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Abstract

Over the last 40 years, proteins have emerged as highly effective therapeutics due to
their endogenous specificity. While the structural and biophysical properties of
protein scaffolds allow the formation of highly avid complexes, the inherent
metastability of proteins can result in local or global unfolding that can lead to
inactivation and/or protein aggregation. As a result, the production and formulation
of biopharmaceuticals can be hindered by protein aggregation which can occur at
every stage of the manufacturing process; ultimately jeopardising the successful
development of promising candidates from becoming the next blockbuster biologic.

Aggregation compromises the quality, stability, and safety of a drug product, yet the
ability to identify ‘manufacturable’ candidates with long-term stability during lead
isolation and optimisation remains challenging. Similarly, the ability to predict the
aggregation propensity of proteins associated with protein aggregation diseases is also
arduous, and much remains unknown about the fundamental processes driving
protein aggregation in these diseases. There is thus an important and currently unmet
need to be able to identify protein sequences that may have undesired properties and
to engineer their sequences to improve their properties.

Investigating protein aggregation and stability can be laborious, due to the difficulties
in expression and purification for 7z witro analysis and since aggregation can occur
through a variety of mechanisms. The work presented in this thesis employs a
tripartite [-lactamase platform to characterise the aggregation propensity of
biopharmaceuticals that circumvents the need for recombinant expression and
downstream analysis. This system can distinguish between aggregation and non-
aggregation prone sequences, offering a powerful tool for assessing protein
aggregation and stability earlier in the industrial pipeline.

This study also developed a directed evolution methodology that can be used as a
novel strategy to modulate the aggregation propensity of protein therapeutics, to
evolve ‘manufacturable’ biopharmaceuticals early during industrial development.
Importantly, the approach does not require any structural knowledge or prior
biophysical information about the protein of interest.

Finally, the application of this platform to disease-related proteins enabled the
identification of hotpot residues that differ between germline and patient sequences
in light chain amyloidosis, that may further the understanding of the processes that
underpin aggregation diseases.

Overall, this platform provides a new approach for the rapid identification of
aggregation resistant proteins and to provide insight into the molecular mechanism
of aggregation.
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Introduction

Chapter 1

Introduction

1.1 Principles of protein folding

Proteins govern a multitude of biological pathways and processes that are crucial for
life. The biological function of a protein is usually determined by its three dimensional
(3D) native structure encoded by a string of amino acids, comprised from just 20
amino acid building blocks. Understanding the mechanism of protein folding lead to
the concept of “the protein folding problem”!, which encompasses three related
enigmas: (i) the folding code, (ii) the folding mechanism and (iii) protein structure
prediction. This problem has been a challenge in the field for over 60 years, during
which theories have been developed to provide an unprecedented understanding of

the principles of protein folding?.

Anfinsen’s experiments on ribonuclease A demonstrated that the protein can fold and
refold after denaturation, without any biological machinery, to a thermodynamically
stable and functional state by searching for the lowest negative free-energy state?. This
led to the hypothesis that the primary amino acid sequence encodes all the
information required for protein folding. However, from this notion arose Levinthal’s
paradox, where he calculated if a protein were to explore all possible conformations,
folding to a global free energy minimum would be impossible on a biologically
relevant timescale®s. Levinthal proposed that folding is kinetically determined and
must take place through defined mechanisms guided by the rapid formation of local

interactions*.

As research into the protein folding field evolved, the pathway from the unfolded
polypeptide chain to the folded native state became represented by an energy
landscape modelS. This pathway characterises the energy-entropy relationship of the
folding species. Proteins fold energetically downhill, towards a low-energy, low-
entropy state until the native state is reached at the energy minimum¢ (Figure 1.1).
Many proteins fold to their native state via folding intermediates, which often contain
secondary structure but lack a packed hydrophobic core. These “on-pathway”
intermediates give rise to a roughness of the energy landscape by creating low energy

kinetic traps’.
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Entropy

Energy

Native state

Figure 1.1 Idealised smooth energy landscape of protein folding. Internal free
energy of the system is represented by the vertical axis and conformational entropy
explored by the polypeptide chain is represented by the horizontal axis. Folding starts
at the rim of the funnel, depicted as the grey polypeptide chains. As the number of
intermolecular contacts increase, the internal free energy is lowered, and the

conformational freedom is reduced until the native state is formed.
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1.2 Protein misfolding

Protein folding is further complicated by the formation of “off-pathway” structures
that hinder the formation of the native state’-!0. Various properties can increase the
potential of a protein to become trapped in non-native conformations. Destabilising
factors include mutations to the amino acid sequence or changes in the cellular
environment such as pH, temperature, or absence of ligands!’-12. The misfolded state
may be more stable than the native state causing the protein to become kinetically
trapped and significant reorganisation of the protein is required to reach the native
state”13. These misfolded states create an additional problem of promoting self-
assembly in a process called aggregation that consists of several different pathways

and mechanisms (Figure 1.2)14.
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Figure 1.2 Energy landscape of protein folding and aggregation. Proteins
sequences have inherent aggregation prone regions (red dots) that are buried in the
hydrophobic core of the native state. Funnelling down the energy landscape,
metastable conformations are sampled en route to the native state, that can be “on-
pathway” or “off-pathway” folding intermediates. Exposure of aggregation prone
regions can promote the formation of intermolecular contacts and form amorphous
aggregates, oligomers and amyloid fibrils. Exposure of a certain polypeptide segment
can trigger proteins to phase separate into membrane-less organelles, which can be
classified as liquid-liquid or liquid-solid according to their properties. Higher order
species like amyloid fibrils can form as a consequence of phase separation, which can

be a dynamic reversible process.

1.2.1 Protein aggregation mechanisms

Aggregation is considered as a series of sequential and parallel events, which can occur
from the unfolded, intermediate or native state!>!¢. Protein aggregation can be
mediated by aggregation prone regions (APRs) in the protein sequence, which
typically comprises hydrophobic residues!’-'8. In the native state APRs are protected

from forming protein-protein interactions as they are buried in the hydrophobic core
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of a protein, or reside in a protein-protein interface. APRs may exist in one or more
places on the protein and can become exposed whilst the protein samples metastable
conformations during (un)folding transitions!'® (Figure 1.2). The exposure of these
hydrophobic regions can trigger an aggregation cascade producing non-native protein
oligcomers. These oligomeric species can vary in size from dimers to several
monomers that forms a nucleus that serves as the structure for monomer addition
(and dissociation), from which the aggregate can grow forming amorphous aggregates

and higher order aggregates (Figure 1.3).

An alternative mechanism involves reversible association of the native monomer!>19.
Here, aggregation occurs directly from the native state, through self-association of
monomers to form reversible oligomers (Figure 1.3). This self-association can occur
via a variety of mechanisms such as hydrophobic patches, electrostatic colloidal
interactions, hydrogen bonding across B-strands or an exposed backbone!-23. As
concentration of the protein aggregate increases and larger oligomers form, protein

aggregation can become irreversible though the formation of covalent bonds such as
disulfide bonds!'2.

The most thermally stable, low energy protein aggregates known are amyloid fibrils.
(Figure 1.2)111424 "The formation of amyloid fibrils generally occurs via nucleation-
dependent oligomerisation”?>. In this mechanism oligomers formed have the
tendency to rearrange to a more compact aggregation prone form, known as the
nucleus (Figure 1.3). The formation of the nucleus is the rate limiting step of fibril
formation and typically has increased B-sheet content, or a complete rearrangement
of existing B-strands. This conformational rearrangement converts the aggregation
process into energetically favourable polymerisation, around which further deposition
of monomers occurs’. The nucleation model can also involve secondary nucleation
events such as surface catalysed events and fibril fragmentation?® (Figure 1.3). The
amyloid state is not only detrimental as it leads to protein loss of function, but is also
associated with toxic gain of function in a range of pathological conditions such as
Alzheimer’s disease, Parkinson’s disease and type II diabetes?’?8. Despite their
potential for production of toxic species, amyloids can also be produced as a natural
protein fold, whereby the fibrils perform an array of physiological functions?-3.
Examples of functional amyloids include the storage of peptide hormones®' and

semenogelin proteins for the removal of damaged sperm?32.
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Figure 1.3 Mechanisms of protein aggregation. Aggregation precursors may be
the unfolded, partially folded, or native state of a protein. These precursors can
assemble to form amorphous aggregates. During amyloid formation, oligomeric
species formed from the initial aggregation-prone monomer, can then assemble
further to form higher-order oligomers, one or more of which can form a nucleus,
which, by rapidly recruiting other monomers, can nucleate assembly into protofibrils
and amyloid fibrils. As fibrils grow, they can fragment, yielding more fibril ends that
are capable of elongation by the addition of new aggregation-prone species.
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1.3 Biopharmaceuticals

Biopharmaceuticals can be defined as the application of biomolecules produced in
living systems by biotechnology?3. This encompasses the use of engineered proteins
or nucleic acid based substances for the use as therapeutics or 7z vivo diagnostic
purposes. Biopharmaceuticals fall into the category of a biologic which is a broader
term defined as any therapeutic agent manufactured in living systems. This includes

blood components, vaccines and toxins from natural (non-engineered) sources®.

Proteins used as therapeutic entities have emerged as a major new class of
pharmaceuticals. These modalities have become increasingly popular due to their
inherent specificity, and therefore they rarely have adverse effects compared to small
molecules®. Since proteins naturally regulate many biological processes, they make
ideal candidates to treat a broad range of diseases which would be difficult to mimic
using synthetic compounds. Additionally, as many diseases result from genetic

mutations, proteins can be used as treatment through replacement.

1.3.1 History of biopharmaceuticals

The origins of biotechnology are built upon pivotal advancements in the field of
genetic engineering (Figure 1.4). Following the discovery site specific restriction
enzymes, Paul Berg developed the “cut-and-splice” method in 1972, combining the
SV40 monkey virus with lambda bacteriophage DNA to create the first recombinant
DNA molecule®.

Shortly after in 1973, Boyer and Cohen described the revolutionary method of
recombinant DNA technology showing that genetically engineered DNA plasmids
are biologically functional when transformed into E. ¢/ cells’. They created a
plasmid with resistance to tetracycline that contained the EcwRI restriction site. At this
site they added the gene for kanamycin resistance and demonstrated that after
transformation into E. co/, subsequent generations of E. co/i had resistance to both
tetracycline and kanamycin. They built upon this work by introducing genes from the
toad Xenopus laevis into the plasmid and demonstrated that these genes were active in

multiple generations of E. co/.

It became clear that this approach could be used on a large scale to manufacture genes
rapidly and in quantity. In 1976 Boyer founded Genentech, where they became the
first to successfully express a human gene (somatostatin) in bacteria’’. The first
recombinant protein therapeutic generated using this technology approved by the US
Food and Drug Administration (FDA) was human insulin in 19823, Within several
years, new techniques for mapping and rapidly sequencing genes were developed and

genetic engineering became the basis for an explosion in biotechnology.
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Figure 1.4 Genetic engineering methods that transformed biotechnology.

Innovative methods were also being developed to generate monoclonal antibodies
(mAbs) as therapeutics. In 1975 K&hler and Milstein created a fusion of immunised
myeloma cells with immortalised myeloma cells to produce a hybridoma cell line that
secreted a single type of antibody®. Following their discovery they were awarded the
Nobel Prize in 1984, and soon after, the first therapeutic antibody for human use,
muromonab-CD3 (Orthoclone OKT3), was approved by the FDA in 1985 for the
treatment of acute transplant rejection®. Today, 45 years after this pioneering work,
mAbs are now the highest grossing class of biopharmaceuticals, contributing 65 % of
total biopharmaceutical global sales in 201841, This recent success is partly owed to

the advancements in the methodologies used for their generation and production.

1.3.2 Antibody therapeutics

Antibodies were first discovered in 1890 by Behring and Kitasato, where they
discovered that the transfer of serum from animals immunized against diphtheria to
animals suffering from it could cure the infected animals*?. They identified that the
serum contained a specific “anti-toxic activity” (antibodies) that could confer short-
lived protection against diphtheria, for which they won the first Nobel prize in
physiology or medicine in 1901. Understanding how these molecules were created
and how diversity was introduced to recognise almost any foreign substance took

scientists many years.

The substances that elicit the body’s immune response to foreign substances are called

antigens as they elicit antibody generation*. Antigens bind to receptors on the surface
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of B lymphocytes (B cells) which stimulates the B cell to proliferate and differentiate
into plasma cells. Plasma cells secrete millions of antibodies into the blood and
lymphatic system where they bind to their specific antigen enabling it to be cleared

from circulation through neutralisation, opsonisation or complement activation.

There are five different isotypes of antibodies that differ by the heavy chain constant
region: IgM, IgD, IgG, IgE and IgA*. The constant region of the heavy chain
determines the functional properties of the molecule such as the functional activity
(e.g., neutralisation or activation of complement system) and the distribution of the
molecule in the body. The IgG isotype is the most common in humans and in the
biopharmaceutical sector and can be broken down into four further subclasses: IgG1,
IgG2, IgG3 and IgG44#. These are named in the order of antibody abundance in
the serum, with IgGG1 being the most abundant. Subclasses mainly differ in the length

of the hinge region and number of inter-heavy chain disulfide bonds*.

IgGs are large (~150 kDa) proteins, which consist of four polypeptide chains
connected by disulfide bonds, forming a flexible Y-shaped structure**. There are two
identical heavy chains (~50 kDa) and two identical light chains (~25 kDa). Each chain
folds into structural immunoglobulin (Ig) domain that consist of two B-sheets
arranged in an Ig fold; the heavy chain is made up of four Ig domains, whereas the
light chain contains two Ig domains. The domains associate to form larger globular
domains which assemble to form three equal-sized regions: the crystallisable fragment
(Fc) and two antigen binding fragments (Fab). Within the Fab domain is the variable
tragment (Fv), which has a diverse range of amino acids in the complementarity
determining region (CDR) loops (three per variable domain). The variation within the
sequences of the CDRs gives rise to the unique binding specificity of the antibody to

its antigen and is responsible for the vast diversity in antigen-recognition by mAbs.
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CDR loops
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Figure 1.5 Structure of an IgGl antibody. Schematic representation of an IgGl
domain shows the heavy chains in dark blue and light chains in light blue. The top
half of the molecule represents the Fab fragment and the bottom half of represents
the Fc fragment. CDR loops are shown in red, disulfide inter-molecular bonds in pink
and glycosylation site in green. Figure inset shows the crystal structure of the Vi and
Vi domains from a Fab fragment (PDB 5]Z7)%.

1.3.2.1 Antibody fragments

The modular nature of antibodies has resulted in the generation of different antibody-
based scaffolds over the past 30 years*:#8. Since the binding function of the antibody
is determined by the CDRs on the variable domains, fragment molecules have been
created to mimic the effect of an IgG in a smaller format, by removing the Fc domain.
This was initially carried out by proteolytic digestion of full-length antibodies resulting
in two fragments: Fab and Fc*. The choice of enzyme for cleavage can generate
different Fab fragments. For example, papain cleavage produces a single monovalent
Fab fragment (Figure 1.6b), whereas if pepsin is used to digest the IgG bivalent F(ab)’
is produced (Figure 1.6a), keeping the hinge region between two Fab domains intact.

The engineering of a single chain fragment variable (scFv) was first described in 1988,
where the variable heavy (Vu) domain and variable light (Vi) domains are linked
together by a flexible glycine-serine liker’” (Figure 1.6¢). This produced a single chain
fragment that maintained the affinity for its target antigen, comparable to the full

10
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length mAb*". scFvs have become the building block for other antibody fragments

such as diabodies and other multivalent formats>!:52.

The single domains of variable regions have also been extensively researched for the
use as therapeutics, known as single domain antibodies (dAbs) (Figure 1.6d). This
research began with the isolation of mouse Vi dAbs that were shown to have affinity
to lysozyme?3. It became apparent that although the Vi was able to bind to the target,
the removal of the V1. exposed a hydrophobic surface, usually protected by the Vu-
V1. interface, that caused the dAb to be insoluble and aggregation prone>. It was later
discovered that camelid organisms>* and sharks® produce antibodies that lack a light
chain, triggering further research for the use of dAbs. One noticeable difference
between the domains from camelids (VhH/nanobodies) is that they contain long
CDR3 loop?, larger than those observed in conventional murine and human
antibodies, and have a complete hydrophilic surface therefore enhancing their

solubility and aggregation propensity compared to dAbs®’.

Antibody fragments can offer several advantages over full-length mAbs, such as the
ability to be produced in E. o/ resulting in faster cultivation, higher yields and lower
production costs>%>. The small size of fragments allows them to penetrate tissues and
access cryptic epitopes, making them ideal candidates for tumour penetration in
cancer immunotherapy®-62. However, the removal of the Fc domain prevents FcR-
mediated recycling and as a result the fragments have shorter half-lives®®. The Fc
domain also serves to stabilise the antibody and thus removal results in low
thermostability compared to the parent mAb and a greater propensity to aggregate
and therefore increases the risk of immunogenicity®'. Despite these disadvantages,
three Fabs, one scFv and one dAb have been FDA approved, with many more

candidates in the clinic31:94,
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F(ab)’, Fab scFv dAb

Figure 1.6 Antibody fragments. Cleavage or engineering of the full length IgG can
produce a range of antibody fragments such as: a) F(ab)’> b) Fab, ¢) scFv and d) dAb.

1.3.3 Generation of antibodies

Different methods can be employed to generate high-affinity antibodies to a range of
different antigens. The early stages of biopharmaceutical development involve basic
research to identify the aetiology of the disease, such as a signalling pathway or protein
to be targeted by the therapeutic to be developed. Once the target has been identified,
monoclonal antibodies or antibody fragments that bind to the antigen can be created
and lead candidates selected using iz vivo or in vitro methods explained in the following

sections.

1.3.3.1 Mouse hybridoma technology

Polyclonal antibodies generated by the natural immune system described in section
1.3.2, are a mixture of molecules with heterogeneity and therefore aren’t suitable for
the use as biopharmaceuticals. As described earlier, K&hler and Milstein devised a
technique to produce a homogenous population of antibodies with known antigenic
specificity, known as mouse hybridoma technology (Figure 1.7)3. Mouse spleen cells
from an immunised mouse are fused to mouse myeloma cells. The spleen cells
provide the ability to make the specific antibody whereas the myeloma cell (abnormal
plasma cell) provides the ability to grow indefinitely and to continuously secrete the

immunoglobulin molecules.

The selection of hybridomas in culture utilises HAT (hypoxanthine-aminopterin-
thymidine) supplemented medium®>%. Aminopterin in this medium inhibits
dihydrofolate reductase (DHFR), preventing endogenous DNA synthesis®”. When
this pathway is blocked, cells utilise the salvage pathway® as an alternative method

12
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which requires hypoxanthine and thymidine also supplemented in the medium. The
unfused myeloma cells, however, lack the HGPRT (Hypoxanthine-guanine
phosphoribosyltransferase) which prevents the production of purine nucleotides
required for the purine salvage pathway%%"0. Therefore, only the hybrid myeloma cell
lines (hybridomas) survive in HAT medium as the parental myeloma cells die and the
unfused parental spleen cells have a naturally short lifetime®. The hybridomas with
the desired specificity are identified and cloned by re-growing cultures from single

cells (clonal expansion) to create monoclonal antibodies®.
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Figure 1.7 Mouse hybridoma technology. A mouse is immunised with an antigen,
from which spleen cells are isolated to harvest the B cells producing the antibody
raised against the antigen. The B cells are fused with myeloma cells to create
hybridomas. Hybridomas are screened to identify the desired antibody for clonal

expansion to produce monoclonal antibodies in bulk.

Despite the success of hybridoma technology generating mAbs, the murine linage
resulted in immunogenic effects in patients. The consequences of this led to the
development of engineering methods to make mAbs more ‘human-like’, to carry a

lower risk of immune reactions. Chimeric antibodies were first engineered where the
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murine constant domain was replaced with human constant domain’.72, this retains
the original antibody’s antigen specificity and affinity whilst reducing
immunogenicity’3. This idea evolved further by grafting the mouse CDRs onto a

human scaffold, generating ‘humanised antibodies™*.

Murine Human

Swapping of
variable CDR
domains grafting

Chimeric Humanised

Figure 1.8 Chimeric and humanised antibodies. Murine sequences are illustrated
in green and human sequences in red. Lighter colours represent light chains and

darker colours represent heavy chains. Figure redrawn from Chames e a/7>.
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1.3.3.2 Phage display

Following the success of humanised antibodies described in section 1.3.3.1, 2 vitro
methods were established to create fully-human mAbs, such as phage display. This
technology was first reported in 1985 by George Smith to present a peptide fragment
tfrom EcwRI, for the enrichment by polyclonal antibodies specific to FEcwRI
endonuclease’. The method was further developed and improved for the display of
proteins, such as antibodies, for therapeutic purposes”. Using a display-based
approach during screening circumvents the need of directly panning for binders by
exploiting a link between a protein (phenotype) to its cognate gene (genotype)
through a phage.

The sequence of interest, such as an scFv or Fab, is cloned into the phage DNA
causing a fusion of the antibody fragment and coat protein III gene of a filamentous
bacteriophage, such as M1376. The resulting antibody::pI1I fusion protein is displayed
on the surface of phage, to create a ‘phagemid’. A diverse phagemid library of 10°-
10 clones can be generated using this method”. The library is added to a well in
which the antigen is coated to the surface, and phages displaying high affinity antibody
fragments bind to the antigen”. Sequences that are either non-specific or weak
binders to the target antigen are removed in the wash steps before eluting the hits
from the panning process. The specific binders are then enriched in E. /i with the
use of a helper phage to aid production”. During two to three rounds of further
panning, the conditions are often altered, such as pH, temperature or binding
competitors, to enable selection of proteins with increased affinity for the antigen.
Following the amplification for increased affinity, the sequences are analysed by

enzyme-linked immunosorbent assay (ELISA) for binding specificity’®.
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Figure 1.9 Phage display technology. 1) Phage library displaying an scFv is added
to the immobilised antigen. 2) The phages displaying the highest affinity scFvs will
bind to the antigen, while unspecific binders will be removed by washing. 3) Antigen-
specific phages are eluted. 4) E. coli are transformed with eluted phages and 5)
amplified. 6) A new panning round can further the selection for increased affinity. 7)

Sequences are selected for further analysis.

The first approved antibody developed using phage display was Humira
(adalimumab)®-81, which was selected for binding against TNFa. Humira inhibits the
acute phase of inflaimmatory immune responses®? and is currently marketed for the
treatment of nine diseases including rheumatoid arthritis and Crohn’s disease. Humira
generated the highest sales of pharmaceutical products of 2019 ($19.7 billion)33,
highlighting the success of phage display technology.

1.3.3.3 Ribosome display

An alternative technique to select for high affinity antibodies is ribosome display®.
This technique utilises a cell-free transcription and translation system and can
generate large libraries of 1012 - 10'* clones®. Iz vitro, each sequence in the DNA
library is transcribed and translated, however constructs do not contain a stop codon

therefore preventing release factors from binding and triggering disassembly of the
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translational complex®. The antibody fragment, typically a scEFv, is now displayed out
of the ribosome exit tunnel forming a stable antibody-ribosome-mRNA (ARM)
complex?®’. Similar to phage display, this method then utilises a panning procedure to
select ARM complexes from the translation mixture via binding of the scFv to the
target antigen. Following washing of non-specific sequences, the remaining bound
ARM complexes can be dissociated from the antigen and the mRNA is isolated from
the complex. Subsequently using reverse transcription PCR (RT-PCR) the mRNA
from the initial hits can then be reverse transcribed into cDNA, which is then used
for the next cycle of enrichment. Sequencing then reveals which scFvs form the
tightest binding molecules. Ribosome display poses challenges to successful screening
as the nascent protein still attached to the mRNA and ribosome must be capable of
folding into its native state in this constrained format®¥. Furthermore, the intrinsic
instability of mRNA reduces the stringency and of selection conditions that can be

applied to protein variants for the recovery of the successful sequences®.
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Figure 1.10 Ribosome display. 1) The DNA library is transcribed to mRNA library
lacking a stop codon .2) Translation of the mRNA library forms an antibody-
ribosome-mRNA (ARM) library. 3) Selection of ARM bound to an antigen. 4)
Isolation of mRNA from ARM. 5) RT-PCR and mutagenesis to create DNA library

for the next round of selection. Figure adapted from He and Taussig®’.
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1.3.3.4 Yeast display

Yeast display utilises the Saccharomyces cerevisiae adhesion receptor, a-agglutinin, to
display protein fragments on the cell surface?. A-agglutinin consists of two subunits,
Agalp which is linked to the cell wall and Aga2p which is covalently bound to Agalp
via a disulfide bond. The antibody fragment is fused to the C-terminus of agap2, along
with two epitope tags: a haemagglutinin (HA) and c-myc”. After transformation and
expression, yeast cells are incubated with a biotinylated antigen, and then methods
such as fluorescence activate cell sorting (FACS) can be performed to enrich binders
by detecting the antigen with a secondary reagent such as streptavidin conjugated to

a flurophore?!.

