian cells.

Some suggestions for this observation come from modelling of HERD-0 and HERD-5.3
structures (Fig. 6.8). These indicate the formation of strong intramolecular interactions
that could be inhibiting the network of intermolecular interactions designed to drive
phase separation. This intramolecular folding is an interesting idea, and future work
could attempt to tie these models to experimental evidence. For instance, measurement
of oligomeric state and hydrodynamic radius by dynamic light scattering could be used
to test if HERD designs are oligomerising into large assemblies, or become saturated at
low oligomeric states.

As the HERD designs did not phase separate as cytoplasmically localised proteins, the
combination of orthogonal subcellular targeting motifs was tested. Membrane target-
ing of phase-separating proteins has been exploited previously to improve selectivity.196

Further, constraining proteins on a 2D membrane can have significant effects on PPIs
by compounding concentration effects.319 Here, the HERD proteins were targeted to the
plasma membrane of HeLa cells, forming enriched areas around the cell periphery (Fig.
6.7). However, using confocal fluorescence microscopy it was not possible to conclude
whether phase separation was occurring in addition to membrane localisation. Further
studies using more localised microscopy techniques, such as TIRF microscopy, or single
molecule measurements, could be the solution to measuring phase separation on the cell
membrane.
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Chapter 7

Discussion and future work

7.1 Principal conclusions of this thesis

In a remarkably short time, phase separation has become recognised as a ubiquitous
feature of cell biology. Phase separation has been implicated in almost every cellular
process, from chromatin organisation, cell signalling, and genetic regulation, to micro-
tubule organisation, cell division, and cellular stress responses.35,43,91,312,330,331 However,
despite these widespread associations, there are still significant gaps in our understanding
of how phase-separating proteins are organised at a molecular level. This thesis describes
the bottom-up design of proteins for LLPS in cells, using rational protein design princi-
ples. Here, a summary of the work is presented, along with a discussion of the various
strengths and limitations of the study, and suggestions for future experiments to build
on these concepts.

7.1.1 De novo design delivers proteins for LLPS

Previous engineered proteins for LLPS have largely, with select notable exceptions, fo-
cused on the repurposing of existing phase-separating proteins.179 These engineered as-
semblies have achieved remarkable success, proving to be robust scaffolds for phase sepa-
ration for a range of applications. More recently, phase-separating systems of increasing
complexity have been developed, introducing several variations of controlled assembly and
disassembly mechanisms, phase separation on cellular membranes, and a host of different
applications for the control of molecular biology.180,188,196 However, the bottom-up de-
sign of scaffold proteins for phase separation has remained relatively unexplored. Recent
studies have highlighted the molecular features of proteins undergoing phase separation,
and these concepts present the opportunity to create proteins that drive LLPS from first
principles.198,199
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In chapter 3, the design of a de novo protein for LLPS in E. coli is described. For this
assembly, rationally designed α-helical coiled-coil motifs are concatenated together with
a designed linker to create a linear polypeptide, and the helical affinities tuned to drive
dynamic LLPS (Fig. 7.1). This design process highlights the molecular principles of
multivalency and weak intermolecular interactions as critical for the construction of a
scaffold protein from the bottom-up.26 Characterisation of the designed HERD-2.2–GFP
protein confirms that the design trajectory has been successful in producing de novo de-
mixed droplets that display all of the macroscopic features of LLPS: droplet coalescence,
reversible de-mixing, and rapid fluorescence recovery after photobleaching (Figs. 3.19,
3.21, & 3.22). Crucially, these HERD-2.2–GFP proteins produce liquid-like condensates
in cells, with rapid fluorescence recovery after photobleaching (Fig. 3.24). The formation
of MLOs in bacteria is particularly interesting, as unlike eukaryotes they do not have
canonical membrane-bound organelles, making this system one of a very small number
of mechanisms to form subcellular organelle-like compartments in prokaryotes.