The expression of the molecules on the surface can be measured through
immunofluorescence labelling of either the HA or c-myc tag??. On average, the more
thermodynamically stable the variant, the larger the number of molecules displayed
on the yeast surface?. Higher stringency conditions such as higher temperature can
also be incorporated to evolve stable antibodies?. Another advantage of yeast display
is that as the proteins are synthesised in the endoplasmic reticulum of yeast and are
therefore subject to the eukaryotic quality control processes and enables the addition
of post-translational modifications. A major limitation of yeast display in comparison
to phage and ribosome display, is the transformation efficiency of . cerevisiae is limited

to 107 variants1.
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Yeast cell

Figure 1.11 Yeast display schematic. The scFv (purple) is displayed as a fusion
protein to Aga2p on the surface of yeast. Binding to a biotinylated antigen can be
detected with fluorescent avidin. Expression can be detected using fluorescent
antibodies binding to hemagglutinin (pink) or c-myc (orange) epitope tags. Figure

redrawn from Chao e# aPl.
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1.3.4 Biopharmaceutical development

The lead candidates that are identified by one of the antibody discovery strategies
outlined in section 1.3.3 are taken forward for further development, summarised by
the drug development pipeline shown in Figure 1.12. Candidates selected from initial
panning experiments can be engineered to further enhance properties such as binding
affinity, improved stability, solubility and reduced the aggregation of the protein?,
these approaches are discussed in further detail in section 1.6.2. Other optimisation
approaches include formulation screening to identify optimal buffer conditions for
the protein before the final candidates are extensively characterised’. Lead candidates
can then enter pre-clinical trials in animal models to demonstrate the quality, safety
and efficacy of the product?®. Successful therapeutics then enter clinical trials in
humans which consist of different phases?”. Phase I involves safety testing in healthy
human volunteers (20-80 people) before moving into phase II where the safety and
efficacy are tested on a small number of patients (100-300)33. During phase 111 a large-
scale efficacy and safety testing is performed in 1000-3000 patients3.
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Figure 1.12 Overview of the drug discovery pipeline Screening libraries identifies
1000s of lead candidates from which 7z si/ico analysis can evaluate diversity and
sequence liabilities before expression. Biophysical characterisation is initiated as soon
as binding and activity data meets the minimum requirement for the target profile.
Optimisation characterises the developability of the therapeutics, which is an iterative
process to be during protein engineering. <10 candidates are taken forward into pre-
clinical trials to assess pharmacokinetics and safety before clinical trials. Figure
adapted from Bailly ez a/. 20208,

1.3.4.1 Upstream and downstream processing

The manufacturing of biopharmaceuticals can be divided into upstream and
downstream processes (Figure 1.13)%. Upstream processing involves expression of
the desired product. There are numerous production systems that can be used for the
recombinant protein expression of biopharmaceuticals, depending on the

characteristics desired!?? as summarised in Table 1.1.
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Protein ) Expression Post translational
; Cost | Timescale ) i
expression system levels modifications (PTMs)
Bacteria Low | Fast 10-30 g/L No
Yes, however differences
Yeast Low | Fast Up to 30 g/L
to human PTMs
) , Up to 500 Yes, however differences
Insect cells High | Medium
mg/L to human PTMs
Mammalian cells | High | Slow 5-10 g/L Yes
Cell free High | Fast 1-3 mg Yes, but limited

Table 11 Comparison of cell-based expression systems for
biopharmaceuticals. Information collated from Tripathi 201919, Walsh 200333 and
Anderson 2002101,

The most common expression system employed in a biopharmaceutical setting are
mammalian cells due to the correct post translational modifications (PTMs) and the
correct folding and product assembly which is important for the functional activity of
the protein!®?. The benefits of this system however are coupled with slow growth,
demanding culture conditions and high production costs due to the defined culture

conditions and optimisation requirements.

Typically, Chinese hamster ovary (CHO)!%?> or human embryonic kidney 293 (HEK
293)104 cells are used for mammalian expression and can be generated as stable cell
lines that can be used over several experiments or transient production that can
generate large quantities of proteins in one or two weeks!%. The cells are transfected
with an expression plasmid for the protein of interest (POI) that can then be used to
inoculate growth medium for the production-scale bioreactor?31%. At the end of the
fermentation process the crude product is harvested from the medium through
centrifugation and filtration to remove cells and cell debris prior to downstream

manufacturing”.

Downstream processing ensures that contaminants are removed from to obtain the
final product that satisfies purity and quality regulatory requirements (Figure 1.13). A
platform process that consists of a well-defined sequence of unit operations is usually
employed involving centrifugation, filtration, precipitation and chromatography

steps?%:106,107,
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Various types of chromatography (affinity, ion exchange and hydrophobic), can be
employed to purify the protein®. For mAbs, protein A affinity chromatography is the
most widely used capture process'®®. This affinity chromatography uses protein A
trom Staphylococcus aurens, that is composed of five homologous Ig binding domains!?8,
The domains are independently able to bind to the Fc region hence this
chromatography resin is commonly used for its ability to capture IgGs!®8. The
specificity enables host cell proteins, DNA and other impurities to be separated from
the IgG, providing >98 % purity in a single step?’. Elution of the IgG occurs in the
presence of low pH, which also aids removal of any viruses not cleared in previous

steps?.

Following protein A chromatography additional polishing steps are performed such
as ion exchange or hydrophobic interaction chromatography (HIC) to remove any
residual impurities and aggregates'®”. The final processing step is
ultrafiltration/diafiltration to formulate and concentrate the product!®. From this,
the product can then be stored in vials/prefilled syringes or lyophilised before

transportation!!0.
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Figure 1.13 Upstream and downstream processing. Cell cultures are inoculated
to overexpress the protein from which fermentation is upscaled to a cell culture
bioreactor. Cells are separated from the product by centrifugation and depth filtration.
The product is then moved to the downstream phase of bioprocessing during which
protein A is used to elute the mAb and any remaining viral particles are inactivated.
Polishing chromatography steps such as ion exchange or HIC are performed to
remove any residual impurities and a further viral filtration step ensures removal of
virus patticles. Ultrafiltration/diafiltration (UF/DF) concentrates the product and
buffer exchanges it into the desired formulation. The product can then be frozen or
stored in vials before transportation and administration. Figure based on figures and

information from Jozola et a/''! and Shukla and Thémmes®.
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1.4 Biopharmaceutical aggregation

Proteins for the use as biopharmaceuticals are subject to the same inherent property
to aggregate as naturally occurring proteins as described in section 1.2. Aggregation
in biopharmaceutical settings is arguably one of the most challenging factors during
research and development. This difficulty stems from the lack of understanding of
aggregation mechanisms and the different classes of aggregates that are formed:
soluble/insoluble, covalent/non-covalent, reversible/non-reversible or

native/denatured!!2.

Elimination of aggregation is essential for the safety of a drug. To enter clinical trials
a product requires full characterisation to meet quality specifications. If aggregation
is present in the end product this too will be administered to the patient which can
potentially cause adverse effects such as an immune response. In patients, antidrug
antibodies are generated in response to therapeutic protein aggregates that can be
categorised into two types: neutralising and non-neutralising!13114, Neutralising
antidrug antibodies bind to the therapeutic antibody resulting in loss of efficacy of
the product. Additionally, they can also inhibit the function of endogenous proteins
leading to life-threatening conditions!'*. Non-neutralising bind to the therapeutic
protein but do not inhibit the function but may still affect the efficacy of the drug by

increasing the rate of clearance from the body!'>.

Aggregation can be induced at any stage of biopharmaceutical development (Figure
1.14). The native sequence of the protein may have inherent APRs or
hydrophobic/charged patches on the protein sutface that can drive aggregation in the
carly stages of development during protein expression!®-18:46,116, During upstream and
downstream processing, proteins are subject to many different manufacturing stresses
that challenge protein stability and can enhance protein misfolding and
aggregation!!”-118, These external/environmental factors include freezing, thawing,

pH jumps, filtration and agitation!!”.

Changes in temperature can alter the conformation of a protein through temperature-
induced unfolding that can expose APRs promoting aggregation. The increase in
temperature may also increase the rate of aggregation through increasing collision
rates'!”. Temperature increases accelerate chemical reactions such as oxidation and
deamination which can lead to chemically-induced aggregation'?. To avoid
temperature induced aggregation proteins generally are stored at 2-8 °C and during

processing (e.g. fermentation) temperatures are kept below their melting temperature

(Tow)117.
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The solution environment such as pH, ionic strength, excipients and contact materials
may also induce the formation of aggregates!!'s. A change in pH/ionic strength alters
the electrostatic interactions through charge distribution on the protein surface
influencing aggregation!?!. The contact surfaces such as stainless steel'?? or silicone!??
have all been shown to induce aggregation!?* along with adsorption at air-water

interfaces!25.126,

Bioprocessing steps involved in the manufacture of protein therapeutics also involves
various dynamic fluid processes, including centrifugation, pumping and filtration. The
hydrodynamic forces generated during these processes can bring about unfolding of

the protein triggering aggregation!!6.127,

Finally, the final product is required to be stored high concentration (~50-
150 mg/mL) to reduce the dose volume but since aggregation is usually a
concentration dependent process this raises potential issues. The high concentration
increases the aggregation potential by increasing macromolecular crowding!?8,
exceeding the critical concentration for the aggregation nucleus formation!'!® and
proteins may be near their solubility limit'?’. Moreover, high concentration can

increase the viscosity, making injection into the patient slow and painful®130,

Physical Chemical Mechanical
Temperature changes Protein sequence Air-water interfaces
Freeze-thawing pH change Hydrodynamic forces
Adsorption effects lonic strength fluctuation Direct contact with
Transportation Buffer formulation equipment

Aggregation

Loss of function

Gain of immunogenicity
Failure of manufacture

Figure 1.14 Factors that induce aggregation. mAbs encounter a range of stresses
during development such as physical, chemical and mechanical that have the potential

to induce protein aggregation. Figure adapted from Willis 2018131,
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1.5 Techniques employed to detect aggregation

Since aggregation can jeopardise the developability of a biopharmaceutical, there have
been multiple methods developed to predict and characterise aggregation during
product development!?2. The physicochemical nature of biopharmaceutical
aggregates, in addition to their relative abundances in a formulation, dictates which
biophysical methods are suitable for their quantification and characterisation!!’,

which will be discussed in further detail in this section.

1.5.1 Predicting aggregation in silico

There has been an increasing demand to identify any detrimental properties of a
protein as early as possible in the development to minimise the risk of late-stage failure
and to reduce overall production costs. Computational methods have become
valuable tools in both biopharmaceutical and academic settings to identify
aggregating, insoluble and/or destabilising regions in polypeptides and proteins. In
principle, these tools can be used to identify residues or hotspots on proteins to guide
rational design or to screen a large libraries of protein variants. No single algorithm
has been shown to be the superior 7 silico tool and each has different advantages

depending on the driving force of aggregation.

Many prediction algorithms have been trained on datasets from amyloid/B-rich
aggregates, particularly for the detection of APRs!8. TANGO!” for example, predicts
cross- aggregating segments by incorporating energetic contributions from
hydrogen bonding, side chain—side chain interactions, electrostatics, hydrophobicity,
solvation energetics, Van der Waals contacts, and entropy cost!”. The algorithm was
benchmarked against peptides compiled from the literature along with 71 peptide
segments from human-disease related proteins!’. The application of this tool has
enabled a deeper understanding of aggregation, identifying that 20 % of all residues
in a typical globular domain reside within APRs!'?3) which are typically flanked by
charged amino acids that protect or slow down the aggregation process!33-13,
TANGO however assumes that the polypeptide sequence is fully denatured and
solvent exposed, and therefore APRs that are usually buried in the core of the protein

are still detected by this software.

FoldX force field was developed to calculate the free energy of a molecule based on
the input PDB structure!3. This server can be used to calculate the free energy of
unfolding of a protein, this can therefore be used to calculate the predicted effect that
mutations will have on a protein’s stability'®. The force field has also been

incorporated into many algorithms to energetically minimise the input structure.
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TANGO and FoldX have been combined to create Solubis!?. This tool can redesign
the protein of interest by introducing ‘gatekeeper’ mutations that disrupt the APRs
detected by TANGO, whilst preserving or even improving its intrinsic stability as
calculated by FoldX!38. This has been applied for the screening of mAbs as many
APRs reside within the CDRs. Distinguishing between structural APRs (APR exposed
upon denaturation) and critical APRs (APR that can trigger aggregation under native
conditions) enabled the antibodies to be reengineered to reduce aggregation whilst

maintaining function!”.

AGGRESCAN is another prediction software that can identify aggregation hotspots
based on an aggregation-propensity scale for natural amino acids derived from 7z vivo
experiments that utilise green fluorescent protein (GFP) as a folding reporter'#.
Mutants of AB42 were fused to GFP and 7z vivo fluorescent levels were measured, if
the substitution resulted in lower fluorescence then that amino acid was proposed to
have caused increased aggregation. This original approach assumes that the protein is
partially unfolded and therefore to overcome this AGGRESCAN3D (A3D) was
created!*l. Again, this utilises the FoldX forcefield to energetically minimise the input
structure. A dynamic mode can also be applied where CABS-flex!#4? simulations are
performed on the energy minimised protein structure, that results in an ensemble of
structures with the highest A3D score (most aggregation prone) presented as the
output. In A3D 2.0, an automated mutations feature identifies high scoring residues

and suggest protein variants with optimised solubility!'43.

To screen for solubility 7z silico CamSol can be applied to either predict intrinsic
(sequence based) or structurally corrected solubility!#+. The intrinsic method has been
used to rapidly screen libraries of sequences, which could be applied during lead
candidate selection!#>146, CamSol can also be used to rationally design protein variants
by analysing the structurally corrected profile to identify suitable sites for amino acid
substitutions or insertions and then systematically screening thousands of mutations
in silico. Alongside this, residues can be eliminated from the analysis to maintain
protein function. Protein-Sol is another tool that can also be used to predict and
evolve proteins with higher solubility!47.148, Similar to CamSol, this can be used to

screen the intrinsic amino acid sequence, or as a structure-based method.

Patterns of hydrophobic residues will form aggregation hotspots when they are
clustered on the surface of a protein, and therefore it is important that dynamic 3D
information is incorporated into 7 silico predictions. Spatial aggregation propensity
(SAP)'% addresses this by incorporating molecular dynamic (MD) simulations to
simulate normal protein fluctuations'’ and has guided engineering studies to improve

stability and reduce aggregation of proteins!4%131,
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It is clear that lots of generic factors are important in predicating aggregation, and so
recently a set of developability guidelines were derived from clinical stage
therapeutics!>>153. Therapeutic antibody profiler (TAP)!52 calculates the total CDR
length, patches of hydrophobicity, patches of positive and negative charges and the
structural Fv charge (net charge of Vu and Vi) and raises a flag if the antibody

screened has nonconforming properties.

1.5.2 Detecting aggregation ¢n vitro

A range of analytical methods are employed to characterise biopharmaceuticals. The
physiochemical properties that they investigate include molecular weight,
conformation, size and shape and extent of aggregation. One of the challenges for
studying aggregation is that no single analytical method exists to cover the entire size
range in which aggregates appear. To overcome this issue, several routine analytical

technologies are implemented to characterise the product, summarised in Table 1.2.

Size exclusion chromatography (SEC) has become an essential tool for the
purification and analysis of proteins. SEC separates proteins based on their size
(molecular weight and volume) and shape, based on their ability to permeate through
a porous matrix e.g.,, Sepharose. Coupled with high performance liquid
chromatography (HPLC) it offers a short analysis time (~15 min) for the rapid
separation of macromolecules in a molecular weight range of roughly 5-1000 kDa. An
advantage of SEC is that proteins such as antibodies can be separated to detect both
higher order species (oligomers and aggregates) and lower order species (unpaired
chains or fragments)!54. Insoluble aggregates however are not characterised using HP-
SEC as they are removed during filtration before loading onto the column.
Furthermore, soluble aggerates can dissociate reversibly during dilution that occurs
during the chromatography process. Another disadvantage of SEC is that non-
specific interactions between the sample and the matrix may occur which can increase
the elution time of the sample. Other chromatography methods are also employed to
study a range of biophysical properties such as hydrophobic interaction
chromatography (HIC) to study hydrophobic interactions!, cross-interaction
chromatography (CIC) to identify low specificity!>® and stand-up monolayer
adsorption chromatography (SMAC) to investigate colloidal stability!>”.

Analytical ultracentrifugation (AUC) can also be used to separate macromolecular
species with different densities’8. During a sedimentation velocity experiment the
increasing force applied will separate low- and high- molecular weight species. A time
dependent concentration profile can be detected by absorbance or interference
detectors to provide a size-distribution analysis of the sample!. AUC can be

performed at high protein concentrations in the sample formulation buffer and thus
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allows a direct measurement of protein aggregation under various solvent conditions
to ensure the correct formulation for the product. Although AUC provides a high-
resolution analysis of protein aggregates, the technique is low throughput and time

consuming!v.

Light scattering techniques, such as static light scattering (SLS) and dynamic light
scattering (DLS), are employed to detect and characterise soluble aggregates. The
principles of light scattering are based on the properties of particles in solution
correlating with the amount of light reflected into the detector. SLS uses Raleigh
scattering, in which the electrons of a particle that has been hit by light re-emits
radiation at the same frequency in all directions. Larger molecules scatter more light
than smaller molecules, and the intensity of the light is proportional to the molecules
molecular weight. SLS detectors such as multi angle light scattering (MALS) can be

used in combination with SEC to determine the absolute mass and radius of gyration.

DLS measures fluctuations in scattered light that arises from Brownian motion of
molecules in the sample, the smaller the molecules the faster the diffusion!®!. Analysis
of the fluctuation in the scattered light yields a diffusion coefficient that can be used
to calculate the hydrodynamic diameter of the molecule using the Stokes-Einstein
equation. Measurements are sensitive to temperature and viscosity and so these
conditions must be kept constant for reliable results. DLS is low resolution technique
and cannot differentiate between monomer or dimer species!¢?. The presence of large
aggregates, dust or bubbles can also bias the results due to interference from the
particles. Samples must therefore be filtered before analysis, which may alter the

particle distribution by removing aggregates.

Other approaches have been implemented to predict if aggregation will occur, by
detecting aggregation prone states or structural conformers which are present in
transient low concentrations that may nucleate aggregation. A simple way that is
commonly used in both industry and academia is to measure the Tm to probe the
dynamic nature of protein unfolding. Differential scanning calorimetry (DSC) or
differential scanning fluorimetry (DSF) are both implemented in an industrial setting.
DSC measures heat capacity as a function of temperature!'3. The protein is exposed
to increasing temperature to initiate unfolding during which the heat capacity of the
cell increases (Tonser). At the temperature at which 50 % of the protein is in its native
conformation, and 50 % is denatured, the heat capacity will reach its maximum value
(Twm). As each domain of the protein denatures, a peak is formed, and when analysed
the Tm for CH2, CH3 and Fab domains can be determined. At the end of the DSC
experiment all of the protein will be in its unfolded conformation from which the

unfolding enthalpy (AH) can also be calculated'®3. One of the limitations of DSC is
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that it requires large amounts of material and so when sample is limited DSF is often
used. DSF is a fluorescence emission spectroscopy based measurement that uses an
extrinsic dye to calculate an apparent Tn!'%%. For example, fluorescence of SYPRO
orange increases upon protein unfolding due to binding of the fluorophore to newly
exposed hydrophobic regions on the protein'®>. The midpoint of the unfolding
transition can be determined from the fluorescence emission intensity versus
temperature plot. DSF and DSC have been shown to produce comparable results and
therefore DSF can be a robust alternative for assessing the stability of many different

variants160,

Biopharmaceuticals have to stay stable in a formulation throughout the products shelf
life. The shelf life can be estimated from real-time and accelerated stability studies. In
real-time testing, the product is stored at the recommended storage conditions and
then monitored for two years, or until it fails product specifications. In accelerated
stability studies, the product is stored at elevated stress conditions e.g. 40 °C over two
weeks — several months depending on the study!'>*. Degradation can then be assessed
by monomer loss quantification using HP-SEC and the presence of aggregates can be
screened by the methods detailed above. Although accelerated stability studies rapidly
enhance the time scale of the study, there is little data that shows a direct correlation
between their ability to predict stability at the intended storage conditions (2-8 °C) vs

elevated temperature conditions!¢’.

A high throughput method for early stage antibody discovery has been developed to
identify self-interaction of IgGs. Affinity-capture self-interaction nanoparticle
spectroscopy (AC-SINS) can be used with low purity samples at a low concentration
and therefore is ideal for screening panels of antibodies!'%819%, AC-SINS uses gold
nanoparticles to locally cluster antibodies from dilute antibody solutions to achieve
high local concentrations (>60 mg/mL) for detecting antibody self-interactions!”.
The gold nanoparticles are coated with an anti-human IgG Fc antibody that captures
the test IgGs. Interactions between the immobilised mAbs bring the particles into
close proximity!7! which results in a change in colour of the gold colloid solutions'”2.
This can be simply quantified via the change in the wavelength of maximum

absorbance (plasmon wavelength) using a standard plate reader.

Other methods have also been reported that can be applied at the eatly stages of lead
candidate discovery such as the baculovirus (BV) ELISA!73. This assay is predictive
of non-specific cross-interactions. The BV particles provide a large collection of
representative surfaces that an antibody may encounter in human serum. Weak
interactions with BV particles detected by an ELISA is indicative of polyspecificity of

the antibody which increases the risk of clearance from serum!73.
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Method Parameter measured

SEC Molecular mass

HIC Surface hydrophobicity

CIC Specificity

SMAC Colloidal stability

AUC Molecular mass

SLS Molecular mass and radius of gyration
DLS Molecular mass and hydrodynamic radius
SEC-MALS Molecular mass and radius of gyration
DSC Thermal stability

DSF Thermal stability

Accelerated stability | Stability and shelf life

AC-SINS Self-association

BV-ELISA Non-specific binding

Table 1.2 In vitro techniques to characterise protein aggregation

Cleatly, there is an arsenal of different biophysical methods that can be employed to
study protein aggregation in a biopharmaceutical setting. A landmark study by Jain ez
al. recently selected a panel of twelve biophysical assays to assess the developability
criteria of 137 clinical stage antibodies from which the relationship between the many
employed ‘developability’ assays was delineated!>3. Whilst the majority of antibodies
performed favourably in the assays, it was apparent that some mAbs failed one or
more assays. To understand the relationship between each assay, the data were
clustered and analysed to produce a ‘family tree’ of assays (Figure 1.15)!3. The
clustering identified that the twelve biophysical assays could be divided into five
distinct groups that report on: (i) the expression and thermal stability (pink branch),
(if) hydrophobicity (green branch), (iii) loss of monomer at elevated temperature (blue
branch), (iv) non-specific interactions (orange branch), and (v) polyspecific or self-

interaction (purple branch).

Although this paper has been influential in the field by providing the community a
large dataset of antibodies and understanding the relationship between assays, it is not

without its flaws. The Vu and Vi domains were all grafted into a common IgG1
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scaffold and all assays were performed in HEPES-buffered saline. Evidently the
change in scaffold and formulation buffer will have altered the characteristics of the

protein to that of the optimised conditions during its original development.
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Figure 1.15 Family tree of biophysical assays. Hierarchical clustering of
biophysical properties from Jain ez al. 2017133, The assays are grouped together by
colour that are statistically related. Assays used: HEK cell titre (HEK),
thermodynamic  stability (Tm), salt-gradient-affinity-capture self-interaction
nanoparticle spectroscopy (SGAC), standup monolayer adsorption chromatography
(SMAC), hydrophobic interaction chromatography (HIC), accelerated stability (AS),
ELISA panel of commonly used antigens (ELISA), baculovirus particle (BVP), poly-
specificity reagent (PSR), clone self-interaction (CSI), affinity capture self-interaction
nanoparticle spectroscopy (AC-SINS) and cross-interaction chromatography (CIC).
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1.6 Methods employed to reduce aggregation

There are many attributes of an antibody that must be collectively optimised for the
generation of a successful therapeutic however, optimising one property can lead to
deleterious impacts on others (Figure 1.16)%. Importantly the mAb needs to be able
to bind with high affinity and specificity to its target which is determined by the CDRs.
Altering the sequence to optimise binding specificity can be improved by increased
hydrogen bonding, electrostatic or hydrophobic interactions, which may result in
increased aggregation or reduced stability. Likewise, engineering approaches that
eliminate stretches of hydrophobic amino acids that contribute to aggregation will
likely disrupt the folding of the protein. As such, multiple factors must be accounted
for when attempting to prevent aggregation. Common approaches taken to enhance
conformational (folding) stability, colloidal stability (solubility), and reduced
aggregation to improve developability and manufacturing include altering the
formulation of the product and an extensive range of protein design and engineering

approaches.
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Figure 1.16 Key properties optimised during antibody design. All attributes must
be collectively optimised to generate effective IgGs for the clinic, however optimising
one property can have deleterious impacts on other properties. Lines represent
interdependence, optimisation of any one property can lead to deleterious impacts on

others. Figure redrawn and adapted from Rabia ez a/174
1.6.1 Formulation

A common method to address mAb aggregation and increase conformational and
colloidal stability is to change the formulation of the product. Excipients such as
sugars, polyols and amino acids stabilise the native state conformation!”>176, Buffering

agents are also carefully selected to control the pH and ionic strength of the solution.

Arginine is widely used during protein purification for the refolding of proteins from
inclusion bodies through its ability to supress aggregation, yet the mechanism is

unclear!”’. This amino acid is commonly used in protein formulations to supress
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aggregation through neutralising opposite charges and masking hydrophobic

regions!78-180,

Sugars and polyols such as sucrose and glycerol do not physically interact with the
protein, rather they are excluded from the protein surface in preference for
water!7>181, This increase in free energy of the system is proportional to the surface
area and therefore the unfolded state is unfavoured, pushing the equilibrium of the

system to the folded native state!82.

Typically, a therapeutic mAb will be prepared in a range of different formulations
following which a structural and stability analysis will be performed (using techniques
such as those described in section 1.5.2) to explore the optimal formulation condition.
Formulation studies can be low-throughput and product consuming, therefore there

is a drive to develop a high-throughput analysis method!®3.

1.6.2 Protein engineering

A variety of protein engineering approaches can be taken to redesign a protein to have
reduced aggregation. These approaches can range from screening large mutational
variants using directed evolution approaches, rational design mutagenesis or isotype
switching. Protein engineering has not only been useful for therapeutic aggregation,

but also for understanding the fundamental molecular mechanisms of aggregation!84.

1.6.2.1 Isotype switching and reformatting

One engineering approach that can be taken is to alter the antibody scaffold through
switching the isotype, subtype or reformatting the antibody (Figure 1.17). For
example, switching from an IgG to an IgM can improve the avidity or valency of an
antibody. Swapping the subtype of antibodies can be employed to reduce aggregation
as although the IgG subclasses are similar in tertiary structure, they differ in the
location and number of interchain disulfide bonds. There have been several studies
comparing the IgG isotypes in terms of stability and aggregation and the results
appear to be differ per study. For example, it has been found that under denaturing
conditions the IgG2 format is more prone to aggregation than the IgG1, due to the
increased number of free-cysteines in the IgG2 scaffold upon unfolding!8>-187.
However, other studies have shown that swapping the framework from an IgG1 to
cither an IgGG2 or Ig(G4 has enhanced the colloidal stability of the mAb!8.

The reformatting of mAbs to smaller antibody fragments (Figure 1.17) may also
prevent aggregation. Although the Vu and Vi domains contribute to biophysical
properties of the antibody due to their variability, they can be reformatted into an

antibody fragment such as a scFv or Fab as the full length mAb aggregation may be
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induced by unfolding of the Fc region!®. It has also been shown that the mutations
introduced into the CDRs to prevent aggregation are dependent on the antibody
scaffold!®.

Switch
isotype

IgG

IgA
Original
mAb Switch
subtype
l

@ @ — IgG1 1gG2 IgG3 IgG4

Variable
Reformat m (j
—

domains
F(ab)’, Fab scFv dAb
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Figure 1.17 Antibody engineering. Engineering the parent antibody (black and
pink) into different formats can prevent aggregation. This can involve switching to a
different Ig molecule, switching the subtype of the IgG, or reformatting the variable

domains into an antibody fragment. Figure redrawn from Absolute Antibody!”!.

1.6.2.2 Rational design

Rational design involves the substitution of a small number of residues in a protein
sequence to improve the physiochemical or spatial properties. This approach can be
taken when there is prior knowledge of the mechanism of aggregation, such as the
protein-protein aggregation interface or hotspots identified by iz silico algorithms

(discussed in section 1.5.1).

The use of high-resolution structural information can be useful to generate a
hypothesis for rational design. For example, crystallisation of a Fab fragment revealed
a symmetrical tetramer that formed as a result of packing contacts!®>193. A triad of
aromatic residues in the Vu-CDR3 were identified as the aggregation hotspot in this
structure. Mutation of the aromatic residues to a triple alanine mutant yielded a highly
soluble Fab, however unsurprisingly, the Fab lost affinity for the antigen!®3. To
overcome this, an N-linked glycosylation moiety was introduced to Vu-CDR2 to
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shield the aggregation hotspot. This variant had improved solubility and bound with

similar affinity.

Electrostatic interactions can modulate aggregation by changing the probability of
protein-protein interactions through electrostatic repulsion. This has been
demonstrated by Meisl ¢7 a/. whereby modulating the intermolecular interactions of
AP42, linked to Alzheimer's disease, resulted in significantly varied aggregation
behaviour of the peptide!?*. ‘Supercharging’ proteins by introducing an excess of
acidic or basic residues has also been shown to reduce colloidal aggregation of
proteins'?>-198, Similarly, introducing defined clusters of specific charged residues

have been shown to control protein stability! 196,199,

As outlined in section 1.5.1 7z silico predictors of aggregation are valuable tools to
identify regions for protein engineering studies. Since each tool differs in the attribute
that it measures such as stability, solubility, or aggregation, using the algorithms in
combination can be a powerful approach to identify a key area for rational design.
This approach has recently been employed to understand the aggregation the IDP a-
synuclein, linked to Parkinson’s disease, to identify a seven-residue region
(*GVLYVGS*®)  that controls the aggregation of o-synuclein?”. Although
deleting/substituting the seven residues at position 36-42 prevents aggregation, they
found this region was required for the function of a-synuclein, emphasising how

proteins have a balance between function and aggregation?.

Other 7n silico approaches to guide rational design include the use of molecular
dynamics (MD) to allow protein motion and flexibility to be simulated to identify a
relationship between conformational changes and functional activity of the protein?/l.
MD has been useful for identifying highly flexible regions for the introduction of
mutations to increase protein stability/reduce aggregation?02204 and to detect the

allosteric and epistatic effects mutations can have on a protein?03-206,

1.6.2.3 Directed evolution

Directed evolution mimics natural evolution by imposing a ‘survival of the fittest’
selection process. The approach was developed by Frances Arnold and colleagues to
evolve the protease subtilisin E to function in a highly non-natural environment?’7.
This approach is now employed across multiple industries to enhance the catalytic
properties of enzymes?’8. Arnold won the 2018 Nobel prize in chemistry for her work
on directed evolution along with George Smith and Gregory Winter for evolution of

high affinity binders by phage display (described in section 1.3.3.2).

As a process, directed evolution can be separated into two parts. Firstly, diversity must

be introduced into the gene of interest using a mutagenesis strategy?” followed by a
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screen employed to link the genotype to phenotype to identify variants with improved

characteristics?10.211,

1.6.2.4 Library generation

A number of genetic diversification techniques can be employed to generate libraries
of gene variants that accelerate the exploration of a gene's sequence space. Focused
mutagenesis can be to maximize the likelihood that a library contains improved
variants, provided that amino acid positions that are likely determinants of the desired
function are known. In the absence of known structure—function relationships,
random mutagenesis can provide a greater chance of accessing functional library
members. Examples of these genetic diversification approaches include error prone
PCR (epPCR)?!12, DNA shuffling?!3, mutator strains of E. /!4, chemical
mutagenesis?!> or site saturation mutagenesis?!%, which are summarised in Table 1.3.
Successful strategies often integrate both random and focused mutagenesis

approaches.
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synthetic shuffling42

eliminate passenger mutations; can
also shuffle sequences of
orthologous proteins to repurpose
functional diversity from nature

Approach Examples Random or | In vivo or Advantages Disadvantages
focused? in vitro?
Chemical ethyl methanesulfonate, nitrous Random In vitro and Dose-dependent mutation rates Low mutation rates; uneven
mutagenesis acid, ultraviolet irradiation and in vivo mutational spectrum; hazardous
bisulfite chemicals
Mutator strains XL1-red E. coli, mutagenesis Random In vivo Easy to use Low mutation rates; uneven
plasmid (PACE) and yeast mutational spectrum
orthogonal replication
epPCR Taq supplemented with Mg2*, Random In vitro Permits high mutation rates; easy | Random mutagenesis at the nucleotide
Mn?* and/or unequal dNTPs; to use commetcial formulations; level but does not evenly sample
proprietary enzyme mixes relatively even mutational amino acid codon space; amplification
(Mutazyme) spectrum bias
Site-directed NNK and NNS codons (where Focused In vitro Fully samples amino acid Requires structural or biochemical
saturation N can be any of the four repertoire; focus on functionally knowledge; excess of inactive clones
mutagenesis nucleotides, K can be G or T, relevant residues increases library | within simultaneous saturation libraties
and S can be G or C) on quality
mutagenic primers
Homologous | DNA shuffling, family shuffling, N/A In vitro ot in Can identify beneficial Rely heavily on sequence homology;
recombination heritable recombination and Vivo combinations of mutations or evolved clones and natural orthologues

can be divergent in nucleotide
sequence

Table 1.3 Summary of library diversification approaches.Comparison of the different approaches employed for library synthesis.

Examples for each method are listed along with advantages and disadvantages for each approach. Table from Packer and Liu 201520
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1.6.2.5 Genotype-phenotype screens

Following the construction of a library of mutational variants a screen is employed to
identify the successful mutants. Several screens have previously been developed for
the evolution of reduced aggregation, enhanced solubility, expression or thermal

stability.

GFP has been utilised as a folding reporter to assess the folding and solubility of test
proteins?10217. Here, the POI is expressed as an N-terminal fusion with GFP and
expressed in E. c/i. Cells expressing GFP fused to a folded, soluble protein will
produce the GFP chromophore and fluorescence is detected. If, however the POI
forms inclusion bodies or aggregates this is directly related to the reduction in
fluorescence of GFP2!7. This screening platform has been used in combination with
FACS to select for improved solubility for a variety of proteins including A42218219,
tobacco etch virus (TEV) 220 and ferritin®!’. Enzymes can also be used as fusion tags,
such as dihydrofolate reductase (DHFR)??! or chloramphenicol acetyltransferase
(CAT)??2, to identify soluble expression of proteins, that link F. co/i survival to enzyme

activity.

Reporter fusion tags however, can generate high levels of false positives due to
truncation or cleavage of the proteins, moreover the addition of a fusion tag may alter
the solubility of the protein. To overcome this, protein-fragment complementation
assays (PCAs) have been developed??3-225, For example, GFP is separated into two
parts: strands 1-10 and strand 11, which alone do not fluoresce??322¢. The POl is fused
to GFP strand 11 and upon soluble and stable expression of the POI the GFP-S11 is
available for complementation by the independently expressed GFP S1-10 fragment,

resulting in fluorescence??.

For many directed evolution approaches, a potential disadvantage of optimising the
sequence for solubility?! or stability??” is that selection for function is removed
resulting in proteins with reduced activity. To counter this, Wang e a/. describe a
soluble expression phage assisted continuous evolution method??8. Here, the POI is
linked in-frame to the N-terminal fragment of a split T7 RNA polymerase (to select
for soluble POIs) and the omega subunit of RNA polymerase (RNAP) to select for
POIs with high target binding affinity. Linking expression of soluble and functional
POI to these distinct polymerases allowed both traits to be selected simultaneously
by only allowing expression of the minor coat protein III required for progeny phage
upon expression and complementation of N- and C-terminal fragments of an intein
transcribed by RNAP and T7 polymerase respectively. Using this approach allowed
the isolation of scFvs with five-fold enhancement of expression but unchanged target

affinity of for cytidine deaminase.
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Other evolution approaches for the selection of aggregation-resistant
biopharmaceuticals include enhancing the stringency during phage display selection
(1.3.3.2)229-231, In this method proteins from the library are selected for binding and
then aggregation is induced by heating the phage to >80 °C, following which proteins
were selected for their binding to protein A after cooling, which should only bind
refolded domains??. This approach was used for the evolution of an aggregation
prone single domain antibody Dp47d. When isolated as soluble fragments, the
evolved variants resisted aggregation upon heating and reversibly refolded, however

the T of the evolved sequences were either lower or similar to Dp47d2%.

Although the evolution methods developed have been successful in engineering
properties of proteins, each method targets a specific mechanism of aggregation, such
as aggregation initiated by the unfolded state?? or solubility??8. Another flaw of the
evolution screening systems described is that they are cytoplasmic-based and
therefore cannot usually be applied to proteins that require disulfide bond formation
for folding.
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1.7 Periplasmic system for identifying aggregation prone proteins

The work in this thesis aims to overcome the flaws of previously developed evolution
screens by developing an evolution assay that requires no prior knowledge of the
mechanism of aggregation. The assay used in this study utilises B-lactamase as a
reporter protein. This requires the activity of B-lactamase to be modulated when
aggregation occurs to the POI inserted into a Gly/Ser linker between two domains

of B-lactamase.
1.7.1 B-lactamase enzyme

TEM-1 B-lactamase confers resistance to B-lactam antibiotics, such as the penams,
cephalosporins and carbapenems in Gram-negative bacteria by catalysing the
hydrolysis of the amide bond in the B-lactam ring (Figure 1.18). B-lactam antibiotics
interfere with the synthesis of peptidoglycan, an essential component of the bacterial
cell wall that contributes to the maintenance of the cell shape and serves as a scaffold

for anchoring other cell envelope components?32.

1
. R R R R i
I S |
| N B-lactamase HN |
N N
. o) R O OH R :
R H R H S R H
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/ S—R
(6] — (6] —N (0] ——N
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Penicillins Cephalosporins Carbapenems

Figure 1.18 Hydrolysis of B-lactam antibiotics. f-lactam antibiotics share a
common P-lactam ring, shown in pink. The hydrolysis of the B-lactam ring catalysed
by B-lactamase is shown in the top box. Examples of the core B-lactam antibiotics

are shown below.

Peptidoglycan is composed of repeating disaccharide units of N-acetyl glucosamine
(GlcNAc) and N-acetylmuramic acid (MurNAc). These strands are cross-linked to
each other through peptide side chains of the subunits, via transpeptidation catalysed
by penicillin binding proteins (PBPs) (Figure 1.192). B-lactam antibiotics target this
process by binding to PBPs as they have a similar chemical structure to the D-Ala-D-
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Ala dipeptide at the terminus of the peptide component of the peptidoglycan (Figure
1.19b and c). This irreversible binding renders the PBP inactive, disrupting cell wall
synthesis resulting in cell lysis. The presence of B-lactamase, however, prevents this
inhibition of PBPs through the irreversible hydrolysis of B-lactam antibiotics.
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Figure 1.19 Biosynthesis of peptidoglycan and its inhibition by B-lactam
antibiotics.  a) Peptidoglycan is synthesised by the transglycosylation and
transpeptidation of GlcNAc and MurNac by PBP. b) B-lactam antibiotics are
structural analogues of the dipeptide terminus D-Ala-D-Ala. ¢) B-lactam antibiotics
irreversibly bind to PBPs, rendering the enzyme inactive. Figure redrawn from

Saunders e# al.233.
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The B-lactamase employed as a reporter in this study is the class A TEM-1 -
lactamase (E.C. 3.5.2.6.)2*%. This 29 kDa protein can be organised into two domains:
the afy domain (comprised of 5 PB-sheets and 3 a-helices) and the o domain
(comprised of 8 a-helices and several loops)?** (Figure 1.20). The two domains form
the binding cleft on the surface of the protein, in which hydroxyl oxygen of Ser70
serves as the nucleophile for the attack on the carbonyl carbon of the amide bond?3>.
The opposite surface to the active site has a region with no secondary structure,
providing a suitable site (at residues 196-197) to split the protein in half, that would
cause both domains to be inactive on their own, or for the insertion of a POI into

which it is still topologically feasible for the protein to fold?°.

Previous studies have investigated the tolerability of domain insertion in TEM-1 -
lactamase?¥7-2%. For example, pentapeptide scanning randomly inserted 15 bp into
the DNA of TEM-1 B-lactamase?7” or domain insertion of cytochrome bse223823 has
been employed following which B-lactamase activity was assessed to determine the
impact of the insertions. For both approaches, tolerated insertions were mapped to
two protruding loops which are distant from the catalytic site. Insertions which
conferred intermediate levels of ampicillin resistance were found either in different
regions of secondary structure which are not directly involved in the substrate binding
cavity, in one of two hinge regions of the protein, or in a loop whose C-terminus

forms the left border of the catalytic site.
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C-terminus

N-terminus

Figure 1.20 Structure of TEM-1 B-lactamase from E. colz. The of3 domain is
shown in orange and the o domain in blue. Ser70 at the active site is highlighted in
pink and the region for POI insertion at residues 196-197 is labelled opposite the
active site. Figure created using PDB 1BTL?%* and PyMOL 2.3.2 (Schrédinger)

1.7.2 B-lactamase as a reporter protein

A range of characteristics of B-lactamase make it an ideal candidate as a reporter
protein such as being small size (29 kDa), monomeric in nature, well characterised
structurally and functionally, easily expressed, and not toxic to prokaryotic and
cukaryotic cells. This, combined with the enzymatic read out of antibiotic resistance
in vivo, or colorimetric assays using chromogenic substrates have been utilised by other

groups to develop B-lactamase as an iz vivo sensot.

B-lactamase was first developed as a PCA to study protein-protein interactions such
as the homodimerization of leucine zippers and heterodimerisation of apoptotic
proteins Bcl2 and Bad?%. The two domains of B-lactamase are separated, and each is
attached to a POL. If the two POIs interact, then the two domains of B-lactamase are
brought into close proximity and can form an active enzyme site. This PCA used the
substrate, cephalosporin nitrocefin, that changes from yellow (380 nm) to red (492
nm) once hydrolysed by B-lactamase, that can be detected visually or through change

in absorbance. Since this development the B-lactamase PCA has been developed for
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filtering genetic opening reading frames?*’ and screening for binding from scFv

libraries?41,

A tripartite fusion sensor was developed by Foit ¢7 a/. to analyse protein stability?42.
This reporter also incorporates a 23 residue N-terminal signal peptide, to target the
protein to the periplasm through the general secretory pathway?#. Once the signal
sequence exits the ribosome, it associates with the cytosolic chaperones SecA and
SecB, that maintain B-lactamase in an unfolded state and target it to the Sec YEG
translocon. The unfolded polypeptide is then translocated into the periplasm and the
signal peptide is cleaved. The mature polypeptide can then fold to the native state in

the oxidising periplasm allowing the formation of disulfide bonds.

The tripartite construct took advantage of the domain arrangement of B-lactamase
and inserted a POI into the loop on the surface opposite the active site as described
in section 1.7.1 (Figure 1.20). Correct folding of the POI allows the two domains of
B-lactamase to come into close proximity to form a functional enzyme, capable of
hydrolysing B-lactam antibiotics. The E. /i expressing a protein that is stable can
therefore survive in the presence on B-lactam antibiotics. If, however a mutation is
introduced that compromises the proteins stability, the two halves of B-lactamase are

unable to associate due to proteolytic cleavage.

Foit et al. generated B-lactamase constructs containing four different proteins: the
immunity protein 7 (Im7, bla-Im7-bla), granulocyte colony-stimulating factor
(GCSF, bla’-GCSF-bla), maltose binding protein (MBP, bla’-MBP-‘bla) and
cytochrome bse (bla’-cytbsee-bla). Using 62 mutants of these structurally different
proteins, the tripartite fusion assay was used to determine a correlation between
antibiotic resistance and thermal stability. Interestingly, the evolution of Im7 using
this assay identified the evolutionary compromise between function and stability. Any
mutations identified to enhance the thermodynamic stability of Im7 mapped to the
surface involved in binding to its natural binding partner colicin E7. The method
developed by Foit e al. has been applied to assess the foldability of designed de novo
proteins and to evolve mutants with enhanced folding close to the original

designs?44245,

The tripartite B-lactamase sensor has also been developed by Saunders ¢ 4/ to
differentiate between aggregation-prone and aggregation-resistant variants such as
APi-42, amylin, Bo-microglobulin?#. The system has also been used to screen for small
molecule inhibitors of amyloid formation?* and for the selection of excipients able

to supress aggregation®¥’.
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1.8 Aims of the study

The tendency of proteins to aggregate causes significant obstacles during the
development of biopharmaceutical development. Despite the array of techniques
employed to understand aggregation, these are currently employed late on during the

industrial pipeline and require large quantities of purified protein.

Currently, the evolution approaches that are utilised to engineer enhanced biophysical
properties focus on a specific mechanism of aggregation. In order to decide on which
evolution approach should be performed, prior research must be undertaken to

identify the cause of aggregation.

It is evident that there is a critical need to identify and re-engineer aggregation-prone
sequences at an eatly stage of development. Moreover, a method is needed that does
not require any prior knowledge of the protein’s structure or mechanism of
aggregation. Therefore, the aims of this study are to apply an 7z vivo periplasmic screen

to identify aggregation-prone biopharmaceuticals. The objectives to achieve this are:

e To assess the applicability of the screen using a range of test proteins selected
from the literature with aggregation-prone and aggregation-resistant
counterparts.

e To demonstrate the sensitivity of the assay, single- or double-point mutations
will be screened 7 vivo and compared to 2 vitro biophysical behaviour.

e To develop a directed evolution approach to engineer proteins with enhanced
n vivo growth.

e To exploit the data from directed evolution experiments to identify hotspots
of protein aggregation in the protein sequence.

e To use an array of biophysical techniques to investigate the enhanced
biophysical properties 7 vivo.

e To apply the evolution method developed to biopharmaceutical and disease

relevant proteins to identify mutation profiles for different immunoglobin
scaffolds.
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Materials and methods

Chapter 2

Materials and methods

2.1 Materials

2.1.1 Technical equipment
Equipment
Centrifuges
Avanti J-26 XP centrifuge
Bench top centrifuge 5418
Incubators and shakers
Gallenkamp economy incubator size 1
SI500 orbital incubator
SI600 orbital incubator
SWB water bath
Gel electrophoresis
PowerPac Basic
Slab Gel Electrophoresis Chamber AE-6200
Varigel casting tray
Varigel Modular Horizontal Gel Tank Unit
Spectrophotometers
NanoDrop 2000 UV-Vis spectrophotometer
Ultrospec2100 UV/Visible spectrophotometer
Microplate readers and plates
384-well polystyrene UV transparent plate
48-well suspension plate with lid
96-well flat bottom assay plate

96-well sterile transparent plate
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Manufacturer

Beckman Coulter, CA, USA
Eppendorf, NY, USA

Sanyo, UK
Stuart, UK
Stuart, UK
Stuart, UK

Bio-Rad, CA, USA
ATTO, Japan
Fisher scientific, UK
Fisher scientific, UK

Thermo Scientific, MA, USA
GE healthcare, UK

Thermo Scientific, MA, USA
Greiner Bio-one, UK
Corning, Germany

Greiner Bio-one, UK
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96-well white well PCR plate
Adhesive sealing film
CLARIOstar

EnVision

FLUOstar optima

Lunatic

SPECTROstarNano
Thermocyclers

CFX96 Real-Time PCR system
T100 thermal cycler
Chromatography

Agilent 1,100 series HPLC
AKTA pure

Hil.oad SuperdexTM 75 26/60 gel filtration

column
HiTrap Q HP 5 mL anion exchange column
TSK-GEL G3000SWx1. HPLC column

Other

1 mm pathlength cuvette
ChirascanTM plus CD Spectrometer
MACS MultiStand magnetic rack
MicroPulser electroporator

Orion versa star pro pH meter
PD-10 columns

Pipetman M 8 channel 50-1200 pL
Pipetman M 812 channel 1-20 uLL
Q9 Alliance

Qubit 4 Fluorometer
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Bio-Rad, CA, USA

Sigma Life Sciences, MO, USA
BMG Labtech, Germany
PerkinElmer, MA, USA

BMG Labtech, Germany
Unchained Labs, CA, USA
BMG Labtech, Germany

Bio-Rad, CA, USA
Bio-Rad, CA, USA

Agilent, CA, USA
GE healthcare, UK
GE healthcare, UK

GE healthcare, UK

Tosoh, Japan

Hellma Analytics, Germany
Applied Photophysics, U.K.
Miltenyi Biotec, Germany
Bio-Rad, CA, USA

Thermo Scientific, MA, USA
GE healthcare, UK

Gilson, UK

Gilson, UK

Uvitech, UK

Thermo Scientific, MA, USA
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Series 2100 media autoclave Prestige Medical, UK
Siliconized 1.5ml tubes VWR, PA, USA

SnakeSkin Pleated Dialysis Tubing; 3,500 Thermo Scientific, MA, USA
MWCO

Tecnai T12 electron microscope FEI company, OR, USA
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2.1.2 Reagents

Reagent

A

Acetic acid, glacial
Actylamide 30 % (v/)

AffiniPure goat anti-human IgG Fcy

Fragment specific

Agar

Agarose

Ammonium chloride, NH4Cl
Ammonium persulfate

Ampicillin

Anti-B-lactamase (CSB-PA352353YAO1ENL)

Anti-rabbit goat IgG horseradish peroxidase

conjugate

Arabinose

B

Bovine serum albumin, BSA
Bromophenol blue

C

Calcium chloride, CaCl»

ChromePure Goat IgG, whole molecule

Citrate-stabilized 20nm gold nanoparticles
D

Deoxynucleoside triphosphates, ANTPs
Dimethyl sulfoxide, DMSO
Dithiothreitol, DTT

DNA ladder, 1 kb
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Manufacturer

Fisher Scientific, UK
Severn Biotech, UK

Jackson ImmunoResearch, PA,
USA

Melford Laboratories, UK
Melford Laboratories, UK
Fisher Scientific, UK

Sigma Life Sciences, MO, USA
Formedium, UK

Cusabio, TX, USA

New England Biolabs, UK

Sigma Life Sciences, MO, USA

Sigma Life Sciences, MO, USA
Sigma Life Sciences, MO, USA

Melford Laboratories, UK

Jackson ImmunoResearch, PA,
USA

Expedeon, UK

Promega, UK

Sigma Life Sciences, MO, USA
Melford Laboratories, UK
New England Biolabs, UK
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DNA ladder, 100 bp
Dylight650