This design approach could present a framework for the general construction of de novo
condensates, potentially offering a route to even more tightly controlled phase separation.
The further tuning of scaffold affinity and valency could be used to create condensates
with altered phase boundaries, giving phase separation at elevated or lowered temper-
atures. In addition, by using rationally designed coiled coils there is the potential to
introduce orthogonality into the design. Despite their short sequences and structural
similarity, several studies have now demonstrated that coiled coils with different heptad
repeats can be orthogonal to each other.145,241 This could be a potential route into cre-
ating multiple orthogonal condensates using the same design architecture.241 However,
it should be considered that in the HERD-2.2 design used in E. coli, this is likely not
possible, as the extensive destabilisation of the helical regions will likely have significantly
reduced the specificity of these helical regions. Indeed, it is unclear how much helicity is
present in the HERD-2.2 PPI motifs. Helical repeats appear to be crucial to condensation
in cells, however, it is challenging to assess the secondary structure of very weakly folded
protein domains. Similarly to elastins, an in-depth investigation of structural changes
during phase separation could shed light on how helicity is implicated in LLPS in this
system.332

In addition to expanding the repertoire of helical regions, there is still significant scope
for investigating the unstructured linker. A selection of altered linker compositions is also
described in chapter 3 (Fig. 3.18). However, this is not comprehensive, and designs focus
instead on the helical regions. However, this de novo system could be used to provide
experimental data for the numerous in silico studies performed on sticker-and-spacer
systems.90,225 Providing experimental data on how changes to the linker in a stickers and
spacers framework could inform modelling and prediction of such systems in the future.
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7.1.2 De novo droplets are highly efficient reaction crucibles

Several highly impressive studies demonstrating the potential applications of protein con-
densates have already been described.180,182,188,195 However, again these have focused on
repurposing natural phase-separating scaffolds, and typically employ the capacity for
condensates to passively compartmentalise client macromolecules. This sequestration
approach is still powerful, and can have significant impacts on cell biology by depletion
of endogenous pools of a target protein. Nonetheless, in vitro experiments have demon-
strated that simple and complex coacervates also have the potential to accelerate enzy-
matic reactions, and this presents the opportunity to compartmentalise and accelerate
an enzymatic pathway using phase separation in living cells.333

Figure 7.1: De novo design delivers solutions for LLPS. The HERD proteins designed
for LLPS in bacteria are created by concatenation of de novo coiled-coil motifs, into a multivalent
linear polypeptide. Through a process of destabilisation of the coiled-coil motifs the phase
behaviour of these proteins is altered, to transition from immobile aggregates to ultimately
create liquid-like condensates that undergo LLPS in E. coli. Finally, these condensates are
used to co-compartmentalise the two enzyme pathway for the production of indigo dye from
tryptophan, and produce a 6-fold improvement in product formation over the comparable free
enzymes.

Chapter 4 describes the application of the designed HERD-2.2 framework to the compart-
mentalisation of an enzymatic pathway. The designer protein is used to co-condense the
enzymes TnaA and FMO for the enzymatic production of indigo dye. The HERD-2.2–
TnaA and HERD-2.2–FMO fusions are readily enriched within HERD-2.2–GFP droplets
in vitro, and fusion to the orthogonal fluorescent protein mCherry further demonstrates
their simultaneous enrichment in condensates in E. coli (Figs. 4.2 & 4.6). Further,
co-condensation of the two enzymes in HERD-2.2–GFP droplets results in an overall 6-
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fold enhancement on indigo formation (Fig. 7.1). This demonstrates a clear benefit to
enzymatic pathway efficiency due to protein condensation in the designed MLOs.