E

Ethanol

Ethidium bromide, EtBr

Ethylenediamine tetra acetic acid, EDTA

G

Gel loading dye, putple (6x)
Glucose

Glycerol

H

Hydrochloric acid, HCI

I

Instant blue stain
Isopropanol

K

Kanamycin

L

o.-Lactose

LB broth, granulated

M

Magnesium sulfate, MgSO4
Manganese chloride, MnCla
MOPS

N

Nerve growth factor, NGF
Nitrocetin

P

Phosphate buffered saline, PBS

New England Biolabs, UK
Thermo Scientific, MA, USA

Fisher Scientific, UK

Sigma Life Sciences, MO, USA
Sigma Life Sciences, MO, USA
New England Biolabs, UK
Fisher Scientific, UK

Fisher Scientific, UK

Fisher Scientific, UK

Expedeon, UK
Fisher Scientific, UK

Formedium, UK

Fisher Scientific, UK
Fisher Scientific, UK

Fisher Scientific, UK
Sigma Life Sciences, MO, USA

Sigma Life Sciences, MO, USA

R&D systems, MN, USA
Calbiochem, CA, USA

Sigma Life Sciences, MO, USA
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Poly(ethyleneglycol) 10,000

Poly(ethyleneglycol) methyl ether thiol (2000

MW)
Potassium acetate

Potassium phosphate, KH2PO4
Potassium fluoride, KF

Potassium hydroxide, KOH

Precision plus dual xtra protein marker
Q

Qubit dsDNA BR Assay Kit

R

Rubidium chloride, RbCl

S

Skim milk powder

SOC outgrowth medium

Sodium azide, NaN3

Sodium chloride, NaCl

Sodium phosphate monobasic, Na2HPO4
Sodium phosphate dibasic, NaH2PO4
Sodium sulfate, NaxSOy4

Sodium dodecyl sulphate

Sodium hydroxide, NaOH
Streptavidin Europium cryptate
Sucrose

SuperSignal western pico chemiluminescent

substrate

SYBR safe

SYPRO Orange protein gel stain
T
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Sigma Life Sciences, MO, USA
Sigma Life Sciences, MO, USA

Sigma Life Sciences, MO, USA
Sigma Life Sciences, MO, USA
Sigma Life Sciences, MO, USA
Fisher Scientific, UK

Bio-Rad, CA, USA

Thermo Scientific, MA, USA

Sigma Life Sciences, MO, USA

Serva, Electrophoresis, Germany
New England Biolabs, UK
Sigma Life Sciences, MO, USA
Fisher Scientific, UK

Sigma Life Sciences, MO, USA
Sigma Life Sciences, MO, USA
Sigma Life Sciences, MO, USA
Sigma Life Sciences, MO, USA
Fisher Scientific, UK

CisBio, France

Sigma Life Sciences, MO, USA
Thermo Scientific, MA, USA

Invitrogen, UK
Invitrogen, UK
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Tetramethylethylenediamine (TEMED)
Tetracycline

Thioflavin T

Tris-Tricine-SDS (10x)

Tris

Tryptone

Tween 20

U

Uranyl acetate

Y

Yeast extract
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Sigma Life Sciences, MO, USA
Sigma Life Sciences, MO, USA
Sigma Life Sciences, MO, USA
Thermo Scientific, MA, USA
Fisher Scientific, UK

Fisher Scientific, UK

Sigma Life Sciences, MO, USA

Sigma Life Sciences, MO, USA

Fisher Scientific, UK
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2.1.3 Molecular biology enzymes and kits

Enzyme

Antarctic phosphatase

BamHI-HF restriction endonuclease
T4 DNA ligase

Vent DNA polymerase

Xhol restriction endonuclease
Molecular biology kits

Diversify PCR random mutagenesis kit
GeneMorph II random mutagenesis kit
Golden gate assembly kit

NEBNext multiplex oligos for Illumina (Dual
Index)

NEBNext Ultra II DNA library prep kit for

Illumina
Q5 site directed mutagenesis kit

QuikChange site-directed

mutagenesis kit

lightning multi

DNA purification kits

PureYield plasmid midiprep system
QIA gel extraction kit

QIA PCR purification kit

QIAprep spin miniprep kit
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New England Biolabs, UK
New England Biolabs, UK
Promega, UK

New England Biolabs, UK
New England Biolabs, UK

Takara Bio, Japan

Agilent Technologies, CA, USA
New England Biolabs, UK
New England Biolabs, UK

New England Biolabs, UK

New England Biolabs, UK
Agilent Technologies, CA, USA

Promega, UK
Qiagen, UK
Qiagen, UK
Qiagen, UK
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2.1.4 Buffers

2x SDS loading buffer

50 mM Tris. HCL pH 6.8, 100 mM DTT, 2 % (/) SDS, 0.1 % (/) bromophenol
blue, 10 % (»/) glycerol

Electrophoresis anode buffer

400 mM Tris.HCI, pH 8.8

Electrophoresis cathode buffer

200 mM Tris.HCl, pH 8.25, 200 mM tricine, 0.2 % (w/») SDS
Tris-acetate-EDTA (TAE)

40 mM Tris-HCIL, pH 8, 20 mM acetic acid (glacial), 1 mM EDTA, pH 7.5
Tris-EDTA (TE)

10 mM Tris-HCI, pH 8, 1 mM EDTA, pH 8

Transformation buffer 1 (TFB1)

30 mM potassium acetate, 10 mM CaClz, 50 mM MnCl,, 100 mM RbCl, 15 % (/)
glycerol. Adjust pH to 5.8 with acetic acid

Transformation buffer 2 (TFB2)

10 mM MOPS, 75 mM CaClz, 10 mM RbCl, 15 % (/) glycerol. Adjust pH to 6.5
with KOH

2.1.5 Media

Autoinduction

464 mL 27Y, 1 mL MgSOs4, 10 mL 50x Lac, 25 mL 20x NPSC
2ZY

1 % (w/v) Yeast extract, 2 % (w/v) Tryptone

50x Lac

25 g (v/v) Glycerol, 2.5 g (w/v) glucose, 10 g a-lactose, 100 mL H>O
20x NPSC

26.75 g (w/v) NH4Cl, 16.1 g (w/») NaSOs, 34 g (w/v) KH2POs, 35.5 g (w/)
NazHPO4, 500 mL H20, pH 6.75
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2.1.6 Bacterial strains

Strain Supplier Genotype
E. coli BL.21 | New JouA2 [lon] ompT gal (A DE3) [demr] AbsdS
(DE3) England
Biolabs
(UK)
E. coli New JhuA2 A(argF-lacZ)U169 phoA gnN44 $80A(lacZ)M15
DHb5a England oyrA96 recAl relAl endAl thi-1 hsdR17
Biolabs
(UK)
E. ¢/ SCS1 | Agilent recAl endA1 gyrA96 thi-1 hsdR17 (rk- mk+) supBE44
(USA) relAl
E. /i’ TG1 | Lucigen F' [#raD36 proAB laclgZ. AM15] supE thi-1 A(lac-proAB)
(UK) AQ(merB-hsdSM)5(rK - K -)

Table 2.1 Bacterial strains used in this study

2.1.7 Origin of Plasmids

Details of plasmids obtained for this thesis are outlined in Table 2.2.

The plasmid containing B-lactamase with a 28-residue GS linker (pMB1-la-linker)
was kindly provided by Professor J. Barwell (University of Michigan, USA).

Plasmids containing B-lactamase with WFL, WFT, WTL, WT'T, SFL, SFT, STL and
STT scFvs inserted into the GS linker were kindly provided by Dr Janet Saunders and
Dr Paul Devine (University of Leeds, UK).

Plasmids containing B-lactamase with dp47d and HEL4 dAbs inserted into the GS
linker were kindly provided by Dr Janet Saunders (University of Leeds, UK).

The pET23a plasmid containing GCSF was kindly provided by Dr Rhys Thomas
(University of Leeds, UK).

The plasmid containing B-lactamase prepared for Golden Gate assembly (pMB1-fla-
GG) was kindly provided by Romany Mclure (University of Leeds).

Plasmids containing the genes encoding IGLV1-44-germline, IGLV1-44-patient,
IGLV6-57 and IGLV6-57-patient were synthesised by Twist Bioscience (CA, USA)

in a pTwist vector.

62



Materials and methods

Plasmids for protein expression, pET29a- IGLV6-57 and pET29a-1GLV6-57-patient
were synthesised by Twist Bioscience (CA, USA) that included a N-terminal pelB

periplasmic signal sequence.

Plasmid maps for pMB1-Bla-linker, pMB1-Bla- WFL and pET29a-IGLVG657 atre

available in Appendices.
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Plasmid Insert Promoter | Vector Antibiotic
backbone resistance

pMB1-Bla-linker | B-lactamase 28 pBAD pMB1 Tetracycline

GS linker

pMB1-Bla-WFL | Bla-scFv-WFL | pBAD pMB1 Tetracycline

pMB1-Bla-WFT | Bla-scFv-WFT | pBAD | pMB1 Tetracycline

pMB1-Bla-WTL | Bla-scFv-WTL pBAD pMBl1 Tetracycline

pMB1-Bla-WTT | Bla-scEv-WTT | pBAD | pMB1 Tetracycline

pMB1-Bla- Bla-scFv-SFL pBAD pMBI1 Tetracycline

SFL

pMB1-Bla-SFT | Bla-scFv-SFT pBAD pMB1 Tetracycline

pMB1-Bla-STL. | Bla-scFv-STL pBAD | pMB1 Tetracycline

pMB1-Bla-STT | Bla-scFv-STT pBAD pMBI1 Tetracycline

pMB1-Bla- Bla-Dp47d pBAD pMBI1 Tetracycline

Dp47d

pMB1-Bla-HEIL4 | Bla-HEIL4 pBAD pMBI1 Tetracycline

pET23a-GCSF | GCSF T7 pBR322 Ampicillin

pMB1-Bla-GG Bla-GGiop pBAD pMBI1 Tetracycline

pTwist-IGLV1- | IGLV1-44 N/A pMB1 Ampicillin

44

pTwist-IGLV1- | IGLV1-44- N/A pMB1 Ampicillin

44-patient patient

pTwist-IGLV6- | IGLV6-57 N/A pMB1 Ampicillin

57

pTwist-IGLV6- | IGLV6-57- N/A pMB1 Ampicillin

57-patient patient

pET29-IGLVG6- | pelB-IGLV6-57 | T7 pMB1 Kanamycin

57

pET29-IGLVG6- | pelB-IGLV6-57- | T7 pMB1 Kanamycin

57-patient patient

Table 2.2 Plasmids obtained for this thesis
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2.2 Molecular biology methods

2.2.1 Polymerase chain reaction

The polymerase chain reaction (PCR) was performed to amplify a specific region of

DNA #n vitro. The sequences and the purpose of the oligonucleotide primers designed

to amplify the desired genes from select plasmids are shown in Table 2.3.

Oligonucleotides were purchased from Eurofins Genomics, Germany.

Primer Sequence (5" — 3) Use
name
GCSF GCTAGAATAGCCTCGAGCATGACTCCTCTCGGTCCTGCA | Addition of Xhol
Forward | 1€ restriction site 5> of GCSF
gene for cloning into -
lactamase linker plasmid
GCSF GCATACATAGC CGGTTGCGCCAAATGGCGCAG | Addition  of  BawHI
Reverse restriction site 3” of GCSF
gene for cloning into f-
lactamase linker plasmid
133 GATGCTGAGATGCTCGAGCGAAGTGCAGCTGCTG Addition of Xhol
restriction site 5 of Li33
Forward .
gene for cloning into -
lactamase linker plasmid
133 GATGCTGAGATG TTTAATTTCCACTTTGGTGC | Addition  of  BawHI
Reverse restriction site 3’ of Li33
gene for cloning into -
lactamase linker plasmid

Table 2.3 Oligonucleotides used for PCR in this study. Restriction site Xhol is
shown in blue and Ba»HI in orange.
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The following components were prepared in a 0.2 mL PCR tube on ice:

dsDNA template 100 ng
Upstream primer 0.5 uM
Downstream primer 0.5 uM

dNTPs 0.25 mM
MgSOq4 0, 2,4 or 6 mM
ThermoPol reaction buffer 1x

Vent DNA polymerase 10
Nuclease-free water to 50 L.

The components were gently mixed and transferred to a thermocycler. The
temperature cycles for a typical reaction are shown in Table 2.4. The theoretical
melting temperature (T'm) of primers was calculated from Equation 2.1 where nar
corresponds to the number of AT nucleotide base pairs and nce corresponds to the

number of CG nucleotide base pairs.

Step Temperature (°C) Time (s)

Initial denaturation 95 300

Denaturation 95 30

Annealing 5 below T 30

Elongation 72 00 per kb
Repeat denaturation, annealing and elongation (20-30 cycles)

Final extension 72 300

Table 2.4 Temperature cycle for a typical PCR.

Tm = (Mar X 2) + (nge X 4)
Equation 2.1 Calculation of theoretical melting temperature

The products from PCR were visualised by gel electrophoresis (2.2.2) and excised
from the gel using a scalpel. DNA extraction was performed using QIAquick Gel

Extraction Kit, as described by the manufacturet’s instructions.
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2.2.2 Agarose gel electrophoresis

The gel was prepared by dissolving 1.5 % (w/7) agarose in 1x Tris-acetate-EDTA
(TAE) buffer (Section 2.1.4). The solution was heated using a microwave until the
agarose had dissolved fully. Once cooled to < 50 °C, 0.5 pg/mL of ethidium bromide
was added and the solution mixed. The gel was then poured into a 12 x 15 cm gel
tray with a comb and allowed to set before use. Once set, the gel was transferred to
the electrophoresis unit and the gel box was filled with 1x TAE until the gel was

covered.

DNA samples were diluted in 6x Purple gel loading dye prior to loading to wells in
the gel along with 5 pL. of 1kb and 100 bp DNA ladders to allow size determination.
Electrophoresis was performed at 100 V until the DNA fragments were suitably
resolved. Gels were visualised using ultraviolet (UV) transillumination and

photographed using Alliance Q9 Advanced gel doc system.

2.2.3 Restriction digests

Restriction digests of plasmids or PCR products were carried out using enzymes listed

in 2.1.3. The following restriction digest reaction was prepared on ice:

Plasmid DNA or purified PCR product 1 ug

10x CutSmart buffer 1x
Enzyme 1 (20 U/uL) 20U
Enzyme 2 (20 U/uL) 20U
Nuclease-free water to 50 puL.

Control reactions were also performed containing single enzyme and enzyme free
samples. Reactions were incubated at 37 °C for 1 h, followed by enzyme inactivation
at 65 °C for 20 min.

Agarose gel electrophoresis (section 2.2.2) was performed to separate DNA
fragments and remove restriction enzymes and unwanted by-products of the
digestion. The required DNA fragments were excised using a scalpel and extracted
from the gel using QIAquick Gel Extraction Kit, as described by the manufacturer’s

instructions.
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2.2.4 Dephosphorylation of restriction endonuclease digests

To prevent re-ligation of the plasmid DNA, the 5’ ends were dephosphorylated with

Antarctic phosphatase as per the following reaction:

DNA 1 pmol DNA ends
Antarctic phosphatase reaction buffer 1x

Antarctic phosphatase 5U0

Nuclease-free water to 20 puL.

The treaction mixture was incubated for 30 min at 37 °C followed by enzyme

inactivation at 80 °C for 2 min.

2.2.5 DNA ligation

Ligation of DNA fragments was performed by setting up molar ratios 3:1, 1:1 and 1:3
vector to insert with 1 U T4 DNA ligase in a 20 pL reaction with 1x T4 ligase buffer.
A control reaction with no digested insert was also assembled. Reactions were
incubated overnight at 16 °C and then kept on ice prior to transformation into DH5a

supercompetent cells (section 2.2.9).

2.2.6 Site directed mutagenesis

Site directed mutagenesis was performed to introduce mutations into f-lactamase
constructs containing GCSF, WFL and Li33 using Q5 mutagenesis. Primers were

designed using the NEB online tool (http://nebasechanger.neb.com) using the most

commonly used codon in E. /i and purchased from Eurofins Genomics.

2.2.6.1 Exponential amplification

Q5 hot start high fidelity DNA polymerase was used with the template DNA and the

mutagenic primers in the following reaction:

Q5 Hot start high-fidelity master mix 1x

Forward primer 0.5 uM
Reverse primer 0.5 uM
Template DNA 25 ng
Nuclease-free water to 25 puL.

The reaction mixture was transferred to a thermocycler and the PCR cycling

conditions outlined in Table 2.5 were performed.
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Step Temperature (°C) Time (s)
Initial denaturation 98 30
Denaturation 98 10
Annealing T. 30
Elongation 72 30 per kb

Repeat denaturation, annealing and elongation (25 cycles)
Final extension 72 120

Table 2.5 Temperature cycle for PCR for site directed mutagenesis.

2.2.6.2 Kinase, ligase and Dp#nl (KLD) treatment

Following PCR, the amplified product is subject to treatment with kinase, ligase and
Dpnl (KLLD) enzymes to allow efficient phosphorylation, intramolecular ligation of
plasmid DNA and to remove template DNA respectively. The KLD reaction outlined
below was assembled and incubated at 25 °C for 5 min. Following incubation, 5 pL

of the reaction was transformed into DH5a competent cells (section 2.2.9).

Q5 PCR product 1 pL
2x KLLD reaction buffer 5 uL
10x KLLD enzyme mix 1 pL
Nuclease-free water 3 upL

2.2.7 Golden Gate assembly

Golden Gate assembly utilises the simultaneous digestion with Type IIS restriction
enzymes and ligation by a DNA ligase to enable scatless assembly (Figure 2.1). For
cloning of Vi genes into B-lactamase, genes were synthesised by Twist Bioscience
containing Bsal restriction sites complimentary to those within the B-lactamase vector
previously prepared for Golden Gate cloning (Bla-GGesiop, Section 2.1.7). For DNA
library synthesis applications, genes were amplified by epPCR with primers that

introduce Bsal restriction sites 5’ and 3’ to the gene as described in Section 2.4.2.

DNA concentrations were quantified using a Qubit fluorometer and the assembly
reaction was set up with a 2:1 molar ratio of insert to 75 ng destination plasmid
(Bla-GGsop), along with 1 pl. NEB Golden Gate Assembly mix and 1x T4 DNA
ligase buffer in a 20 pL reaction.

For cloning of one insert, the reaction was incubated at 37 °C for 5 min followed by

enzyme inactivation at 60 °C for 5 min. Following incubation, 2 pL of the reaction
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was transformed into DH5a competent cells (Section 2.2.9). For the construction of
DNA libraries, this reaction was incubated for 1 min at 37 °C then 1 min at 16 °C for
45 cycles followed by 5 mins at 60 °C.
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5’ -GGTGGCGAGACC—TAA—GGTCTCCGCTCC-3"
Bsal-HEv2 3" -CCACCECTCTGG—ATT—CCAGAGGCGAGC-5
5’ -GGTCTCNNNNN-3 ' < ' "
3’ -CCAGAGNNNNN-5 "’
5’ -GGTCTCEGTGGC———CGCTCCGAGACC-3’ ) i
3’ -CCAGAGCCACGG=——GCGAGCCTCTGG=5"
PCR amplified
insert

Bla-GG-stop

Bsal digestion

%\a ‘ ',G/'a

Ligation

Assembled

DNA product

Figure 2.1 Overview of Golden Gate assembly. Golden Gate assembly uses type
IT restriction enzymes that cut outside of their recognition sequence. The recognition
sequence for Bsal-HEFv2 is shown in the grey box, where orange text is the Bsal
recognition site and the blue text/dashed lines is the cut site. The gene of interest
(green) is flanked 5 and 3’ with Bsal restriction sites (orange) and 5 bases
complimentary to those in Pla-GGywp (light and dark blue). Digestion of the vector
and insert with Bsal produces four base pair complementary overhangs (light and dark
blue), that are then ligated resulting in scatless cloning. Bla-GGyop includes a
premature stop codon (red) so that any template carried over during library synthesis

will produce a non-functional B-lactamase.
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2.2.8 Preparation of competent cells

25 mL of LB medium was inoculated with a single colony from LB plate and
incubated at 37 °C, 200 rpm for 12 — 14 h. 5 mL of the culture was used to inoculate
500 mL LB in a baffled flask. Cells were grown at 37 °C, 200 rpm until an ODgoo of
0.4 was reached. Cells were harvested by centrifugation at 4,500 xg (JLA 16.25 rotor)
for 5 min at 4 °C. The supernatant was discarded and the cells were gently
resuspended in 100 mL ice cold TFB1 solution (Section 2.1.4) and incubated on ice
for 5 min. Cells were pelleted by centrifugation at 4,500 xg (JLA 16.25 rotor) for 5
min at 4 °C. The supernatant was discarded, and cells were gently resuspended in 10
mlL ice cold TFB2 solution (Section 2.1.4). Cells were kept on ice and 50 pL aliquots
were pipetted into prechilled Eppendorf tubes. Cells were quickly frozen in liquid
nitrogen and stored at —80 °C.

2.2.9 Transformation

Competent cells (section 2.1.6) were thawed on ice for 10 min before the addition of
100 ng plasmid DNA. Cells were incubated on ice for 30 min and then heat shocked
at 42 °C for 45 s. The cells were incubated on ice for a further 2 min before the
addition of 950 pL. SOC medium. The cultures were incubated at 37 °C, 200 rpm for
1 h. 100 pL of the transformation reaction was spread onto LB agar plates containing
the appropriate antibiotic. For ligation reactions, the transformation reaction was
pelleted at 3,000 xg for 3 min. The pellet was resuspended in 100 pL. SOC and plated
out onto the LB agar plate containing the selection antibiotic. Transformation plates

were incubated overnight at 37 °C.

2.2.10 Plasmid DNA purification

Single colonies were picked from antibiotic selection agar plates and grown overnight
(37 °C, 200 tpm) in 10 mL LB containing the appropriate antibiotic. Cells were
pelleted at 4,000 rpm for 10 min and plasmid DNA was extracted using QIAprep
Spin Miniprep Kit according to the manufacturet’s instructions. The plasmids were
cluted in nuclease-free water and the concertation was calculated using a nanodrop
2000 spectrophotometer using the optical density at 260 nm (Azs0) (concentration
(ug/mL) = 50 pg/mL X Ase). The plasmid DNA was diluted to 100 ng/pL for
storage and sequencing. DNA for stock maintenance at —80 °C was stored in TE
buffer (Section 2.1.4).
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2.2.11 DNA sequencing to confirm cloning

To confirm the success of cloning, plasmid DNA was sequenced by Eurofins
genomics, Germany. Sequencing of the -lactamase Xhol and BanHI cloning site was

carried out using the primers in Table 2.6.

Primer Sequence (5” = 3)
B-lactamase-linker-Forward CGGAGCTGAATGAAGCCATACC
B-lactamase-linker-Reverse TCACCGGCTCCAGATTTATCAGC

Table 2.6 B-lactamase sequencing primers.

2.3 Tripartite B-lactamase assay

2.3.1 Preparation of 48-well agar plates

LB agar was autoclaved at 121 °C, 15 psi for 20 min. Once cooled to less than 50 °C
tetracycline and arabinose were added to give a final concentration of 10 pug/ml. and
0.075 % (w/ ) respectively. 300 pL of agar was then added to the first column of wells
in the 48 well plate. The required volume of ampicillin was added to the agar and
mixed thoroughly before pipetting into the next column on the plate (Table 2.7). This
process was repeated giving 8 columns of increasing in ampicillin concentration. The

plates were left to set in a sterile environment.

Ampicillin (ug/mL) | Agar volume (mL) | Ampicillin (uL)
0 100 0

20 96.4 193

40 92.8 186

60 89.2 178

80 85.6 171

100 82 164

120 78.4 157

140 74.8 150

Table 2.7 Preparation of 48-well agar plates with an ampicillin range between
0-140 pg/mL. Plates are prepared with a 10 mg/mL ampicillin stock to produce the

20 pg/mL ampicillin increments

73



Materials and methods

2.3.2 Culture inoculation and induction

A single colony from E. co/i SCS1 cells transformed with the appropriate plasmid was
used to inoculate 100 mL sterile LB containing 10 pg/mL tetracycline. Cultures were
incubated overnight at 37 °C, 200 rpm. 1 mL of overnight culture was used to
inoculate 100 mL sterile LB medium containing 10 pg/mlL tetracycline, and grown at
37 °C, 200 tpm until and ODsgoo of 0.6 was reached. Expression of the -lactamase
construct was then induced with 0.075 % (w/#7) L-arabinose. Cultures were further
incubated for 1 h at 37 °C, 200 rpm. Serial dilutions were performed on the induced
culture in 10-fold increments into sterile 170 mM NaCl. From each dilution, 3 pl. was
pipetted into each column of the agar plates prepared in section 2.5.1. Plates were left
to dry in a sterile environment and then incubated overnight at 37 °C for 18 h. The
maximal cell dilution allowing growth (MCD crowTH) was then determined for each
ampicillin concentration by visual inspection. The area under the antibiotic survival
curve is calculated as a sum of the areas of seven trapezia (Equation 2.2), where X;

and y; are the X and y axis values at one concentration of ampicillin ().
7
Vit Vit
Acurve = z 2 X (xi+1 - xi)
i+1
Equation 2.2 Sum of the areas of seven trapezia

2.3.3 Western and dot blot

2.3.3.1 Sample preparation

Cultures were grown as described in section 2.3.2, however 10 mL of culture was
removed at ODgoo = 0.6 before protein induction with L-arabinose for use as an
uninduced control. Following the induction of B-lactamase expression for 1 h at
37 °C, 200 rpm, 10 mL sample was removed for the induced sample. The 10 mL
cultures were harvested by centrifugation at 4,000 xg for 10 min at 4 °C. Both sets of
cell pellets were resuspended in phosphate buffered saline (PBS) to obtain an ODsoo
of 2.5.

2.3.3.2 Western blot

The sample was combined with loading dye (Section 2.1.4) and separated by SDS-
PAGE (see section 2.7.6). The gels were transferred to a Bio-Rad 0.2 pum
polyvinylidene fluoride membrane using a Trans-Blot Turbo Semi-Dry (Bio-Rad Ltd).
The membrane was incubated overnight at 4 °C with the anti-B-lactamase antibody
diluted 1:10,000 in 5 % (w/2) milk powder in TBST. The membrane was washed for
3 x 10 min in TBST at room temperature with agitation. The membrane was then

incubated for 1 h with goat anti-rabbit IgG horseradish peroxidase conjugate diluted
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1:10,000 in TBST. The membrane was then washed again with TBST for 3 x 10 min
with agitation, before incubation with SuperSignal™ western pico chemiluminescent

substrate. The emitted signal was detected using Q9 Alliance, chemiluminescence.

2.3.3.3 Dot blot

Nitrocellulose membrane (Amersham, 0.45 um pore) was soaked in PBS prior to
loading 50 pL. sample using a SCIE-PLAS dot-blotting manifold. The membrane was
blocked for 1 h with 5 % (w/») milk powder TBST. The membrane was incubated
overnight at 4 °C with the anti-B-lactamase antibody diluted 1:10,000 in 5 % (/2)
milk powder in TBST. The membrane was washed for 3 x 10 min in TBST at room
temperature with agitation. The membrane was then incubated for 1 h with goat anti-
rabbit IgG horseradish peroxidase conjugate diluted 1:10,000 in TBST. The
membrane was then washed again with TBST for 3 x 10 min with agitation, before
incubation with SuperSignal™ western pico chemiluminescent substrate. The emitted

signal was detected using Q9 Alliance, chemiluminescence.

2.3.4 Nitrocefin activity assay

Nitrocefin was dissolved in DMSO to make a stock solution of 5 mg/ml.. The
solution was protected from light and stored in aliquots at =20 °C. Bacterial cultures
expressing PB-lactamase constructs were grown as described in section 2.3.2 and
samples were prepared by correcting the final ODgoo of cultures to 0.6. 180 pL
bacterial culture was added to the wells of a flat-bottomed 96-well plate in triplicate.
Nitrocefin stock was diluted in PBS to 1 mg/ml and 20 pL. was added to each well.
The plate was sealed with transparent, hydrophobic and gas permeable plastic films
to prevent evaporation. The plate was incubated in a CLARIOstar microplate reader
at 37 °C with agitation at 200 rpm and absorbance was measured at 486 nm every 60

s overnight.

2.4 DNA library synthesis

Two methods of library synthesis were used in this thesis. For both WFL and L33
scFv proteins the megaprimer method was utilised. For Vi, domain proteins IGLV1-
44-germline, IGLV1-44-patient, IGLV6-57 and AL55 the golden gate method was

performed.

2.4.1 Construction of mutant library using megaprimer method

The Diversify PCR Random Mutagenesis Kit was used to synthesise a scEFv
megaprimer (error rate of 8.1 (WFL) and 2.7 (Li33) mutations per 1000 bp) according

to the manufacturer’s instructions for each condition. Primers were used that anneal
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to the Gly/Ser linker regions up- and down-stream of the scFv sequence (Table 2.8)
to ensure mutations were only introduced into the target protein and not the

B-lactamase gene (Figure 2.2a).

Primer Sequence (5" — 3)

epPCR-Forward | GTGGTGGTGGCTCGA

epPCR-Reverse | AACCGCTCCCGGATC

Table 2.8 Primers used in epPCR for megaprimer synthesis.
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For scFv-WFL the following components were assembled on ice:

1 ng/pL pMB1- Bla-WFL 1 pL
10x Titanium Tagq buffer 5uL
8 mM MnSO4 4 pL
2 mM dGTP 5 uL
50x Diversify dNTP mix 1 pL
10 uM Forward primer 0.5 pL.
10 uM Reverse primer 0.5 uL.
Nuclease free water 41 uL

The components were gently mixed and transferred to a thermocycler and the thermal

cycling conditions shown Table 2.9 in were performed.

Step Temperature (°C) Time (s)
Initial denaturation 94 30
Denaturation 94 30
Annealing/Extension 68 60

Repeat denaturation, annealing and extension (25 cycles)

Final extension 68 60

Table 2.9 Temperature cycle for Diversify epPCR.

The product was purified on a 1.5 % (w/2) agarose gel (as described in section 2.2.2)
and the desired band was excised and purified using QIAquick Gel Extraction Kit,

according to the manufacturer’s instructions.

To prevent expression of the WT protein, a ‘stop template’ was created by introducing
two stop codons into the WT gene by site directed mutagenesis (section 2.2.6). This
stop template, was used to build the mutant library using the QuikChange Multi
Lightning kit, for which the megaprimer synthesised in the step above was used to
introduce the mutations from epPCR into the plasmid, and simultaneously, revert the

stop codons back to the WT sequence (or a mutation) (Figure 2.2b).
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The following reaction was set up in triplicate, along with a no megaprimer control

sample:

10x QuikChange lightning muti buffer 5 pL.

Stop template plasmid 0.33 pg
Megaprimer 0.42 ng
dNTP mix 1 pL

QuikSolution reagent 1.5 puLL

QuikChange lightning enzyme blend 1 pL

Nuclease free water to 50 pL.

The reaction mixtures were transferred to a to a thermocycler and the PCR conditions

were performed as per manufacturer’s instructions (Table 2.5).

Each reaction was then incubated with 1 U Dp#l for 1 h to remove the stop template
plasmid (Figure 2.2c) and the products were purified using QIAquick PCR

purification kit and transformed as described in Section 2.4.3.
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a *
*
epPCR
_—
b
Bla-stop- Me .
gaprimer PCR
template
C
L
< & < &
&Y A & <

"‘ Dpnl digestion
Figure 2.2 Overview of megaprimer method for library creation. a) epPCR is
performed on the protein of interest (green) to introduce random mutations into the
gene (yellow stars). b) The epPCR product from a) is then used as a megaprimer for
PCR. The megaprimer binds to the full WT gene sequence in the stop template
plasmid to introduce the mutations into the gene. Through PCR extension the full
plasmid is amplified (dashed lines). The stop codon (red) in the stop template will be
mutate back to the WT codon. ¢) Dpzl digestion removes the stop template DNA,
leaving a library of mutants to be transformed. Any stop template remaining after

Dpnl digestion will produce a non-functional B-lactamase.

2.4.2 Construction of mutant library using golden gate assembly

GeneMorph II random mutagenesis kit was used for epPCR on Vi, domain proteins
(IGLV1-44-germline, IGLV1-44-patient, IGLV6-57 and IGLV6-57-patient) with an

error rate of 6 mutations per 1000 bp. Primers were used that anneal to the Gly/Ser
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linker regions up- and down-stream of the V1. sequence and introduce Bsal restriction
sites 5> and 3’ to the epPCR product (Table 2.8).

Primer Sequence (5" — 3)
GG-epPCR-Forward GGGAATGGTCTCG CTCGAGC
GG-epPCR-Reverse | ACATGCGGTCTCC CCGGATCC

Table 2.10 Primers used in epPCR for golden gate assembly. The Bsal restriction
site is highlighted in red and the 4 base overhangs produced from the digestion is

shown in green.

The PCR components outlined below were assembled on ice thermocycler and the
PCR conditions were performed as per manufacturer’s instructions (Table 2.4).
Target DNA refers to the DNA sequence to be amplified, not the total amount of
plasmid DNA in the reaction.

Target DNA 200 ng
10x Mutazyme II reaction buffer 5puL

40 mM dANTP mix 1 pL

10 uM Forward primer 0.5 pL.
10 uM Reverse primer 0.5 uL.
Mutazyme II DNA polymerase 1 uL
Nuclease free water to 50 pL

The product was purified on a 1.5 % (w/2) agarose gel (as described in section 2.2.2)
and the desired band was excised and purified using QIAquick Gel Extraction Kit,
according to the manufacturer’s instructions. This epPCR product was cloned into
Bla-GGsiop as described in Section 2.2.7. The three replicate golden gate reaction
products were pooled together, purified using QIAquick PCR purification kit and

transformed as described in Section 2.4.3.

2.4.3 Library transformation

Products were transformed into TG1 E. co/i (Table 2.1) by electroporation. 25 pL of
cells were transferred to prechilled 0.2 cm gap cuvettes and 1 pL library was added
directly before electroporation. Cells were electroporated (2.5kV field strength,
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335 Q resistance and 15 pF capacitance) and immediately after the cuvette was
washed with 1 mL. SOC medium and transferred to a 50 mL Falcon tube. Each
cuvette was rinsed with a further 1 mL recovery medium and transferred to the Falcon
tube. Samples were incubated at 37 °C, 250 rpm for 1h recovery. Ten-fold serial
dilutions were plated out onto LB agar plates containing 10 pg/mlL tetracycline. The
remaining cells were pelleted at 3,000 xg for 5 min, and the pellet resuspended in 2
mL recovery medium and plated onto 12 x 12-inch LB agar plates containing 10
ng/mlL tetracycline. Plates were incubated overnight at 37 °C, following which the
number of colonies were counted to estimate the library size (Equation 2.3). The
library bioassay plate was scraped into 10 mL LB containing 50 % (»/») glycerol. 1
mL glycerol stock was made, and the remaining was purified using PureYield plasmid
midiprep system.

, , , . dilution volume
Library size = number of colonies X dilution plate X (—)
volume plated

X total culture volume

Equation 2.3 Calculation to estimate library size.

2.5 Directed evolution

2.5.1 Plate preparation

Directed evolution assay plates were prepared by sterilising 12 x 12 inch bioassay
plates with 70 % (»/#) ethanol and leaving to dry under sterile conditions. 500 mL
2.5 % (w/v) LB, 1.5 % (w/v) agar was autoclaved for 20 min at 121 °C, 15 psi and left
to cool below 50 °C prior to the addition of 10 pg/mL tetracycline, 0.075 % (/)
L-arabinose and the required concentration of ampicillin for the screen. The agar was

poured into two 12 x 12-inch plates and left to set under sterile conditions.
2.5.2 Library growth

SCS1 supercompetent cells (Table 2.1) were thawed on ice for 10 min and 50 pL cells
transferred to a 14 mL transformation tube. 2 pL. plasmid DNA (WT or library) were
added to the cells and incubated on ice for 30 min before heat shocking at 42 °C for
45 s. Following 5 min incubation on ice 950 pL. SOC medium was added to cells and
incubated at 37 °C, 200 rpm for 1 h. 3 mL. SOC medium was then added to cells with
10 pg/mL tetracycline. Cells were further incubated for 1 h (37 °C, 200 rpm) and
B-lactamase expression was induced with 0.075 % (w/») L-arabinose for 1h (37 °C,
200 rpm). The culture was spread onto the prepared assay plates (section 2.5.1) and
incubated overnight at 37 °C.
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2.5.3 Sanger sequencing

Single colonies were picked from the plate and added to separate wells of a sterile 96-
well plate containing 100 pL. LB containing 10 pg/mL tetracycline. The plate was
sealed with hydrophobic and gas permeable plastic films to prevent evaporation and
incubated over night at 37 °C, 200 rpm. Glycerol stocks of each clone was prepared
by adding 100 uL sterilised 50 % (/) glycerol to each well. 100 pL of each glycerol
culture was transferred to separate wells of a 96-well plate and sent for sequencing by
GENWIZ, using the primers described in Table 2.6 and the remaining cultures were
stored at —80 °C.

2.5.4 Next generation sequencing

The evolved libraties were scraped into 10 mL LB containing 50 % (»/») glycerol and
DNA was extracted using Qiagen miniprep kit as per manufacturer’s instructions. A
PCR amplicon of evolved DNA was created using the primers in Table 2.8 that anneal
to regions up- and down-stream of the target sequence and PCR conditions described
in Section 2.2.1. The product was purified using QIAquick PCR purification Kkit,
eluted in 50 pL. 1x TE buffer and prepared for NGS using NEBNext Ultra II DNA
library prep kit for Illumina.

2.5.4.1 Adaptor ligation

The PCR product was first prepared for adaptor ligation through end repair, 5’
phosphorylation and dA-tailing. The following components were assembled in a

nuclease-free tube and mixed thoroughly.

NEBNext Ultra I end prep enzyme mix 3 uL
NEBNext Ultra IT end prep reaction buffer 7 uL
DNA 50 pL.

The reaction was placed in a thermocycler at 20 °C for 30 mins followed by 65 °C for

30 mins.

After incubation, the following components were added directly to the end prep

reaction mixture and mixed thoroughly.

End prep reaction mixture 60 pl
NEBNext adaptor for Illumina 2.5 L
NEBNext Ultra II ligation master mix 30 L.
NEBNext ligation enhancer 1 uL
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The reaction was incubated at 20 °C for 15 mins, following which 3 L. USER enzyme

was added, mixed well and incubated for a further 15 mins at 37 °C.

2.5.4.2 Sample purification and size selection

NEBNext sample purification beads were resuspended by vortexing and 25 pL. added
to the ligation mix from Section 2.5.4.1. The samples were mixed thoroughly and
incubated at room temperature for 5 mins. The tube was placed on a magnetic stand
for 5 mins until the solution was clear, separating the beads from the supernatant.
The supernatant was transferred to a new tube and the beads were discarded. This
process was repeated adding 10 pL. beads to the supernatant, mixing well and
incubating for 5 mins. The beads were separated on the magnetic stand and the
supernatant was discarded. The beads were washed by adding 200 pL. 80 % (v/2)
ethanol to the beads whilst on the magnetic stand and incubated for 30 s. The
supernatant was discarded, and the wash step was repeated. The beads were air dried
for 5 mins on the magnetic stand with the lid open to remove traces of ethanol. The
target DNA was eluted from the beads by adding 17 pL. 1x TE, vortexing the samples
and incubating for 2 mins at room temperature. The tube was placed on the magnetic
stand and once separated, 15 pL supernatant was transferred to a new tube for PCR

amplification.

2.5.4.3 PCR enrichment

The following components were assembled on ice and mixed thoroughly:

Adaptor ligated DNA fragment 15 pL.
NEBNext Ultra IT Q5 master mix 25 uL
17 index primer 5puL
15 index primer 5ulL

The reaction was transferred to a thermocycler and PCR amplified using the
conditions in Table 2.11.
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Step Temperature (°C) Time (s)
Initial denaturation 98 30
Denaturation 98 10
Annealing/Extension 65 75

Repeat denaturation, annealing and extension (3 cycles)

Final extension 65 300

Table 2.11 PCR cycling conditions for NGS library preparation.

The PCR product was purified from the reaction mixture as outlined in Section
2.5.4.2, using only one application of sample purification beads (45 pL) and eluting
the beads in 33 pL. 1x TE. The eluted DNA was quantified using a Qubit fluorometer
and libraries were pooled together in equimolar ratios. The pooled library was
sequenced using Illumina MiSeq 2 x 250 bp, spiked with 30 % PhiX by GENEWIZ.

Information on data analysis can be found in Section 2.8.3.

2.6 Protein purification

2.6.1 IgG purification

IgGs used in this study were synthesised by the Biologics expression team at
AztraZeneca and IgG expression vector cloning was performed by Dr James Button
and Dr Janet Saunders (AstraZeneca). Sequences were eukaryote codon-optimised
and the Vu domain cloned into the IgG Vu IgGl TM YTE expression vector
(pEU1.6) and the Vi domain cloned into the IgG Vi lambda expression vector
(pEU4.4). The plasmids were co-transfected into HEK293/EBNA mammalian cells
for expression and IgG proteins were purified from the culture medium using Protein

A chromatography.

2.6.2 V1. domain purification

A starter culture for prepared for protein expression by inoculating 100 mL sterile LB
medium containing 50 pg/ml kanamycin with a single colony from transformed
expression cells, BL21 (DE3), with either pET29-IGLV6-57 or pET29-IGLV6-57-
patient (Section 2.1.7). The inoculated medium was incubated at 37 °C, 200 rpm for
16 hours. 2 mlL of the starter culture was used to inoculate 0.5 L autoinduction

medium (Section 2.1.5) containing 50 pg/ml. kanamycin. The cultures were
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incubated at 20 °C for 24 h with shaking at 200 rpm, before harvesting by
centrifugation at 6,000 xg (JLA 8.1 rotor) for 30 min at 4 °C.

For periplasmic extraction, the pellet was resuspended in 3x volume (i.e., 30 mL per
10 g cells) of ice cold 50 mM Tris pH 8.5 containing 20 % (w/2) sucrose. The cells
were incubated on ice for 1 h with agitation before centrifugation at 4,500 xg (JLA
16.25 rotor) for 20 min at 4 °C. The supernatant was removed and kept on ice, and
the pellet resuspended in the same volume ice cold H2O. The cells were incubated on
ice for a further hour 1 h with agitation before centrifugation at 4,500 xg (JLA 16.25
rotor) for 20 min at 4 °C. The supernatant was combined with the previous
supernatant and dialysed into 50 mM Tris pH 8.5 at 4 °C. The periplasmic extract was
loaded onto a Q-Sepharose anion exchange column equilibrated in 50 mM Tris pH
8.5. The protein was eluted with a linear gradient of 0-500 mM NaCl and monitored
by absorbance at 280 nm. Fractions containing the V1. domain were analysed by SDS-
PAGE (Section 2.7.6) and dialysed into PBS, pH 7.4.

The Vi domain was then loaded onto HilLoadTM 26/60 Superdex 75 prep grade gel
filtration column. The protein was eluted from the column with PBS, pH 7.4 at a flow
rate of 3 mL/min. The molecular mass of the protein was confirmed by electrospray
ionisation mass spectrometry performed by Rachel George at the The Biomolecular

Mass Spectrometry Facility (University of Leeds). The protein was snap frozen and
stored at =80 °C.
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2.7 Biophysical and biochemical methods

2.7.1 High performance size-exclusion chromatography

HP-SEC data were generated by Dr Christopher Lloyd (AstraZeneca) and the
Biologics expression team at AstraZeneca. HP-SEC was performed using an Agilent
1,100 series HPLC fitted with a TSK SWXL HPLC guard column and TSK-GEL
G3000SWxr. HPLC column. 50 pL of IgG at 1 mg/mL in PBS was injected at a flow
rate of 1 mL/min using 0.1 M sodium phosphate, 0.1 M sodium sulfate, pH 6.8 as
the mobile phase buffer.

2.7.2 Affinity-capture self-interaction nanoparticle spectroscopy

AffiniPure goat anti-human IgG Fcy fragment specific (IgGa-Fc) and ChromePure
goat IgG, whole molecule (IgGwnole) were buffer exchanged into 20 mM potassium
acetate, pH 4.3 and diluted to 0.4 mg/mL. 9 mL citrate-stabilised 20 nm gold
nanoparticles were incubated with 600 pL IgGa-Fc and 400 pL IgGwnole for 2 h at
room temperature. Nanoparticles were blocked with 0.1 pm 2,000 MW thiolated
PEG at room temperature for 1-2 h. Nanoparticles were concentrated to 800 pL in
siliconized Eppendotf tubes and stored at 4 °C. 45 pL of 50 pg/mL antibody samples
were mixed with 5 pL. nanoparticle solution and incubated at room temperature for
30 min. The mixture was transferred to a 384-well polystyrene UV transparent plate
and the absorbance measured on SPECTROstarNano plate reader from 400 nm to
700 nm in 1 nm increments. The maximum absorbance was determined (the plasmon
wavelength) and the redshift in plasmon wavelength compared to nanoparticles in the

absence of antibodies was then calculated by subtracting one from the other.

2.7.3 Differential scanning fluorimetry

20 pL of 0.52 mg/mlL IgG in PBS was added to a white PCR plate. SYPRO Orange
protein stain gel (5000x stock concentration) was diluted to 40x in distilled H2O prior
to the addition of 5 pL to each well. The plate was sealed with adhesive sealing film,
and samples were heated from 20 — 95 °C in 0.2 °C increments on a CFX96 Real-
Time PCR system. The melt curves were obtained by measuring the fluorescence

intensities using the FRET channel with excitation from 450 to 490 nm and detection
from 660 to 580 nm.
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2.7.4 Homogeneous time-resolved fluorescence detection

Test IgGs stocks were diluted in PBS containing 0.5 % (w/2) BSA to 200 nM, which
were then serially diluted in two-fold increments 11 times. The following components
wete prepared in assay buffer (PBS, 0.5 % (w/») BSA, 0.4 M potassium fluoride):
24 nM Dylight650 labelled IgG-WFL, 12.5 pg/mL streptavidin Europium cryptate
and 0.8 nM biotinylated Human NGF also containing 12.5 pg/ml streptavidin

Europium cryptate in the solution.

5 uL of each serial diluted test IgG was transferred to a white 384 well plate. 2.5 pL.
Dylight650 IgG-WFL and 2.5 pL. NGF + streptavidin Europium cryptate solution
was added to each well. Two negative controls were prepared, one that lacked just
test IgG and one that lacked both test IgG and antigen (5 pL PBS, 0.5 % (w/2) BSA,
2.5 pLL Dylight650 IgG-WFL and 2.5 pL. NGF + streptavidin Europium cryptate or
2.5 pL streptavidin Europium cryptate). The plate was centrifuged for 1 min at 3,000
xg sealed with adhesive sealing film and incubated at room temperature for 2.5 h.
Fluorescence was measured on an EnVision plate reader with the following settings:
100 flashes, delay 70, cycle 2000, Excitation UV2 (TRF) 320 nm, Emission APC 665
(Bandwidth 7.5 nm), Emission Rhodamine 590 (Bandwdith 20 nm), mirror
D400/630. The HTRF ratio is calculated by Equation 2.4 and the % DELTA F is
calculated by Equation 2.5.

HTFR rati _665 nm
ratio = 590 nm

x 10,000

Equation 2.4 Calculation of HTFR ratio

(Sample ratio — negative control ratio)
%AF = , ; x 100
Negative control ratio

Equation 2.5 Calculation of % DELTA F

2.7.5 Poly (ethylene glycol) (PEG) precipitation assay

PEG precipitation assays were performed by Dr Janet Saunders (AstraZeneca). A
40 % (w/») PEG 10,000 solution was prepared in PBS and the pH corrected to 7. In
a 96-wll plate, PEG solution, PBS and 20 pL of IgG stock solution were combined
to achieve a 0-10 % (w/») concentration range of PEG and a final IgG concentration
of 0.5 mg/ml.. Samples were set up in triplicate, and the plate sealed with adhesive

sealing film and incubated at 4 °C for 24 h. Following incubation, the samples were
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thoroughly mixed before 2 pL. of each sample was transferred to a Lunatic plate for
turbidity measurement at 500 nm on a Lunatic plate reader. The turbidity of PBS

controls was subtracted from final readings.

2.7.6 Sodium dodecyl Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE)

Tris-tricine buffered sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) was used to separate proteins according to their molecular weight. Two glass
plates were assembled according to manufacturer’s instructions using a 1.5 mm
spacer. The resolving and stacking gels were made up of the components in Table
2.12. The resolving gel mixture was poured to within 2 cm of the top of the glass
plates and immediately after the stacking gel was poured on top of the resolving gel.
A 12-well comb was inserted to create wells for sample loading and gels were left for

a minimum of 1 h to set.

Solution component Resolving | Stacking
gel (mL) gel (mL)

30 % (w/v) Acrylamide: 0.8 % (/) bis-acrylamide 7.5 0.83

3 M Tris-HCI, 0.3 % (w/») SDS ,pH 8.45 5 1.55

H>O 0.44 3.72

Glycerol 2 0

10 % (w/») ammonium persulfate 0.05 0.1

Tetramethylethylenediamine (TEMED) 0.005 0.005

Table 2.12 Components for tris-tricine buffered SDS-PAGE gel

Cathode buffer and anode buffer (Section 2.1.4) were added to the inner and outer
reservoir of the gel tank respectively prior to sample loading. Protein samples were
diluted 1-fold with 2x SDS-PAGE loading buffer (Section 2.1.4and boiled for 5 min
and then 15 pLL sample was loaded to the gel. To estimate the of molecular weight of
resolved protein bands, 5 pL. Precision Plus Protein Dual Xtra Prestained protein
standard was loaded into one lane on the gel. Gels were electrophoresed at a constant
current of 30 mA until the samples entered the resolving gel, where the current was
increased to 65 mA until the dye reached the bottom of the gel. The gels were

removed from their casts and incubated using Instant Blue stain.
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2.7.7 ThioflavinT (ThT) aggregation assay

ThT assays for Vi. domains were prepared with 40 pM protein and 20 uM ThT in
PBS buffer (pH 7.4) containing 0.5 mM SDS and 0.05 % (w/») NaNs. 100 pL samples
of 10 replicates were added to the wells of a 96-well flat bottom assay plate and sealed
with adhesive sealing film. Fibril kinetics were monitored in a FLUOstar Omega plate
reader at 37 °C with continuous orbital agitation at 600 rpm. The fluorescence of ThT

was excited at 444 nm and fluorescence emission was monitored at 480 nm.