Using phase separation for enrichment of client enzymes is particularly prudent for this
pathway. Both of the enzymes TnaA and FMO are oligomeric (TnaA – tetrameric, FMO
– dimeric).217,291 Classical methods of colocalisation of these enzymes, such as by fusion
to dimerisation domains or assembly on a rigid scaffold, would likely be unsuccessful
or function poorly because of the potential for indefinite oligomerisation.166 The combi-
nation of two symmetric oligomeric enzymes is even reminiscent of strategies to create
protein nanoparticles, however, without careful alignment of geometry it would likely
result in amorphous aggregation.161,334 Instead, colocalisation within dynamic droplets
permits enzyme assembly without forming an indefinite network of PPIs that could re-
strict substrate accessibility or enzyme dynamics. However, it is also true that using
dynamic protein condensates can present additional considerations on enzyme colocalisa-
tion. For instance, the HERD-2.2 condensates have a maximum enzyme loading capacity,
beyond which the condensates are dispelled (Fig. 4.7). This could restrict the concen-
tration of enzymes that can be enriched, and therefore their utility as enzymatic reaction
crucibles. Future work could assess how condensation and enzyme loading are coupled,
to understand how best to leverage the potential of MLOs in enzymatic reactions. Some
early indications of this approach are given by the re-designed HERD-4.1, which used a
simple net charge adjustment to significantly improve co-condensation of the rate-limiting
FMO, and boosted the improvement in indigo production from a modest 2.3-fold to over
6-fold enhancement (Figs. 4.12 & 4.13). It is likely that future works on a more sys-
tematic analysis of protein enrichment in MLOs could provide further improvements on
co-condensation.

The use of de novo condensates for enzymology also permits the interrogation of how
condensate material properties affect enzymatic reactions. The impact of condensate
rheology and dynamics on enzymatic function has been considered for some time, but
is challenging to investigate in cells due to the lack of control over condensate material
properties.191 Here, in the designed HERD system, the design trajectory provides ad-
ditional condensates that do not behave like de-mixed liquids, and are likely arrested
aggregates. In addition, HERD-2.2–GFP is highly temperature sensitive, and can switch
between behaving like a dynamic liquid and a static aggregate depending on the growth
temperature (Fig. 4.10). Using these handles on the material properties of the conden-
sates, product formation was determined to be highly dependent on enrichment within
dynamic condensates, rather than arrested materials. Indeed, condensation of catalytic
enzymes within arrested condensates significantly reduces the amount of indigo produced
by the reaction, likely to be due to reduced substrate accessibility or disrupted protein
dynamics (Fig. 4.11). These data provide a direct link between the material properties
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of MLOs in vivo with pathway efficiency and product formation.

Chapter 4 provides proof-of-concept that MLOs designed from the bottom-up can be used
to enrich functional enzymes, and enhance pathway efficiency. The next step would be to
apply this to even more complex enzymatic pathways. While indigo dye is a relevant small
molecule used in the textile industry, it has an established high-yield chemical synthesis
route. Instead, applying MLOs to the production of relevant pharmaceuticals that can
only be synthesised enzymatically could give meaningful improvements to the production
of small molecule therapeutics, with no additional metabolic burden. Further, and as
suggested by theoretical modelling of enzyme colocalisation, enriching three or more
enzymes could enhance product formation by as much as two orders of magnitude, much
more than is possible using the two enzyme pathway described here.295

7.1.3 The interplay between LLPS and fibre formation remains elusive

Droplet maturation and fibre formation from LLPS are recurring themes in pathological
phase separation. A number of proteins that undergo LLPS have also been identified to
form fibres, gels, or aggregates.35 In particular, amyloid formation has been closely linked
to aberrant phase separation.309 In chapter 5, fibres formed by the designed HERD-2.2
protein are described. This protein was originally designed to undergo LLPS with an
accompanying client protein. However, without clients, these polypeptides form fibres
(Fig. 5.2). The fibres assemble both in vitro and in E. coli, forming assemblies that
stretch the entire length of the cell (Fig. 5.5). Indeed, they even cause the host cell to
elongate, potentially by an inability to divide, to far beyond its natural length (Fig. 5.7).