2.7.8 Transmission electron microscopy (TEM)

TEM images were collected by Dr Nicolas Guthertz (University of Leeds). Replicate
samples from the ThT assay were pooled. Insoluble material was separated by
centrifugation (14,000 rpm in a benchtop microcentrifuge, 15 min), and the pellet
resuspended in 100 pL acidified water (pH 2, adjusted with hydrochloric acid). 5 pL.
was added to a glow-discharged carbon-coated copper grid for 1 min. Excess liquid
was blotted away and the grid was stained with 5 pL. 1 % (w/») uranyl acetate for 20
s before being washed with 5 pL. water. Micrographs were recorded on a Tecnai T12

transmission electron microscope.

2.7.9 Circular dichroism (CD)

For thermal denaturation experiments an initial spectrum of the sample (20 pm
protein in PBS pH 7.4), was obtained at 25 °C. Thermal denaturation expetriments
were performed by setting up a temperature gradient from 20 to 90 °C in 5 °C steps.
Protein samples were equilibrated for 120 s at each temperature before CD spectra
were taken. Each spectrum was acquired from 190 nm to 260 nm with a step size of
1 nm and 1 s per point sampling. The thermal melt data were analysed using the

software package CDpal?%.

89



Materials and methods

2.8 Bioinformatic methods

2.8.1 In silico aggregation

A model of the structure of scFv-WFL (created by mutating PDB 5]7Z4 in PyMol

2.1.0) was used for this analysis.

2.8.1.1 CamSol

The webserver for CamSol!#* was used to generate a structurally corrected profile at
10 A patch radius to identify soluble and insoluble amino acids. The webserver can

be located at: http://www-vendruscolo.ch.cam.ac.uk/camsolmethod.html

2.8.1.2 Aggrescan

Aggrescan3D 2.0' server was used to predict aggregation propensity in dynamic
mode with a 10 A radius and stability calculation option was selected using FoldX to
optimise  input  structure. The  webserver can  be located at:
http://biocomp.chem.uw.edu.pl/A3D2/

2.8.1.3 Spatial aggregation propensity

Spatial aggregation propensity (SAP) calculations were performed using CHARMM?#

simulations and method described by Chennamsetty et al.14% using a 10 A radius.

2.8.2 Relative surface accessibility

RSA values were calculated by taking the absolute solvent accessible surface area for
the residue in the model of the structure of scFv-WFL (created by mutating PDB
5]77% in PyMol 2.1.0) and dividing it by the maximum possible area for the amino
acid type as described by Miller et al?*0.

2.8.3 Next generation sequencing analysis

Output files from MiSeq 2 x bp were demultiplexed by GENEWIZ according to the
17 and 15 index primers used in the PCR (Section 2.5.4.3). FastQ files were aligned to
the reference sequence using breseq?! (version 0.35.4), bowtie22>? (version 2.4.2) and
R (version 3.2.2). The resulting .bam file was converted to a .sam file using
samtools?>32>4, Insertion and deletions were filtered out and the remaining aligned
sequences were translated in frame using Biopython?® and scripts prepared by

Michael Davies and Romany Mclure (University of Leeds).
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Chapter 3

Screening and identifying aggregation hotspots zz vivo

3.1 Objectives

The preliminary objective of this thesis was to develop a screen to differentiate
between aggregation-prone and aggregation-resistant biopharmaceuticals. The screen
needs to be able to detect aggregation of therapeutically relevant scaffolds and to be
applied to proteins that aggregate via different mechanisms. The screen must be
highly sensitive and be able to detect differences due to substitutions of single
residues. The assay can then be developed into a directed evolution screen to identify

aggregation-prone regions in proteins.
3.2 Tripartite B-lactamase screen for aggregation

As described in Section 1.7.1 the tripartite B-lactamase (TPBLA) sensor has been
used as a reporter protein for iz vivo screening of protein stability?42247 and screening
small molecule inhibitors of amyloid formation?#. These studies demonstrated the
ability to insert large proteins (MBP, 43 kDa) into the linker of B-lactamase?*? and
validated the utility of the assay for analysis of proteins that are intrinsically disordered

form amorphous aggregates or ordered aggregates such as amyloid?#.

Here, we employ the TPBLA sensor to detect the aggregation of biopharmaceuticals.
In this assay, the test protein is inserted into a Gly/Ser linker that separates two
domains of TEM-1 B-lactamase (Figure 3.1a). The assumption of this assay is that
upon correct folding of the POI, the two domains of B-lactamase ate brought into
close proximity to associate and form an active enzyme, capable of hydrolysing
B-lactam antibiotics (Figure 3.1b). E. co/i expressing a stable, ageregation-resistant
protein can therefore survive in the presence of B-lactam antibiotics (Figure 3.1c).
Conversely, if the POI aggregates, the activity of B-lactamase is reduced through co-
aggregation and/or cellular degradation of the tripartite construct, causing E. o/ to
lose resistance B-lactam antibiotics (Figure 3.1d). The assay therefore directly links
the aggregation-propensity of the test protein to the susceptibility of the bacterium to

B-lactam antibiotics.
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Figure 3.1 Tripartite B-lactamase assay for protein aggregation. a) The POI,
such as a scFv, is inserted into a Gly/Ser linker (grey) separating two domains of
B-lactamase (purple and pink). b) Correct folding brings together the two domains of
B-lactamase, forming an active enzyme capable of hydrolysing B-lactam antibiotics. ¢)
Expression of an aggregation resistant protein in the periplasm of E. c/i enables
bacterial resistance to B-lactam antibiotics. d) If the POI aggregates, B-lactamase is

inactive, and bacteria become sensitive to B-lactam antibiotics.

The TPBLA has previously been established using BL21(DE3) E. ¢0/?462%, however
for the development of this screen as a directed evolution platform in this thesis, the
cell line had to be altered to identify a relationship between phenotype and genotype.
BL21 (DE3) are routinely used for protein expression, however, are poor for DNA
extraction as their endonuclease I activity may degrade plasmids. An alternative strain
of E. coli, SCS1, was chosen for their endonuclease (endA) deficiency that improves
the quality of miniprep DNA extraction and their recombination (recA) deficiency
that enhances plasmid stability and reduced recombination. Any previously published
data has been reproduced in this thesis using SCS1 E. co/.

Briefly, the assay is performed by culturing SCS1 cells transformed with the construct
for screening. Once cells reach an ODeoo of 0.6 protein expression is induced by the
addition of 0.075 % (w/v) arabinose for 1 h at 37 °C, 200 rpm. Cultures are serially
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diluted 10-fold before plating out onto a 48-well agar plate containing increasing
concentrations of the B-lactam antibiotic, ampicillin. Plates are then incubated at
37 °C for 18 h following which they are scored for the maximal cell dilution at which
growth occurs (MCDgrowrn) (Figure 3.2, Section 2.3).
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Figure 3.2 Schematic of the 7z vivo growth assay. Colonies are transformed with
the B-lactamase fusion construct and are cultured until an ODgoo of 0.6 is reached.
Protein expression is induced by the addition of arabinose. Cultures are serially diluted
into 170 mM NaCl and 3 pL pipetted onto each well that contains solid growth
medium with increasing concentrations of antibiotic in each column. Plates are
incubated at 37 °C overnight. The maximal cell dilution at which growth occurs is

scored by visual inspection.
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3.3 Screening therapeutically relevant protein scaffolds

3.3.1 WFL and STT: a model pair of mAbs

The results in this thesis will focus on a pair of mAbs with different aggregation
propensities: WFL and STT. This pair of model proteins were originally generated by
AstraZeneca, the industrial sponsor of this PhD studentship, who provided access to
their sequences and biophysical characteristics for this study. MEDI1912 (called
IgG-WFL herein) was generated by 7 vitro affinity maturation of MEDI578 that was
derived by phage display against nerve growth factor (NGF) for the potential
treatment of chronic pain*. Whist IgG-WFL had enhanced picomolar affinity for
NGF, unlike the parent antibody MEDI578, IgG-WFL displayed poor biophysical

characteristics endangering product development.

The mADb displayed significant colloidal instability (protein precipitation, phase
separation and low solubility) and was found to interact with column matrices and
adsorb to filter membranes which resulted in poor yields during purification.
Analysis of the protein using SAP'# identified a hydrophobic patch on the protein
surface (Figure 3.3a) that in combination with hydrogen/deuterium exchange mass
spectrometry (HDX-MS) guided the rational design of the protein*o. Three residues
located in the CDRs of the Vi domain were identified as the problematic residues:
W35, F36 and L64 (IMGT numbering?>7-25%). Rational mutations were engineered to
mutate the three residues back to those present in the parent antibody derived from
phage display, W35S, F36T and L64T, generating MEDI1912_STT (referred to as
IgG-STT herein)*. Despite the 99.6 % sequence similarity of the two IgGs (Figure
3.4), the rational engineering of IgG-STT reduced the non-specific interactions with
the column matrix in HP-SEC (Figure 3.3b) and the mAb remained monomeric in
solution (Figure 3.3c), without compromising the affinity to NGF.
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Figure 3.3 Biophysical properties of IgG-WFL and IgG-STT. a) SAP analysis of
IgG-WFL revealed a surface exposed hydrophobic patch (red). The three residues
W35, F306, 164 highlighted were mutated to STT respectively. b) HP-SEC elution
profiles of IgG-WFL (purple) and IgG-STT (green). Grey lines = calibrant proteins:
1, Thyroglobulin (670 kDa); 2, IgG (158 kDa); 3, Ovalbumin (44 kDa) and 4, Vitamin
B12 (1.35 kDa). c) AUC of IgG-WFL and IgG-STT. Data from Dobson e al*.
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Figure 3.4 Sequence alignment of Vi and VL domains of IgG-WFL and IgG-
STT. Residues 35, 36 and 64 that differ between IgG-WFL and IgG-STT are
highlighted in red. CDRs are highlighted in orange. Dash ‘-’ represents conserved
residues between the two sequences. Dashes within the IgG-WFL sequence denote
IMGT numbering gaps (calculated using ANARCI server?8).

3.3.2 In vivo screening of antibody fragments

Since both IgG-WFL and IgGSTT have been characterised in depth, these two
molecules provide a suitable starting point to assess the application of the TPBLA to
biopharmaceutical development. However, the quaternary structure and large size of
mAbs (150 kDa) precludes their screening by the TPBLA. As the CDRs are often
found to be the ‘problematic regions’ of IgGs, this limitation can be overcome by the
use of single-chain Fv regions (Section 1.3.2.1 and Section 1.6.2.1). The variable
domains of both IgGs were fused together by a Gly/Ser linker to create scFv-WFL
and scFv-STT and were previously cloned into the B-lactamase construct?, creating
Bla-scFv-WFL and Bla-scFv-STT.

To ensure that the same trend is observed in SCS1 and BL21(DE3) E. co/i (see Section
3.2) both Bla-scFv-WFL and Bla-scFv-STT were screened using the TPBLA. E. co/i
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expressing the aggregation prone scEv-WFL displayed a reduced ampicillin resistance
compared to the aggregation-resistant scFv-STT (Figure 3.5a). The results also
produced the same trend previously observed in BL21(DE3) cells (Figure 3.5b). The
reduced total enzymatic activity of scFv-WFL presumably results from the
aggregation of the scFv 2 vivo and hence the results from the TPBLA reflect the

known differences in the aggregation behaviour of the IgGs previously characterised

in vitro*©,
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Figure 3.5 In vivo growth of scFv-WFL and scFv-STT. Antibiotic survival curve
of the maximal cell dilution allowing growth (MCDgrowrn) over a 0-140 pg/mlL
ampicillin concentration for a) SCS1 and b) BL21 (DE3) E. co/i. Error bars represent

s.e.m. of four independent experiments.

3.3.3 Applicability of the TPBLA to other biopharmaceutical protein
scaffolds

To test whether the TPBLA could be used for a variety of applications within the

biopharmaceutical sector two other protein pairs were selected with high and low
propensities: Dp47d and HEL4 and, G-CSF and G-CSF C3.

3.3.4 Background to test proteins

Two single domain antibodies, Dp47d and HEL4, have previously been studied in
the TPBLA to assess the use of the TPBLA to screen for excipients that
stabilise/prevent the aggregation of the dAb23324. These proteins were therefore
employed again to compare the 7z vivo growth of scores of aggregation-prone

therapeutically relevant scaffolds, and the data reproduced in SCS1 cells.

As described in Section 1.6.2.3, Dp47d is an aggregation prone human Vy domain,
driven by the hydrophobic residues that reside on the original Vu:Vy. interface. Dp47d
was subject to directed evolution by phage display for binding to hen-egg lysozyme
with elevated temperature conditions. HEL4 was isolated from this approach that

contained mutations or insertions mainly to the CDRs of Dp47d (Figure 3.6)%.
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Analysis of the crystal structure of HEL4 revealed that there was a rotation of Trp52
(IMGT numbering) side chain into a cavity increasing the hydrophilicity of the Vi:V1.
interface which is thought to be responsible for the aggregation-resistance of
HEL42%.
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Figure 3.6 Sequence alignment of Dp47d and HEL4. Mutations or insertions are
highlighted in red. CDRs are highlighted in orange. Dash ‘-’ represents conserved
residues between the two sequences. Dashes within the Dp47d sequence denote
IMGT numbering gaps (calculated using ANARCI server?8). Trp52 responsible for
reduced aggregation is highlighted in green.

The final protein that was selected for aggregation analysis in the TPBLA was G-CSF.
G-CSF is a 175-residue protein, predominantly involved in the response to
infection?®? and was amongst the first cytokines to be identified and transitioned into
clinical trials?¢!. G-CSF stimulates the production of white blood cells (neutrophils)
and is clinically used as a treatment for neutropenia in patients recovering from
chemotherapy?%2. Structurally, G-CSF is an all a-helical protein, arranged in a four-
helix bundle with an up-up-down-down arrangement (Figure 3.7)293. The a-helical
architecture of G-CSF differs to the rich B-sheet Ig domains of the scFv previously
studied in the TPBLA, allowing the broader applicability of the TPBLA to be

assessed.
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C-terminus

N-terminus

Figure 3.7 Structure of G-CSF.N-terminus and C-terminus of G-CSF are labelled.
Figure created using PDB 1GNC2¢4 in PyMOL (Schrédinger).

Under native conditions (pH 7, 37 °C) G-CSF is aggregation prone?0>-267 and has been
found to be highly insoluble and has to be refolded from inclusion bodies, requiring
a more complicated and expensive manufacturing process*®. To counter this,
Buchanan et a/. used ribosome display to evolve G-CSF in conjunction with various
selection pressures (reducing agent, elevated temperature and HIC matrices) to select
for enhanced properties®®. Outputs from the evolution panning were screened for
enhanced soluble expression in the periplasm of E. /. The results identified a variant
called G-CSF C3 that contained four substitutions: C18G, W59R, Q71R and F84L
(Figure 3.8)2%%. Overall this variant had 1000-fold enhanced expression (compared to

WT), was primarily monomeric and retained functional activity?%.
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Figure 3.8 Sequence alignment of G-CSF and G-CSF C3. Dashes represent the
residues conserved between G-CSF and the evolved variant G-CSF C3. Residues that
differ between the two proteins are highlighted in red.

3.3.4.1 Cloning of sequences into -lactamase linker

G-CSF was PCR amplified with the addition of 5> X/ol site and a 3> BawHI restriction
site and cloned via restriction digestion into the 28-residue Gly/Ser rich linker that
had previously been inserted between residues 196 and 197 of TEM-1 B-lactamase?+?
(Figure 3.9 and Section 2.2). The newly synthesised construct, Bla-GCSF, was then
used as a template for Q5 site directed mutagenesis to consecutively introduce C18G,
W59R, Q71R and F84L mutations to create the Bla-GCSF-C3 variant (Section 2.2.6).
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Figure 3.9 Cloning of G-CSF into B-lactamase linker. 2) PCR amplification of G-
CSF from the pET23a-GCSF plasmid with a range of MgSO4 concentrations to
identify optimal PCR conditions. Control reaction contained PCR components with
no template DNA. b) Restriction digest reactions for pMB1-Bla-scFv-WFL (vector)
and G-CSF (insert). Vector digests include uncut (UC), single cut (SC) and double cut
(DC) reactions with X/hol and BamHI. The PCR product from (a) was digested with
the same enzymes. The digested vector and insert were excised from the gel and

ligated together.

3.3.4.2 Screening biopharmaceutical scaffolds

Both pairs of proteins were subsequently screened in the TPBLA over a 0-140 pug/mlL
ampicillin concentration range. The results show that the screen was able to
differentiate between the aggregation-prone Dp47d versus the aggregation-resistant
HEL4 (Figure 3.10a) and also discriminate between insoluble G-CSF against the
evolved soluble variant G-CSF C3 (Figure 3.10b). For each protein the area under the
curve can be calculated (Figure 3.10c) to produce a single value that represents the
vivo growth score of the E. coli expressing the construct (Figure 3.10d). For each of
the biopharmaceutical scaffolds screened iz vivo (scFv, dAb and cytokine) the
engineered variant with low aggregation is significantly enhanced relative to its

aggregation-prone counterpart.

102



Screening and identifying aggregation hotspots 7z vivo

)

b
Dp47d 5 - GCSF
HEL4 G-CSF C3

MCD growrn (10)

Y ¢ ¥ ¢
MCD growrw (10)
T

-
1

o

U 1 1 1 1 ' v C 1 ) T 1 1 1 1
20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Ampicillin (ug/mL) Ampicillin (ug/mL)

o

*kkk *kk%k *%

54 -o- scFv-WFL 8001

400+

N

& LR &
S %
R & &S

In vivo growth
N
o
o
1

o
o

T T T T L h g
0 20 40 60 80 100 120 140
Ampicillin (pg/mL)

Figure 3.10 TPBLA screen for biopharmaceutical aggregation. MCDgrowrn
curves of a) Dp47d and HEL4 dAb and b) G-CSF and G-CSF C3 cytokine over 0-
140 pg/mL ampicillin concentration range. ¢) The area under the cutve is calculated
(as denoted by the shaded purple (scFv-WFL) and green area (scFv-STT)) to generate
d) a single value to compare related sequences. Data are shown for an aggregation
prone scFv, dAb and cytokine and their engineered aggregation resistant
counterparts. Error bars represent s.e.m. (n = 4 independent experiments). Asterisks
denote significance: **** p < 0.0001, ** p < 0.002 (two-sided t-test).

3.3.5 Assay sensitivity

To employ the TPBLA for directed evolution, the assay needs to be sensitive to small
changes in the protein sequence. To investigate this, the effect on the iz vivo growth
score of substituting W35, F36 or L.64 (found in WFL) for S, T and T (respectively,
found in STT) either individually or in combination was investigated (Figure 3.11).
The TPBLA was able to distinguish between the subtle effects that the mutations
have on the aggregation propensity of scFv-WFL, with the single point mutation
W35S having the most profound effect on rescuing E. co/i growth. These results

demonstrate the sensitivity of the assay to mutations that induce aggregation.
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Figure 3.11 Effects of mutations on the 7z vivo growth of scFv-WFL. a) I vivo
growth curves of Pla-scFv variants containing WFL, STT, or one ot two acid
substitutions between WFL and STT. b) I vivo growth values for each construct.
Green font indicates mutations away from WFL. Data reproduced from Devine

2016%¢ in SCS1 cells. Error bars represent s.e.m (n = 4 independent experiments).

3.3.6 In vivo scFv aggregation correlates with IgG1 aggregation

To ensure that the results from the scFv fragments in the TPBLA are a true
representation of iz vitro IgG aggregation, each of the variants studied in section 3.3.5
were reformatted as full-length IgGs. Since it was known that IgG-WFL has non-
specific interactions with the column that resulted in a longer retention time than
expected for a monomeric IgG (Figure 3.3), the retention times of the six mutant
IgGs were quantified and compared to the 77 wivo assay scores (Figure 3.12).
Opverlaying the IgG retention times for all eight variants with the 7z vio scFv
constructs identifies an excellent correlation between an improvement in bacterial
growth and decrease in column retention time. Importantly, this demonstrates how
the TPBLA can be utilised in an industrial setting to provide an insight on the
aggregation propensity of lead candidates, without the need to express and purify the
molecules as IgGs.
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Figure 3.12 Comparison of sequence variants of scFv-WFL iz vivo and IgG-
WEFL én vitro. Average in vivo growth score (bars) for scFv-WFL and scFv-STT with
the six combinatorial variants. These data are overlaid with the HP-SEC retention
times (black dots) for the same variants reformatted as an IgGl. HP-SEC data
provided by Christopher Lloyd (AstraZeneca).

3.3.7 TPBLA is not a measure of protein expression levels

To identify if the results from the TPBLA are due to increased protein expression
and therefore increased enzymatic activity of constructs, the expression levels and

enzyme activity were quantified to compare the results to those obtained in the
TPBLA.

Protein expression levels were measured using western blotting and dot blot analysis,
whereby bacterial culture samples of each construct were taken during growth (as in
Figure 3.2). Briefly, uninduced samples were taken from cells upon reaching an ODgoo
of 0.6. At this point, expression was induced with 0.075 % (w/v) arabinose for 1 h at
37 °C, 200 rpm following which an induced sample was taken. For all samples the
ODgoo was normalised to quantitatively compare the expression levels. Samples were
then either separated by SDS-PAGE and transferred to a nitrocellulose membrane or
applied directly to nitrocellulose membrane and expression was detected using a
primary anti-B-lactamase antibody and secondary antibody to this conjugated to HRP

which is then detected using chemiluminescence (Figure 3.13a and b).

Separation via western blotting (Figure 3.13a) detected multiple fragments of each -

lactamase construct suggesting that aggregation may result in degradation of the
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fusion protein 7z vivo. The level of soluble cell protein expression detected by western
blotting did not increase relative to the zz vivo growth score of each construct (Figure
3.13a, left to right increasing 7z wvivo growth score) suggesting that the bacterial
resistance conferred by the tripartite fusion proteins does not solely report on protein
solubility 7z vive. Overall, protein expression levels differed for each of the constructs,
however the expression did not correlate with their aggregation resistance in the
TPBLA therefore suggesting that the screen does not simply report on protein

expression levels (Figure 3.13c).

WFL WFT WTL WTT
a Ul | Ul | Ul | Ul |
[ 1 Nl |
kDa WS WS WS W=S. WS WS WS WS
50 -_ - . - -
37 — = g
25—
SFL SFT STL STT
Ul | Ul | Ul | Ul |
1 1 [ I | [ I | [ I |
WS WS WS WS WS WS WS WS
kDa
50— — - - -
37— 8 a8 — b
25—
b C
- 2.0
" 3 3 3 ~
9 - - - 51.57
© © >
g g 2 g <
N >1.01
[To} 7o} [Te} 7o} ‘»
[s2] [s2) o (2] C
= = = = L 0.54
Unlnduced 0 L) L] L) L] L] L] L] L]
< <t <t
- § 135338
Induced O » 8 ¢ o g ¢ b
w 5e] w o™
w LW
[To} - - -
S 3 8 g
(a2}
s 2 g

Figure 3.13 Expression levels of B-lactamase constructs. a) Western blot protein
expression of Uninduced (Ul) and Induced (I) whole (W) and soluble (S) samples and
b) Dot blot protein expression levels detected by chemiluminescence signal of an anti-
rabbit-HRP antibody to the rabbit anti-B-lactamase antibody. ¢) The intensity of the

whole cell induced samples was quantified using Image]?7°.

Enzymatic activity of B-lactamase was measured by utilising a chromogenic substrate,
nitrocefin. Nitrocefin undergoes a distinct colour change from yellow
(Amax = 390 nm) to red (Amax = 486 nm) when the amide bond in the B-lactam ring is
hydrolysed. Cultures were grown and samples prepared as described for the dot blot.
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Nitrocefin was added to the cultures and the absorbance at 486 nm was monitored
over time (Figure 3.14a). The lag observed at the start of the measurements is due to
the time taken for nitrocefin to diffuse into the periplasm where B-lactamase is
expressed. The apparent initial velocity of the reaction was calculated by fitting a
tangent to the line for each construct at the maximum gradient (Figure 3.14b). It was
observed that each of the constructs had different levels of B-lactamase activity,

however this did not correlate with the results from the TPBLA assay.
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Figure 3.14 Enzyme activity of expressed P-lactamase constructs a) The
hydrolysis of nitrocefin was monitored by measuring the increase in absorbance at
486 nm over time. b) The apparent initial velocity of the activity of each B-lactamase

construct. Data collected from three technical repeats, error bars represent s.d.

A similar trend was observed between the enzymatic activity and the expression levels
of B-lactamase present in E. co/i (Figure 3.15). These results suggest that the initial
expression level determines the activity of B-lactamase and as the activity correlates
with protein levels, it suggests the specific activity is the same. However, since the
TPBLA is employed under different conditions such as the range of antibiotic
concentrations on solid medium and 18 h incubation (that allows for aggregation to
occur) a different trend is observed, that may better infer the aggregation propensity

of the POI, over measuring expression or enzyme activity.
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Figure 3.15 B-lactamase activity correlates with protein expression. The
maximum gradient of enzyme activity (bars) is plotted on the left y axis and the
protein expression determined from dot blot intensity (black dots) is plotted on the

right y axis.
3.4 Development of directed evolution platform

As described in Section 1.6.2.3, 7z vivo screening systems have been employed for
directed evolution to screen multiple variants by controlling the selection pressure.
Having established that the TPBLA has the capability of detecting differences in
aggregation that differ by just one amino acid, it was postulated that the TPBLA could

be used for directed evolution to identify problematic residues within sequences.