The scale of these fibres in living cells is remarkable. Not only are they readily expressed
and form bundles several microns in length, but they appear to be tolerated by the
host cell without causing obvious defects in viability. This may be because of the more
rigid bacterial cell wall, preventing damage to the cell membrane by the fibres. These
fibres have also been demonstrated to act as recruitment scaffolds for globular proteins.
When co-expressed, the HERD-2.2 fibres recruit and pattern the GFP tagged HERD-2.2–
GFP (Fig. 5.6). This suggests that the fibres could recruit other, functional proteins to
scaffold enzymatic reactions, or control cell physiology, similar to the studies performed
in chapter 4 with liquid droplets. However, it is unclear whether these assemblies would
confer a benefit on catalysis, and could instead trap the enzymes in a non-functional
conformation or restrict substrate accessibility. Further, several studies have already used
fibrous proteins as scaffolds for enzymatic reactions in E. coli, so the potential scope for
advancement may be limited.152,288 Instead, future work could investigate whether these
fibres are tolerated in mammalian cells. Instead of expression in the small, and crowded,
bacterial cytoplasm, expression in mammalian cells could create an even more dramatic
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phenotype with the synthetic fibres. These could potentially even be manipulated to
create a de novo cytoskeleton, with the introduction of binding sites or functional proteins
into the scaffold.

These HERD-based fibres are interesting because of their scale and phenotype, but they
were not designed. Instead, and reminiscent of many natural proteins, the designed
HERD-2.2 protein undergoes LLPS, but also appears to have a propensity to form fibres.
The structural mechanism for this rearrangement remains unclear. It is possible that
some steric block has been removed when HERD-2.2 is expressed without a client protein.
However, cleavage of the C -terminal GFP does not result in fibre nucleation from de-
mixed liquid droplets, though this may be due to experimental conditions (Fig. 5.11).
Melting of HERD-2.2 fibres also indicates that they do not re-fold at low concentrations,
and it is possible that significant molecular crowding or high concentrations are required
for assembly of these fibres (Fig. 5.8). Further investigation of the assembly dynamics
of these fibres could present a route into reversible folding of the fibres. With this, the
interplay between LLPS and fibre formation could potentially be investigated.

Figure 7.2: Redesign of proteins for LLPS in eukaryotes. AlphaFold2 models of the
HERD-5.3–GFP design, and alternative sterically occluded coiled-coil designs, where one coiled-
coil motif has been inserted into the loop of GFP distal from the termini.
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7.1.4 Alternative designs are required for LLPS in mammalian cells

Most designed and engineered phase-separating proteins have focused on mammalian
cells as host organisms.185,200,201,335,336 This is likely particularly tractable because the
vast majority of phase-separating proteins originate from mammalian cells.313 However,
there are other significant advantages, such as the much larger cellular lumen that not
only facilitates imaging but also permits more significant effects due to sequestration.
Further, due to the more complex cellular organisation of mammalian cells, there are a
greater variety of potential applications within mammalian cells. Therefore, in chapter 6,
the HERD system is re-designed to transport the designer phase-separating framework
from a prokaryotic to a eukaryotic context. These redesigns use increasing valency and
affinity as mechanisms to improve phase separation of the HERD design. However, none
of the tested designs form condensates in mammalian cells (Figs. 6.3 & 6.4).231

Some indications as to why these designs do not phase separate come from modelling
of the designed polypeptides. Both HERD-0–GFP and HERD-5.3–GFP are suggested
to form strong intramolecular interactions in models created by AlphaFold2 (Fig. 6.8).
The coiled-coil motifs used to create the HERD framework have been carefully chosen
to reduce the propensity for intramolecular interactions. Indeed, data on the peptides in
vitro suggest that these motifs are orthogonal, and do not exchange helices between their
respective bundles when mixed.241 However, the effective concentration effect when these
motifs are concatenated into a single polypeptide could mean that these interactions are
far more prominent than those in vitro.

It is tempting to compare the valency and estimated affinities of the HERD designs
with natural proteins, however, comparison of the HERD system with natural proteins is
challenging. The extensive disorder of natural phase-separating proteins makes it difficult
to quantify their affinities and valencies of interaction. Therefore, it is unclear whether
the motifs used in the HERD design are comparable to natural proteins. Further, there
are very few phase-separating systems that have been designed or engineered with a
quantifiable valency of interaction. Some noteworthy systems include a two-component
system with dimeric and tetrameric oligomerising motifs that undergoes phase separation
in yeast.199 These designs were tested with a range of interaction affinities for one of the
interfaces. This suggests, as originally hypothesised, that trimeric and tetrameric PPI
motifs should be more than sufficient for phase separation. Further, with the helical
lengths tested their affinities should be sub-nanomolar, and unlikely to be too weak to
find their interaction partner in cells.

Instead, it seems likely that intramolecular interactions between the coiled-coil motifs
may be limiting phase separation. This would reduce the overall effective valency for
intermolecular interactions. Indeed, the flexibility of the linker could be partially to
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blame here, as it allows the coiled coils to fold over onto each other. Future designs for
phase separation in mammalian cells will need to consider additional design elements to
reduce intramolecular interactions. One such idea is to sterically block the two coiled
coils from interacting, by placing them on opposite sides of a globular protein (Fig. 7.2).
In this example design, one coiled coil has been placed on the N -terminus of GFP as used
previously, but instead of placing a second coiled coil proximal to the first, a second PPI
motif has instead been inserted into a loop of GFP distant from the termini. This design
means that the two coiled-coil motifs are sterically occluded from interacting, and instead
must make intermolecular interactions. Modelling of these assemblies using AlphaFold2
indicated that they could indeed oligomerise using the included coiled-coil motifs.

Overall, chapter 6 confirms that different design approaches are required for designing
phase-separating systems for bacterial and mammalian cells. These concepts will become
more important as the role of protein design in phase separation continues to grow, and
more synthetic systems are developed.

7.2 Possible directions for future research beyond this thesis

After the explosion of research on protein phase separation in recent years, a complete
picture is beginning to emerge of their biological roles, and molecular architecture. Pro-
tein design and engineering has played a significant part in that process, guiding the
development of new tools for protein assembly and localisation. However, there is still
scope for outstanding future discoveries to be made regarding the mechanism of protein
phase separation, and its potential applications.

7.2.1 Globular proteins for LLPS

As described throughout this thesis, protein phase separation and intrinsic disorder ap-
pear to go hand in hand.93,337,337 Nearly all of the characterised natural proteins that un-
dergo LLPS have some component of intrinsic disorder, and many of them are extensively
unstructured. This has carried through to the synthetic systems developed, with many
of them relying on IDRs or extended oligomerising motifs (Fig. 7.3a). Some designer
systems have even sought to optimise repeats from natural IDRs of phase-separating
proteins.198 Indeed, the HERD system described in this thesis is no exception, with a
designed intrinsically disordered linker and helical regions that appear are largely un-
structured in solution. Therefore, it could appear that disorder is a requirement for
protein phase separation. However, physically, there is no such pre-requisite. Instead,
it appears that unstructured protein regions simply offer the best combination of weak
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attractive interactions, with a high valency and flexibility to drive LLPS, and as a result
are frequently implicated in phase separation.26,34 Nonetheless, if disorder is not a re-
quirement for phase separation, it should be possible to construct globular proteins from
the bottom-up that have the correct composition of attractive interactions to drive phase
separation as well.

Figure 7.3: Design of globular proteins for LLPS. a, Existing strategies for LLPS
currently rely almost exclusively on IDRs or other linear concatenations of PPI motifs. b, LLPS
of globular proteins is possible, and has been observed in vitro and in some cases in vivo for a
select number of proteins such as lysozyme, but is currently unexplored by design. c, De novo
protein design could tackle this challenge by modification of protein surface properties, such as
by using the designed single chain 4-helix bundle sc-apCC-4 (PDB: 8A3K). Rational design of
surface interactions could be used to tune interaction affinity to drive LLPS.
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LLPS of globular proteins is certainly possible and has been characterised in vitro by
physicists for many years; the classic example being the monomeric globular protein
lysozyme, which undergoes LLPS at high NaCl concentrations (Fig. 7.3b). Recent work
has begun to explore this concept. Attachment of cationic tags to globular proteins,
including GFP, has been demonstrated to induce condensation by adjusting their net
charge.270 Future work could build on this concept of designing globular proteins for
LLPS. However, rather than using a natural protein scaffold, a de novo globular scaffold
would permit larger and more rationalisable changes to the protein sequence (Fig. 7.3c).
This could be existing protein scaffolds, however, rationally designed proteins, such as
the recently developed single chain 4-helix bundle, would enable a similar rational design
approach as used in this thesis.338 Further, using a rationally designed scaffold would
prevent inadvertent mutations to residues critical for scaffold assembly. Engineering of
this scaffold for phase separation could be tractable by mutation of surface residues to
introduce patchy ionic or hydrophobic interactions. In contrast to the design process
used for the HERD assemblies, where mutations focused on the core a and d residues,
this design would focus on the solvent exposed b, c, and f positions.