3.4.1 Introducing diversity into scFv-WFL

The first step for directed evolution is to introduce genetic diversity into the gene to
create a mutant library. The mutant library of scFv-WFL used in this study was created
by Dr Stacey Chin (AstraZeneca). Firstly, genetic diversity was introduced into scFv-
WFL by epPCR using primers that flanked the N- and C-terminus of the protein
sequence. The PCR product was extracted and purified from the original template by
agarose gel electrophoresis and then used as a ‘megaprimer’ in the second round of
PCR. In the megaprimer PCR reaction, the Bla-scFv-WFL template used contained
two stop codons so that if any background plasmid remains, only the N-terminal half

of B-lactamase will be translated. The megaprimer was used in a multi-site directed
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mutagenesis reaction to introduce the mutations created during epPCR and to mutate
the stop codons back to the WT sequence. The original template was then removed
by Dpnl digestion, and the purified PCR product was transformed into TG1 cells,
yielding a library of 1.3 x 10¢ colonies.

The DNA sequences of 57 variants in the naive library were sequenced to evaluate
the quality of the library. The analysis revealed that the mutations introduced were
located throughout the protein sequence (Figure 3.16) and identified an average of

eight amino acid substitutions per scFv.
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Figure 3.16 Mutational frequency of naive library. Sequencing data of 57 clones
from the scFv-WFL mutant library shows good sequence coverage with no bias at
any particular residue. Variable heavy and light chain domains are labelled, and the
grey boxes highlight the CDRs. Residues are numbered using IMGT numbering.
Regions with no mutations in the CDR domains are due to the gaps introduced from
IMGT numbering,.

The mutations were further analysed at the DNA level to identify any potential
mutational bias within the library. The library DNA sequences were compared to the
WT scFv-WFL sequence and the total number of base mutations (e.g., A to C, A to
G or A to T) were calculated (Figure 3.17). The results found that for each nucleotide
(A, C, T or G) all three possible substitutions were incorporated within the sequences.
Opverall, this analysis suggests that there should be little bias within the library, making
it possible for most amino acid mutations that are available within a single bp

mutation from WT to be observed.
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Figure 3.17 Analysis of codon bias within scFv-WFL library. Letter in the top
left inset of each graph indicates the WT nucleotide and the bars indicate the mutation
count for each substituted base. All three substitutions were incorporated for each of
the nucleotide within the scFv-WFL library.

3.4.2 Identification of aggregation hotspots

The principle for screening in this assay is that mutants within the library should be
able to grow at higher concentrations of ampicillin than scFv-WFL if they contain
mutations that have decreased the aggregation propensity of the protein (Figure 3.18).
The plasmid DNA library of variants was transformed into SCS1 E. c/i cells and
following a recovery period SOC medium containing tetracycline was added to the
cells and incubated at 37 °C, 200 rpm for 4 h. B-lactamase expression was induced
with 0.075 % (w/v) arabinose for 1 h at 37 °C, 200 rpm. Cells were then plated onto
agar containing 80 pg/ml ampicillin, a concentration that severely restricts E. coli
growth when expressing scFv-WFL (refer to Figure 3.5). The colonies are then sent

for sequencing to analyse the mutations that endow enhanced antibiotic resistance.
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Figure 3.18 Principe of directed evolution screening. Library mutants with
enhanced properties, such as improved stability or reduced aggregation propensity,

can grow at higher antibiotic concentrations in comparison to the WT protein.

The number of times each residue is found to be substituted in the screened library
can be used to create mutational frequency histograms. This identifies those residues
most frequently mutated, generating a protein-specific profile of frustration that can

be used to begin to unpick the molecular mechanism(s) of aggregation.

To assess the ability of this approach to identify the problematic sequences within
IgG-WFL, the mutational frequency profile across the Vi and Vi domains of the
library was constructed from the sequences of 315 variants screened at 80 pg/mL
ampicillin (Figure 3.19). Twelve ‘hotspot’ residues (nine in Vy and three in Vi) were
identified that occurred at a frequency of two standard deviations above the average
mutational frequency (0.0126, Figure 3.19 and Figure 3.20). Seven of these hotspot
residues (W35, 159, F30, F36, 157, F62 and 156), which are all hydrophobic or
aromatic, formed two clusters centred on CDR 1 and 2. The remaining hotspot
residues in Vy (1110 and L112c) which are also hydrophobic, form a third cluster
around CDR3. By contrast, two of the three hotspots in the Vi. domain target a
charged (K18) or a hydrophilic (N57) residue and two of the three (K18 and 171)
reside in the framework region, suggesting either these residues are neutral mutations

or may reflect an additional stabilisation mechanism.
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Figure 3.19 Mutation frequency profile of evolved scFv-WFL. Directed evolution
reveals twelve hotspot residues with a mutational frequency greater than two standard
deviations from the average value (20). Variable heavy and light chain domains are
labelled, and the grey boxes highlight the CDRs. Residues are numbered using IMGT
numbering. The location of the hotspot residues on the 3D structure of scFv-WFL

are shown in Figure 3.20.
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Figure 3.20 Mutational hotspots of scFv-WFL. Structural location of the
mutational hotspots identified from evolution (identified in Figure 3.19). Vi domain
is shown in blue, Vi. domain is shown in orange, CDRs are shown in light blue and
yellow for the Vi and V1. respectively. Hotspot residues are labelled and shown in

pink.

The chemical identity of the most frequently selected residue and whether a particular
amino acid residue is enriched relative to the other residues accessible via a single-
base pair change was also assessed (Table 3.1). In general, these hydrophobic and
aromatic residues (most with relatively high solvent exposure) located in CDRs 1-3
were substituted with more hydrophilic residues. The hotspot residues in the Vi,
domain which were initially charged (K18), hydrophilic (N57) or hydrophobic (I71)

were substituted with polar or other charged amino acids.
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Mutation )
Most ‘ . Available
£ d frequency of Amino acid , ,
) requently o residues with
Residue | RSA2 most often substitutions i nole DNA
i
observed aa observed observedbs o
substitution . base changer
mutation
F30 0.07 S 0.81 SLPV IVLFCSY
W35 0.63 R 0.93 RG LCGSR
F36 0.66 S 0.60 SL(VP)(IT) IVLFCSY
156 0.09 Vv 0.50 VT(LF) IVLFMTSN
157 0.01 T 0.66 TNVA IVLFMTSN
159 0.44 T 0.60 TNVF IVLFMTSN
F62 0.45 S 0.60 SLY IVLFCSY
1110 0.19 T 0.82 TV(LFM) IVLFMTSN
1.112¢ | 0.65 P 1.00 P IVLFPHR
K18yt | 0.81 E 0.52 ERNQ ITEQNKR
N57vr, | 0.18 D 0.73 DSG ITSYHDNK
171vi. | 0.24 T 0.62 TVN IVLFMTSN

Table 3.1 Summary of the twelve most frequently substituted residues after
directed evolution of scFv-WFL. “RSA = relative surface area (0 = completely
buried residue, 1 = maximally solvent exposed residue). PResidues are listed in
decreasing mutational frequency with brackets indicating residues with equal
frequency of mutation. Substitutions shown in bold are due to two base-pair changes
in the DNA codon. “Amino acids are listed in decreasing hydrophobicity (left to right)
using the Kyte-Doolittle scale?’!.

3.4.3 Comparison of mutational hotspots to iz silico predictions

Computational algorithms have been developed to predict insoluble or aggregation
hotspots in protein sequences and have been valuable for reducing the extensive 7
vitro screening of a large range of mutant variants!8. No single algorithm has been
shown to be superior to others and each focus on a different underlying factor such

as stability, solubility or APRs as discussed in Section1.5.1.
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Since computational predictions have been successful at detecting APRs, the overlap
between three commonly employed 7z siico methods (CamSol, SAP and
Aggrescan3D) and the hotspot residues identified from the TPBLA evolution

platform were examined.

Briefly, CamSol measures the hydrophobicity, electrostatic charges, and interplay
spatial patterning to identify predicted insoluble residues. SAP is a rational and
simulation-based technique that is based on amino acid hydrophobicity, surface
exposure and the contributions of other amino acids within a preassigned radius.
Aggrescan3D energetically minimises the structure using FoldX, following which the
aggregation is predicted by calculating the intrinsic aggregation propensity, solvent

accessibility, and the effective distance between adjacent residues.

Comparison of the location of the hotspots on a structural model of scFv-WFL
identified using the TPBLA with CamSol, Aggrescan3D and SAP are shown in Figure
3.21. Globally, the mutations predicted from each computational method and the
vivo platform appear to overlap, with the main problematic region forming a large
patch on the surface of the Vu domain of the scFv. This patch correlates with the
hydrophobic interface for aggregation previously identified for IgG-WFL by Dobson
et al** (Figure 3.3).
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Figure 3.21 Structural location of aggregation prone residues. Comparison of a)
evolution hotspots (residues >2 ©), b) structurally corrected CamSol'#4, ¢) SAP'# and
d) Aggrescan3D'#! for scFv-WFL. Insoluble/ageregation prone residues are shown
in red and soluble/non-aggregation prone residues are shown in blue on a surface
model of the protein (created from PDB 5]2749).

The hotspot locations identified by the TPBLA and 7 si/ico methods were further
compared by viewing their position on the primary sequence of scFv-WFL (Figure
3.22 and Table 3.2). Cut offs were applied to each algorithm: for CamSol <-1
indicates insoluble and >1 soluble; for SAP >0.5 is aggregation prone <—0.5 is non-
aggregation prone; for Aggrescan3D >1 is aggregation-prone and <-1 is non-

aggregation prone
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It can be seen that every algorithm detected at least one residue in CDR1 and CDR2
(that forms the large patch shown in Figure 3.21), but the identity of the residues
varied between algorithms. SAP, and to a lesser extent Aggrescan3D, also identified
the third TPBLA hotspot-cluster in CDR3 (Figure 3.22). In contrast to this
agreement, each 7z silico method highlighted additional residues in the Vu not
identified by the TPBLA and no ## silico method detected the residues identified by

directed evolution in the Vi domain.

In total, the three algorithms flagged 26 residues as potential positions that could be
the cause of the aggregation of scFv-WFL (Table 3.2). This included eight of the
twelve hotspots identified by the TPBLA, however, only three of these residues are
highlighted by all three computational algorithms (Figure 3.23).

Computational tool
Residue
CamSol SAP Aggrescan3D
F30 -0.107 2.30
W35 -1.65 2.23
F36 -2.41 0.745 2.87
156
157
159 -1.50 0.71
F62 -1.087 1.10 2.52
1110 0.56
L112¢ 1.67
K18 -0.429 -2.28
N57 -1.98 -0.480
171 0.382 -0.419

Table 3.2 Analysis of hotspot residues using CamSol, SAP and Aggrescan3D.
The numerical score is colour coded based on arbitrary cut-off values for each
algorithm in line with Figure 3.22. Structurally corrected CamSol, +1 indicates soluble
and —1 indicates insoluble; SAP (using a 10 A radius) where values >0.5 and <—0.5

are significant; and Aggrescan3D, where values > 1 and <-1 are significant.
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Figure 3.23 Comparison of aggregation prone/insoluble residues identified by
Camsol, Aggrescan3D and SAP. Residues were identified as aggregation
prone/insoluble from CamSol (output score < -1), Aggrescan3D (> 1) or SAP (>
0.5). VL domain residues are underlined. Residues in bold are those identified as
hotspots using the TPBLA. The number in brackets corresponds to the rank in
aggregation propensity based on the iz vivo growth score when introduced as single

substitutions (see next section).

3.4.4 Screening hotspot mutations

While the amino-acid changes for the residues in the mutational hotspots identified
in section 3.4.2 have been postulated to reduce the aggregation of scFv-WFL, the
relative importance of each substitution remains unclear. To examine the relative
significance of these substitutions and how they relate to 7 sz/zco predictions, single-
residue substitution variants of Pla-scFv-WFL were created by site-directed
mutagenesis to introduce the most common amino acid substitution for each of the
twelve aggregation hotspot residues (Table 3.1). The Bla-scFv-WFL hotspot variants
were then subsequently screened using the TPBLA to determine a rank order of the

hotspot residue mutations (Figure 3.24).
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Figure 3.24 In vivo growth of the twelve hotspot residues in scFv-WFL. The
most frequently observed mutation at each hotspot was introduced into scFv-WFL
as identified in Table 3.1. a) Growth survival curves for each variant. b) Iz vivo growth
scores for each variant as calculated from the data in a. n = 3, error bars represent

s.e.m.

These single substitutions showed two main types of behaviour. The substitutions (in
increasing 7z vivo growth score) L112c¢P, F308S, I59T, 1110T, I57T, W35R and F62S

yielded significantly enhanced growth scores relative to scFv-WFEL. By contrast,
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residues 156V, I71T (V1), F36S, K18E (Vi) and N76D show little effect in isolation.
The small enhancement in antibiotic survival observed for the latter group in
isolation, suggests that these are evolutionary neutral or that these sites may act

synergistically with others.

Although no single substitution was found to match the 7 vivo growth score for scFv-
STT (690 = 8 A.U.), F62S was identified as the highest scoring point mutation,
achieving 91% of this growth enhancement (643 + 27 A.U.). Interestingly F62 was
not previously identified as a problematic residue for the rational re-design of scFv-
WFL (see section 3.3.1). In light of this observation, it is also notable that though
W35R (mutated to S in STT) had the second greatest growth score (590 = 14 A.U.),
F36 (mutated to T in STT) had little effect in isolation (scores for WFL and F36S
were 172 £ 53 and 250 £ 9 A.U,, respectively).

Ranking these variants by 7z vivo growth score does not improve the correlation with
the residues predicted to be problematic by z silico methods. For example, only three
residues (F36, 159 and F62) are flagged by all three computational methods, yet these
vary considerably in the effect (ranked 10th, 5th, and 1st, respectively (Figure 3.23)).
It should be noted, however, that the TPBLA cannot identify the optimal residue (and
hence largest growth score) for each hotspot, due to the limitations of epPCR for
library synthesis (Section 1.6.2.3).

One way to overcome this caveat could be to implement the computational
algorithms following the identification of mutational hotspots to perform site
saturation mutagenesis 7z silico to identify the optimal residue to introduce at this
position. To investigate this possibility, residue F62 (that upon mutation to F62S has
the highest 7z vivo growth) was mutated to each of the 19 amino acids 7 silico. These
variants were screened using CamSol, Aggrescan3D and FoldX to predict the change
in solubility, aggregation, and stability relative to WT scFv-WFL. This i silico
screening identified that F62S introduced through evolution is predicted to enhance
the protein solubility (Figure 3.25a), but has no effect on the aggregation propensity
as determined by Aggrescan3D (Figure 3.25b), and may cause destabilisation of the
protein (Figure 3.25c). The majority of the 19 mutations introduced enhanced the
solubility as determined by CamSol, but in doing so, most mutations reduced the
stability of the protein, suggesting that this position has a fine balance between
stability and solubility?’2. The site saturation 7z silico screening would suggest that
introducing residues D, N, K or R may have the greatest overall enhancement in
solubility and reducing aggregation (Figure 3.25). Interestingly, these four residues
were not available from one DNA base change and hence not observed during

evolution (see Table 3.1).
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Figure 3.25 In silico site saturation mutagenesis of F62. Residue F62 in scFv-
WFL was mutated to every other 19 amino acids 7 silico and was screened by a panel
of computational techniques. a) CamSol prediction of the overall intrinsic solubility
of the protein (positive ACamSol score = improved solubility relative to WT). b)
Aggrescan3D  prediction of aggregation propensity of the protein (negative
AAggrescan3D = reduced aggregation). c¢) FoldX stability prediction (positive AAG
= reduced stability). d) Structural location of F62 on scFv-WFL model (made using
PDB 5]Z74).
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3.5 Discussion

Studying protein aggregation is a time consuming and costly challenge during the
development of biopharmaceuticals, hence there is a drive to identify problematic
sequences as early as possible during development. Identification of aggregating
sequences can be a challenging due to the APRs being buried in the protein structure
and unfolding may be required for aggregation to occur. Aggregation may only be
detected during the later stages of development due to the manufacturing stresses the
protein endures that increase the risk of protein misfolding and aggregation,

compromising the quality and safety of a drug product.

Despite the range of techniques employed during lead isolation and optimisation
(discussed in Section 1.5) biologic developability remains a significant obstacle to the
delivery of drug candidates to the clinic?. It is often necessary to purify a large number
of highly avid and specific candidates to identify which to take forward for further
development. The work presented in this chapter presented shows how the TPBLA,
that directly links aggregation-propensity to a phenotypic read out of antibiotic
resistance, could be employed following binding selection to filter aggregation-prone

candidates.

The TPBLA has many advantages over current methods employed to investigate
protein aggregation. Firstly, it removes the need to purify often difficult to handle
proteins prior to analysis, facilitating the screening large numbers of variants. In
contrast to other 2 vivo systems for studying protein aggregation??6-273274 the fusion
proteins are expressed in the oxidative periplasm of E. e/, allowing the correct
formation of the disulfide bonds found in IgGs and their derivatives. Most
importantly, no perturbant such as increased temperature, pH or chemical denaturant

is used to accelerate aggregation.

The work highlights the broad applicability of the TPBLA to distinguish between
aggregation-prone and aggregation-resistant sequences by its application to three pairs
of different protein scaffolds, with different mechanisms of aggregation. The TPBLA
requires no structural or functional knowledge and is therefore useful for early stages

of development when there is no prior knowledge of the POL

As the biopharmaceutical sector is dominated by mAbs*, this chapter (and
subsequent work in this thesis), further focused on how the TPBLA can applied for
the use of IgGs. To ensure the assay was sensitive to study mutational variants that
differ by just small changes in sequence, single- and double- mutations of scFv-WFL
through to scFv-STT were investigated. The results showed that W35S is largely

responsible for the aggregation resistance of scEFv-STT. Importantly, the results of
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each scFv variant produced a striking correlation with the aggregation of the full-

length IgG, variant as determined by the retention time from HP-SEC.

In addition to screening for aggregation-prone or aggregation-resistant sequences the
TPBLA was developed as an evolution platform to identify aggregation prone
residues within scEFv-WFL. The decision to perform the evolution platform on solid
agar instead of in liquid culture was reached from the results obtained from measuring
the expression levels and enzyme activity in liquid culture. This identified that the
expression levels of the construct correlated with the enzymatic activity of B-
lactamase, but not with the trend observed from the TPBLA, and hence liquid

screening may not provide a suitable indication of IgG aggregation.

The library created by epPCR was estimated to have 1.3 x 10° mutants, this is however
expected to be lower as it is unlikely that every colony contained a unique clone. The
validity of the library used is therefore unknown without sequencing every colony. A
further limitation to library synthesis by epPCR is that only a small sample of
mutations to each residue are accessible with one or two base pair mutations to the
codon whilst maintaining a low mutation rate. To overcome both of these limitations
a deep mutational scanning approach could be employed whereby a library is
generated with site-saturation mutagenesis throughout the sequence in combination

with next generation sequencing?’>-277.

The results from screening a library of mutants at a higher concentration of ampicillin
that scFv-WFL could grow at identified 315 colonies. The sequencing of these
colonies revealed mutational hotspots within the protein sequence, that are
presumably the residues that contribute to the aggregation of in scFv-WFL.
Unsurprisingly, given their importance in determining epitope binding affinity, the
majority of hotspot residues identified are located in, or close to, the CDRs. The
crystal structure of the IgG-WFL parental antibody (MEDI578), in complex with its
ligand*® shows that the CDR3 is most important for binding, with 13 residues out of
a total 22 making contacts to NGF, whereas only 6 of the 16 in CDR1 and CDR2
have any direct interaction with NGF. Since the largest mutational hotspots occur
within CDR1 and CDR2 it is possible that the binding affinity for NGF may be

retained, which is investigated in Chapter 4.

In addition to the presence and location of the hotspots, analysis of the substitutions
made may also be informative to begin to understand what characteristic drives
selection. Here, for example, ten of the twelve hotspot residues were
hydrophobic/aromatic in nature, and all were substituted with more hydrophilic
residues, consistent with the mechanism for aggregation being driven by the

hydrophobic patch on the protein surface*. In the future, this directed evolution
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platform may allow for the rational design of inherently manufacturable IgGs, by

identifying target residues to mutate to reduce the aggregation potential.

Although 7n silico tools are currently used to guide rational design, this chapter shows
that these algorithms yield different predictions, making the identification of the key
residues to target by rational engineering difficult using a multi-algorithm approach,
highlighting the power of using evolution to find solutions to the problem of
aggregation.

To counter the disagreement of the computational algorithms, machine learning
could be employed to develop a novel 7 silico screening method to identify a novel
metric for developability. For this, a large dataset of negative and positive selections
would need to be collected that comprises of a diverse range of IgG1 sequences.
Furthermore, to develop a valuable dataset for machine learning, it is key to have a
suitable platform that screens the property for which the algorithm is to be developed
for. The work in this chapter demonstrates that the TPBLA would be successful for
this approach.

In summary, the data presented in this chapter demonstrates the broad utility of the
TPBLA for screening protein aggregation early during biopharmaceutical
development. The strong correlation between 7 vivo aggregation propensity as an
scFv and the 7 vitro aggregation propensity as an IgG validates the use of the TPBLA
for screening a large range of mutational variants before candidate selection for IgG
expression and purification. Moreover, development of a directed evolution platform
allows the residues that cause aggregation to be pinpointed (and substituted), which
could be used to guide rational design experiments or could be used to improve or

design computational algorithms.
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Chapter 4

Evolution of aggregation resistant antibodies

4.1 Objectives

In Chapter 3, a mutant library was utilised to identify evolved sequences of scFv-WFL
that could grow under an increased selection pressure. This determined a sequence-
aggregation profile of scFv-WFL, that highlighted the residues predicted to be
aggregation prone. The next aim of this thesis is to investigate the behaviour of the
evolved scFv-WFL sequences iz vivo and to characterise the extent to which the
evolved variants have improved the biophysical properties of IgG-WFEL 7 vitro. This
chapter also aims to investigate the general applicability of the platform for the
evolution of aggregation resistant antibodies, through evolution of a second IgG with

a different mechanism of aggregation.
4.2 Directed evolution of biopharmaceuticals

The first law of directed evolution “you get what you screen for” is an important
consideration for establishing a screen for selection that reflects the desired result
from the experiment?’s. Previously, as discussed in Section 1.6.2.3, most directed
evolution screens for biopharmaceutical development have focused on evolving
enhanced solubility??8, increased thermal stability?”® or heat- or acid- induced
aggregation??231, These approaches usually employ arbitrary methods to destabilise
the protein, that may not reflect the inherent partial or full unfolding of the protein?s.
Moreover, as no singular property drives biopharmaceutical aggregation (Section 1.4),
the lack of a suitable screen has prevented the optimisation of biopharmaceuticals for

resistance to innate aggregation by directed evolution until now.

Irrespective of the evolution method employed, identified variants need to be purified
tor 7n vitro analysis to ensure the enhanced property has indeed been selected for. One
advantage of the 7z wiwo platform presented in Chapter 3, is that the sequences
identified from the initial directed evolution experiment can be further assayed using
the TPBLA in the 48-well plate format. The results from this secondary screen allow
a greater insight into the aggregation resistance of the clones identified from the
numerical score calculated for each variant in contrast to the simple live/dead screen.
Ultimately this may be useful at screening hits from evolution and reducing the
number of candidates to take forward for purification and 7z vitro biophysical analysis

as an IgG.
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4.3 Screening evolved sequences i vivo

Screening of the mutant library in Chapter 3 identified 315 colonies that could grow
under the 80 pg/mL ampicillin selection pressure. 185 of these variants were selected
at random and subjected to a full zz vivo growth assay (Section 2.3) to verify that
selection at 80 pg/ml ampicillin did engender greater antibiotic resistance for each
individual clone. To allow the sensitivity of the evolved variants to be compared, the
area under the curve was calculated to produce a rank order of the mutant scFv-WFL
clones. This approach allows both the best variant to be identified, which in an
industrial setting could be taken forward for further development and, by comparing
aggregation-phenotypes across the rank, to begin to assess the relationship between

sequence and self-association.

15004
1250
1000

750+

In vivo growth (A.U.)

500+

1

WFL STT
Mutant

Figure 4.1 Full TPBLA assay of scFv-WFL variants. Ranked 77 vivo growth score
of 185 evolved variants (grey bars). Bla-scEv-WFL (putple) and Pla-scFv-STT (green)

error bars represent s.d. n = 16 biological repeats.

The 7n vivo growth assay showed that 181 of the 185 variants had enhanced growth
relative to Pla-scFv-WFL, with twelve having superior growth to the rationally
engineered aggregation-resistant STT. Analysis of the sequences with enhanced
growth over scFv-STT is highlighted in Table 4.1. Of note, every sequence contains
a mutation of at least one of the twelve hotspot residues in Chapter 3, further
validating that indeed these residues are important for the improved aggregation

resistance of scFv-WFL mutants.
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Interestingly, clone 132 contains only hotspot mutations (F36L (Vm), I56T (Vh),
I110T (Vu), K18N (V1)). As identified in Chapter 3, mutations to residues 156, F36
and K18 did not significantly enhance the 7z vzvo growth of scFv-WFL (although this

this may be dependent on the residue substitution), and 1110T mutation enhanced
the antibiotic resistance of scFv-WFL from 1725 £ 53.2 to 530 + 153 A.U.