The successful design of an entirely de novo, globular protein for LLPS in cells would be
the first of its kind, and a shift in focus away from relying on intrinsically disordered as-
semblies. Indeed, this could even help to rationalise how globular and disordered proteins
differ in their propensities for phase separation.

7.2.2 Predictive computational frameworks for phase separation

Computational design of globular and oligomeric proteins has made significant advances
in the last two years.339 However, there are still several areas of protein design where com-
putational frameworks perform poorly, or don’t yet exist at all. Most computationally de-
signed oligomeric proteins are hyper-thermostable, with nM dissociation constants.340–343

Similarly, computationally designed PPI interfaces are selected for high-affinity inter-
actions. This means that computational design of weak PPIs is still relatively unex-
plored, and challenging using existing frameworks that optimise ruthlessly for stability
and affinity. Further, the design of PPIs within intrinsically disordered proteins is still
in its infancy. Current techniques rely on high-resolution structural data, where IDRs
and unstructured proteins are significantly under-represented, and as such designing pro-
teins to interact specifically with IDRs remains extremely challenging, despite recent
advances.118,129 Therefore, it is perhaps no surprise that computational frameworks for
the design of phase-separating proteins do not yet exist.

However, significant efforts have been made to model phase separation in silico. Molec-
ular dynamics simulations have been used to model changes in protein self-association
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with changes in sticker and spacer affinity and valency.90,225 However, due to the timescale
involved and the number of protein molecules that have to be modelled for self-assembly,
these simulations are coarse grained, and do not have the resolution to capture detailed
molecular interactions like knobs-into-holes packing of coiled coils. Notably, some recent
studies have begun to explore atomistic simulations of phase separation to capture indi-
vidual PPIs, which could elucidate more specific interactions, and has been demonstrated
on characterised variations of natural sequences.238

Figure 7.4: Creation of a predictive computational framework for LLPS. To create a
predictive framework for phase separation, features like effective surface charge, hydrophobicity,
and geometry could be combined using contemporary machine learning platforms like MaSIF.
Adapted from Gainza et al. (2019) with permission from Springer Nature.344

Nonetheless, the ultimate goal is for simulations of phase separation to be predictive.
Predictive modelling could guide mutation or treatment of natural proteins to alter their
phase-separating behaviour. It could also provide a tractable route to the routine de
novo design of proteins for phase separation. Such a model could be based on new
machine learning based tools for predicting PPIs. A number of these tools have been
released in recent years, and all use elements of a protein’s amino acid sequence and
surface geometry to predict areas that are likely to be involved in PPIs (Fig. 7.4).344–347

While these frameworks are calibrated towards high-affinity PPIs, the re-purposing of
these tools towards weak PPIs needed for phase separation could present a tractable
route for the predictive modelling of proteins for phase separation. These models could
be used to incorporate several elements of a protein’s properties that are implicated in
LLPS, including its effective surface charge, the relative distribution of its surface charge
(how patchy it is), its surface hydrophobicity, and overall surface area and geometry.
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These could be tested on known phase-separating proteins, before attempting to apply it
predicatively to a de novo scaffold.

The computational prediction of phase-separating propensity at an atomic resolution
would be an entirely new tool for synthetic biologists. Using machine learning in this
context would also be a complimentary marriage of computational and rational design,
by applying data driven by machine learning to the rational design of PPI motifs. This
would not only allow the predictive mutation of natural proteins, but also the evaluation of
unknown proteins that have been implicated in LLPS, but are intractable to characterise.
This could even be applied to the now available Alphafold2 models for proteins with no
available structure.
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