Remarkably, as identified here, the combination of mutations to these four residues

enhanced the iz vivo growth to 1120 A.U., suggesting possible synergy between these

residues. Accordingly, F36S and I110T are present together along with two other

mutations, to produce the best screened clone identified by the TPBLA suggesting

that these mutations may indeed have an additive effect.

Clone | In  vivo | Mutations
ID growth
(A.U)

130 1000 T29A (Vu), I57T (Vu), L64H (Vi)

147 11000 | T29A (Vi), W35R (Viy), T125A (Vi)

163 1000 V12A (Vh), I57T (Vi), K51R (Vr), N57S (V1), S69P (V)

96 1040 S26G (Vu), W35G (Vi)

105 | 1040 | QIR (Vi), S26G (Vi), T29A (Vi), W35R (Viy), F62S (Vir), Q6P (Vi),
NG5S (Vi)

16 1120 | I36S (Viy), F62S (Vii), VTA (Viy), F118I (Vi)

66 1120 | V2A (Vi), K14R (Vi), [36S (Vir), Q48R (Viy), L6AP (Viy), I78F (Vi)

134 1120 E30S (Vu), G55S (Vu), L64P (Vi)

132 | 1140 | F36L (Vi), I56T (Viy), [110T (Viy), KI18N (Vi)

114 [ 1180 | F30S (Vi), 157N (Vi), S2G (Vi), T92A (V)

140 | 1220 | V5A (Vi), K20A (Vi), F30S (Vi), G49A (Vi), F62S (Vi), L111bS
(Vi), N111cI (Vi), VITA (V1), N36D (V1), S114G (Vi)

139 1300 S26G (Vu), F36S (Vu), I110T (Vi), S86T (V)

Table 4.1 Sequence analysis of evolved mutants that outperformed scFv-STT

in the TPBLA. Residues in purple are those identified in WFL evolution hotspots.
Residues underlined are W35, F36 or L.64 from WFL.
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4.3.1 In silico screening in comparison to TPBLA

It has previously been suggested 7 silico screening could be employed during lead
candidate selection, using algorithms such as CamSol or Aggrescan, to rapidly screen
mutant library sequences to rank protein variants according to their solubility or
aggregation propensity!4%144-146_Therefore, the intrinsic solubility (CamSol) and the
amino-acid aggregation propensity value sequence average (a’vSA, Aggrescan) of
each variant screened using the TPBLA was calculated and compared to their i vivo
growth score (Figure 4.2). The analysis identified a poor correlation between the value
obtained from TPBLA with both CamSol (Figure 4.2a, R? = 0.08) and Aggrescan
(Figure 4.2b, R? = 0.04). This poor correlation is potentially due to the nature of the
TPBLA to screen for multiple limiting factors, such as solubility, aggregation, stability,
and expression, which may not affect the calculation of the 7z siico CamSol or
Aggrescan score. In contrast to this, both CamSol and Aggrescan showed a higher
correlation relative to that observed for each tool with the TPBLA (Figure 4.2¢, R?2=
0.325).

Despite the lack of correlation between the TPBLA and the 7 siico methods, it was
observed that many of the evolved sequences have enhanced solubility and reduced
aggregation. As determined by CamSol, 180 sequences had improved solubility over
scFv-WFL, and 48 of these variants displayed a higher intrinsic solubility score than
scEFv-STT (higher score = increased solubility). Likewise, 58 sequences had an a3vSA
value less than or equal to scFv-STT (negative value = reduced aggregation).
Interestingly, the 4 clones that had 77 vivo growth lower than scFv-WFL in the TPBLA
had enhanced solubility and reduced aggregation 7z silico and thus their poor 7 vivo
growth may be due to an overriding destabilising factor. Taken together, this analysis
identifies that TPBLA may be a better alternative to 7 silico screening for lead
candidate selection due to its ability to screen for multiple factors and hence therefore

may be a better representation of the 7 vitro biophysical properties of IgGs.
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Figure 4.2 In silico screening of 185 scFv-WFL variants. Protein sequences were
screened and compared to TPBLA values. a) CamSol intrinsic solubility scores (higher
value = enhanced solubility) plotted versus 7z vivo growth score. Linear regression R?
= 0.08. b) Aggrescan amino acid aggregation propensity value sequence average
(a’vSA) (lower value = lower aggregation propensity) plotted versus 7z vivo growth
score. Linear regression R? = 0.04. ¢) CamSol intrinsic solubility plotted versus
Aggrescan amino acid aggregation propensity. Linear regression R? = 0.325. For all
graphs, purple square denotes scFv-WFL value, green square represents scEv-STT,
and grey dots indicate mutational variants. The dashed lines highlight the 7 si/ico value
tfor scFv-WFL (purple) and scFv-STT (green) for each computational tool.

4.3.2 Identification of variants for biophysical analysis

To further investigate whether the 7z vzvo growth score for the evolved scFv variants
also correlates with reduced aggregation propensity within an IgG1 scaffold, ten
variants that spanned the rank order were selected to convert to IgG1 molecules. To
identify a range of sequences to take forward, the standard deviation of the replicate
error of Pla-scFv-STT (n = 16, s.d. = 130) was utilised. Starting with the best

performing clone, 139, further variants were selected sequentially across the rank by
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selecting the next variant with an 7z vivo growth score separated by one standard
deviation (130 A.U.) from this value.

If for this value there was a range of sequences that have the same 7 vivo growth
score, the variant with the fewest substitutions (relative to WFL) was selected. This
identified 8 variants: 11, 176, 59, 72, 126, 130, 16 and 139. Two further sequences (37
and 128) were selected to increase the number of sequences to study that retain the
original WFL residues (W35, F36 and 1.64) yet had improved 2 vivo growth score.
The identity of each of the substitutions for these variants are shown in Table 4.2.

1500
12504

10004

7509

500

250

In vivo growth (A.U.)
12—

WFL
1
176:
37
12:
72:
128:
130
STT
16:
139

Mutant

Figure 4.3 Selection of sequences to take forward. Eight vaiants (blue bars) were
selected based on their iz vivo growth seperated by the standard deviation of scFv-
STT (130 A.U.). Two further variants (cyan bars) were selected that did not contain
mutations to W35, F36 and 1.64.
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Variant Mutations

11 QGR (Vi), T112bA (Vi), S22P (V1), 191V (V1)

176 QOR (Vh)

37 Q6P (Viy), I59T (Viy), S26P (V)

59 W35R (Vi), VA2A (Viy), VI6A (Viy), I54T (Vi), D74G (Vi)
128 Y112D (Vn), KI8E (Vi), L45P (V1), T48A (V1)

72 F30S (Vi), I56T (Vip), E97D (Vip), D116G (Viy), N36D (Vi)
126 I50F (Vi), F62S (Vi)

130 T29A (Vw), I57T (Vn), L64H (Vu)

16 F36S (Vi), F62S (Via), V8TA (Vir), F118I (Vi)

139 S25G (Vi), 368 (Viy), I110T (Vis), S86T (Vi)

Table 4.2 Identity of amino acid substitutions within the ten evolved IgGs.

Sequences are ordered in increasing 7 vivo growth score. Residues W35, F36 and L64

from scFv-WFL are underlined. Residues in purple are those identified in WFL

evolution hotspots.
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The location of each of these mutations (Figure 4.4) are spread across the whole
protein sequence. Although most mutations occur within the CDRs of the Vu
domain, mutations are also introduced within the framework of the Vi domain. Seven

of the ten sequences also contain at least one mutation within the Vi, domain.
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Figure 4.4 Location of substituted residues. Circles show the location of the
amino acid substitutions of each of the ten evolved variants relative to the mutational

frequency graph of the scEFv-WFL evolved library.

A full TPBLA was performed on each variant in a single experiment (Figure 4.5) to
ensure reproducibility of the trend obtained previously (Figure 4.1) before cloning

into expression vectors for the purification as IgG1 molecules.
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Figure 4.5 In vivo growth of selected scFv variants. Ten variants were selected for
in vitro characterisation based on their iz vivo growth. a) MCD growth curves of ten
evolved scFv-WFL mutants and b) Iz vivo growth scores calculated from the area

under the curve of values from a. Error bars represent s.e.m. (n = 3).
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4.4 In vitro characterisation of evolved proteins

Introducing substitutions into a protein sequence can have an effect on a wide range
of biophysical characteristics, such as the functional properties, stability and
aggregation propensity?8l. To demonstrate that the zz vivo growth score for these
directed evolution variants correlate with improved biophysical properties, iz vitro
characterisation of each IgG was next investigated. The Vi and Vi domains were
codon optimised for eukaryotic expression and cloned into human TM-YTE IgG1
heavy and light chain expression vectors?®? for expression in HEK293 mammalian
cells, from which the IgG was purified from culture medium using Protein A

chromatography.

As described in Section 1.5 a plethora of techniques are currently employed to study
the biophysical properties of lead candidates zz vitro®®153. Here, the molecules were
studied for the effect that the mutations have had on the aggregation of IgG-WFL,
along with the stability of the protein.

4.4.1 Aggregation

In Chapter 3, the non-specific interactions of IgG-WFL and IgG-STT was
determined using HP-SEC. Briefly, IeG-WFL displayed an asymmetric elution profile
with a longer retention time than expected (based on monomer mass), due to non-
specific interactions with the column matrix. Consequently, the retention time for the
evolved IgG variants were compared to assess the non-specific interactions (Table
4.3). The retention times highlight that IgG-WFL has the longest retention time (15
mins) and the evolved variants displayed shorter retention times, presumably due to
a reduction of non-specific interactions. The area of the elution profile of the
monomer peak can also be used to determine the percent monomeric species in the
sample. Interestingly, there was no simple correlation between 7 vivo growth score
and monomeric population. Despite this, the sequences that behaved similarly or
better 7z vivo to the aggregation resistant scEFv-STT (130, 16 and 139), had high levels
of monomeric species and retention times expected for the monomeric IgGl
molecular weight (Table 4.3).
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IgG variant | Retention time (mins) | % Monomer
WFL 15 ND
11 121 85.7
176 10.4 ND
37 12.3 ND
59 12.3 87.7
128 10.1 52.7
72 10.3 33.3
126 9.7 48.5
130 9.9 90.5
STT 9.8 98
16 8.5 96.9
139 9.3 98

Table 4.3 Retention time and percent monomeric species of evolved IgGs
determined by HP-SEC. The variants are listed in ascending 7z vivo growth. The
monomer peak retention time for each variant is listed. The area of the monomer
peak was calculated to determine the % monomer species. ND = not determined

from the elution profile.

It was previously shown in Chapter 3 that the retention times of single and double
substitutions to IgG-WFL correlated with the enhanced bacterial survival for each of
the scFv constructs in the TPBLA. Therefore, the retention times for each evolved
IgG was overlaid with its 7z vivo growth score as an scFv to see if a similar trend is
observed from directed evolution (Figure 4.6). Once again, it was found that the
scFvs with low 7x vivo growth scores (high inferred aggregation propensity) had higher
retention times suggesting non-specific interactions with the column matrix. Whereas
the evolved variants with high 7z vivo growth (low inferred aggregation) had retention
times expected for the monomer mass, producing an inverse correlation between the
B-lactamase-scEv 7z vivo growth score and the IgG retention time, analogous to that
identified in Chapter 3.
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Figure 4.6 HP-SEC retention times of evolved IgGs. HP-SEC retention time
(pink dots, right y axis, longer times indicate greater interaction with column matrix).
These data correlate inversely with 7z vivo growth score (grey bars represent mean

values, error bars represent s.e.m. n = 3 technical repeats).

To measure the self-association of the evolved mAbs, affinity-capture self-interaction
nanoparticle spectroscopy (AC-SINS) was used!®>108:169, This method utilises gold
nanoparticles that are coated with ‘capture’ antibodies that bind to the Fc region of
human antibodies. When a solution of the test antibody is added they rapidly become
immobilised through conjugation to the gold nanoparticles via the capture anti-Fc
antibodies. If the test IgG has an increased propensity to self-associate, this causes
the antibodies to attract one another, resulting in clustering of the gold nanoparticles.
This can then be detected by spectroscopy, through measuring the red-shift of the
plasmon wavelength (wavelength of maximum absorbance), as clustering results in

shorter interatomic distances and longer absorption wavelengths (Figure 4.7).
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Figure 4.7 Schematic of AC-SINS. Gold nanoparticles are coated with ‘capture’
antibodies (green), that bind to the test IgG (blue = IgG with low self-association and
red = IgG with high self-association) via binding to the Fc region. Test IgGs with low
self-association remain dispersed in solution (blue). Test IgGs with high-self
association will attract and reduce the interparticle separation distances. The
interparticle separation distances (which is reduced upon mAb self-association) is
detected via measurements of plasmon wavelength (wavelength at maximum

absorbance). Red shifted wavelengths correlate to attractive self-interactions.

The results from AC-SINS identified three groups of behaviour within the antibodies:
those that highly self-associated (WFL, 11, 176, 37 and 59), an intermediate
performing group (128 and 72) and then those with reduced self-association (126,
130, STT, 16 and 139). Again, overlaying these results with the 7z vivo growth scores
from the TPBLA identified an excellent correlation between the magnitude of red-
shift in AC-SINS and the enzymatic activity in the TPBLA (Figure 4.8).
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Figure 4.8 AC-SINS of evolved IgGs. AC-SINS (blue squares, right y axis, larger
plasmon shifts correlate with greater self-association. n = 3 technical repeats). These
data correlate inversely with zz vivo growth score (grey bars represent mean values,

error bars represent s.e.m. n = 3 technical repeats).

4.4.2 Stability

Proteins tolerate narrow ranges of stability and aggregation??. As some residues are
important for both properties, changing the identity of the amino-acid at these
positions can simultaneously affect each characteristic?®!. Since the TPBLA was
initially developed to identify thermodynamically stabilising mutations 7 viv0**?, the
evolved IgGs from this study were also examined for any changes in thermostability
(Figure 4.9 and Table 4.4).

Differential scanning fluorimetry (DSF) was employed to measure the temperature at
which the Cpy2 (Twml) and the Fab (Tw2) domains of the IgG unfold!65166284 The
protein is denatured by increasing the temperature of the solution in the presence of
a fluorescent dye, SYPRO Orange. An interaction with a hydrophobic surface
increases the quantum yield of the dye?$4. As the protein unfolds, buried hydrophobic
regions of the protein become exposed resulting in an increase in the fluoresce signal,
from which the transition temperatures can be calculated?4. The higher the Tm, the
higher the thermal stability and therefore the protein is less likely to spontaneously

unfold which may cause an immunogenic response.

The first unfolding transition (Tm1) was found to be similar for all IgGs (~56 °C),
suggesting that the mutations do not have any allosteric effects on protein stability
(Figure 4.9 and Table 4.4). The second unfolding transition (Tm2) revealed that the
sequences with high 7z vivo growth score, maintained or slightly improved the Tm in

comparison to WT (73 °C), (Figure 4.9 and Table 4.4). Variants with lower i vivo
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growth score (11, 176 and 37) had the stability of the Fab domain reduced by ~10 °C
in comparison to IgG-WFL. Additionally, for variants 59 and 72, no Tm2 was detected
by the fluorescence emission, suggesting that the Fab unfolds at the same time as the
Cu2, and therefore the mutations have greatly impacted the stability of these two
proteins. Both IgG-59 and IgG-72 contained the greatest number of mutations of all
the evolved variants studied (five each, Table 4.2). This enhanced sequence variation
could be the basis for this change in stability, highlighting the need to keep mutation
rates low. Overall, no correlations can be drawn between 7z vvo growth score and
stability, presumably because self-association is responsible for the poor biophysical

behaviour of IgG-WFL, and its aggregation is not driven by thermodynamic stability.
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Figure 4.9 Thermal stability of evolved IgGs. Differential scanning fluorimetry
(DSF) measurements of IgG-WFL, IgG-STT and the ten evolved variants selected
for study. Graphs are arranged by increasing zz vzvo growth assay score from top left
to bottom right. Triplicate biological repeat data are presented as first derivatives of
fluorescence units (RFU) versus temperature (°C). The Tr, values of IgG-WFL (56 °C
and 73 °C) are shown on all plots as dotted lines to enable comparison of the data to
WT. The Twm values for each are also listed in Table 4.4. Data provided by Janet

Saunders (AstraZeneca).
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IoG Tl (°C) Tw2 (°C)
WFL 56.1 £ 0.1 72.9 % 0.1
11 57.4 £ 0.0 61.3 % 0.1
176 51.5 0.2 62.8 £ 0.0
37 56.7 £ 0.2 64.6 £ 0.0
59 57.3 £ 0.1 *
128 54.1 £ 0.1 72.4 % 0.0
72 552 % 0.0 *
126 56.7 £ 0.1 62.1 % 0.1
130 56.4 0.2 72.4 % 0.0
STT 56.3 £ 0.1 74.8 £ 0.0
16 56.8 £ 0.0 67.2 % 0.0
139 56.8 £ 0.0 73 £ 0.0

Table 4.4 Melting temperatures of evolved IgGs. Thermal stabilities of IgG-WFL,
IgG-STT and their variants showing transition mid-point temperatures (IT'm1 and Tm2)
from first and second peaks of first derivative DSF measurements. Errors represent
s.d. (n = 3 biological repeats). * = a single transition temperature detected. Thermal
unfolding profiles for each variant are shown in Figure 4.9. Data provided by Janet

Saunders (AstraZeneca).

4.4.3 Binding affinity

Protein engineering and evolution for enhanced expression, increased stability or
reduced aggregation can often impede on the functional activity of the protein?%>. The
application of the TPBLA in this context only includes a single selection pressure for
reduced aggregation and thus there is the potential for loss of activity, akin to
activity/stability trade-offs2™.

To assess this possibility, a homogeneous time resolved fluorescence (HTRF)286.287
epitope competition assay was employed to establish the relative affinity of each IgG
to the cognate antigen, NGF (Figure 4.10). The assay determines the affinity by
measuring the reduction in binding of NGF to DyLight650-labelled IgG-WFL in the
presence of increasing concentrations of test IgG. The binding of DyLight650-IgG-
WFL to NGF is detected by FRET between streptavidin Europium cryptate (which
binds the biotinylated NGF) and the DyLight650 label. The decrease in FRET signal
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can then be used to calculate an inhibitory concentration (ICso) value for each test
IeG.

Dylight
FRET Emission I9G-WFL
@)
. Dylight .
Europium Europium
cryptate cryptate
- lgG-WFL . " Test IgG

Excitation Excitation

Figure 4.10 Schematic representation of the homogenous time-resolved
fluorescence assay. a) Europium cryptate binds to biotinylated NGF (green).
Binding of IgG-WFL (purple) is detected through excitation of europium cryptate
and FRET to the Dylight conjugated IgG-WFL. b) The relative affinity of IgG
variants (pink) is established by measuring the inhibition of NGF binding to Dylight
IgG-WFL.

The results showed that all of the evolved IgGs maintained their affinity for NGF
(Figure 4.11 and Table 4.5), with all constructs having higher affinity to NGF than
MEDI578 (the parent antibody prior to affinity maturation to IgG-WFL#). It was
observed that four out of the ten evolved IgGs (11, 176, 37 and 59) had improved
affinity for NGF over IgG-WFL, whereas the remaining six had slightly lower
affinities to IgG-WFL (363 £ 2.4 pM), with Ig(G-126 having the largest reduction
(5.33 nM) to the affinity of IgG-WFL to NGF (Table 4.5).
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Figure 4.11 Binding affinity of evolved IgGs to NGF. Data used to calculate the
ICs0 values for binding of the ten evolved variants in an IgG1 format to NGF using
a HTRF assay. I1Cso values calculated are shown in Table 4.5. IgG MEDI578 is the
parent antibody subjected to affinity panning which generated IgG-WFL. Isotype’ is
a negative control antibody is non-specific to NGF. Data represent mean values, error

bars represent s.d. n = 3 technical repeats.
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Evolved ICso (pM)
construct (IgG)
11 251+ 4.8
176 201 £ 6.4
37 136 £ 3.1
59 177 £ 5.9
128 1413 £ 4.2
72 1911 £ 2.0
126 5693 £ 4.5
130 2063 £ 3.2
16 935+ 2.6
139 649 £ 6.9
WFL 363 £ 2.4
STT 573 £ 4.0
MEDI578 36760 £ 2.8

Table 4.5 ICso values of evolved IgGs binding to NGF. Values measured using
an epitope competition assay (Figure 4.11) (n = 3 technical repeats, error = s.e.m).
IgG MEDI578 is the parent antibody subjected to affinity panning which generated
IeG-WFL.

Importantly, all IgGs retained their functional activity whilst simultaneously reducing
the aggregation propensity to various extents. No correlation is observed between the
ICs0 and the 7# vivo growth score (Figure 4.12). In Chapter 3, it was postulated that
the IgGs would retain their affinity for NGF, as the majority of the evolution hotspots
reside in the Vu CDRs 1 and 2, and not in CDR3 which is important for function.
From the evolved sequences analysed in this study, only four clones contained
mutations in the Vyu CDR3 (Table 4.2, sequences 11, 128, 72 and 139, CDR3 =
residues 105-117 IMGT numbering), however these mutations had minimal effect on
their affinity for NGF.

143



Evolution of aggregation resistant antibodies

12501 + 6000

® 3
—~ T
> 1000 L
< -
= F4000  —
S 750 O
E T ™ g
= =
S 500- =
S of| | |® 2000 =
> .
£ 250- H o

Y ®
[ J
R

Figure 4.12 Comparison of in vivo growth scores and ICs values. I vivo growth
scores of Bla-scFv-WFL variants (bars), error bars indicate s.e.m (n = 4 biologically
independent experiments) overlaid with ICso values (maroon circles). Error bars for

the ICs values are smaller than the symbol (n = 3 technical repeats).

4.5 Directed evolution of an IgG with a different mechanism of

aggregation

To assess the general applicability of the TPBLA for the evolution of aggregation
resistant antibodies, a second test IgG scaffold was selected. Ig(G-Li33 was originally
isolated as a Fab using phage display to screen against the glycoprotein LINGO-1188,
Inhibiting LINGO-1 aims to restore the repair of damaged myelin as a potential
therapeutic for multiple sclerosis?®. The antibody isolated had high affinity and high
bioactivity, however it was found to exhibit glycosylation-dependent aggregation and
poor solubility!®8. It was found that switching the IgG framework dramatically
enhanced the solubility (i.e., 0.9, >50 and >30 mg/mL when expressed as [gG1, IeG2
and IgG4, respectively) 8. This suggests that, in contrast to IgG-WFL, aggregation of
IgG-Li33 is mediated via CDR-framework interactions.

4.5.1 Comparison of mutation frequency profiles for evolved antibody

fragments

In order to understand whether the mutation frequency profile for scFv-WFL was
specific for this Fv sequence or reflected innate frustration of the Ig-fold itself,
directed evolution was performed on scFv-Li33. Using an identical procedure to that
described for WFL in Chapter 3, a library of 1i33 variants inserted between domains

1 and 2 of B-lactamase was created (estimated to be 1 x 106 mutants) and the colonies
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selected at 140 pg/mL ampicillin (see inset of Figure 4.15 for the # vivo growth curve
of Li33).

The resultant mutational frequency profile from 140 DNA sequences contrasts
markedly with that for WFL (Figure 4.13). Only three residues, F30 and 136 in Vu
(most commonly substituted with S or T, respectively) and L53 in Vi (most
commonly substituted with P), exhibited substitution rates greater than two standard
deviations higher than the mean. The diversity of the profiles for Li33 and WFL is
remarkable, given the similarity of their framework regions (66.5 % similarity and
48.2 % identity (Figure 4.14)). The mutation hotspots identified for each IgG is
therefore unlikely to be due to the innate frustration of the Ig-fold but instead
indicative of their different aggregation mechanisms: aberrant CDR-CDR (IgG-WFL)
and CDR-framework (IgG-Li33) interactions.
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Figure 4.13 Mutation frequency profiles of evolved antibody fragments. a)
Mutational frequency of the screened scFv-Li33 library identifies only three residues
with a mutational frequency >2c. b) The mutation frequency profile of scFv-WFL
(Chapter 3). Variable heavy and light chain domains are labelled, and the grey boxes
highlight the CDRs. Residues are numbered using IMGT numbering.
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Figure 4.14 Sequence alignment of IgG-WFL and IgG-Li33. CDRs are
highlighted in orange. Dash ‘-’ represents conserved residues between the two
sequences. Dashes within the IgG-WFL sequence denote IMGT numbering gaps
(calculated using ANARCI server?).

4.5.2 Screening evolved Li33 proteins

Out of the 140 colonies that grew under the 140 pg/mL selection pressure, 66 were
randomly selected and subjected to a full 7z vivo growth assay (Figure 4.15). This
identified that 64 of sequences had enhanced 7z vivo growth relative to WT Bla-scFv-
Li33. However, it is unknown what evolutionary pressure the scFvs have been
selected for since the solubility of Ig(G-Li33 depends critically on the IgG scaffold,
yet the TPBLA uses scFv sequences and so cannot detect the aberrant CDR-
framework interactions that occur in the IgG format. To investigate this, sequences
were selected for iz vitro analysis in an IgG1 scaffold as this was the scaffold with the
lowest solubility for IgG-Li33. Three variants were selected for this analysis, Y88D
(Vh) the variant with a single point mutation with the highest 7z vivo growth score
identified during screening (Figure 4.15), along with I36T (V) and L53P (V1), two of
the mutation hotspots identified (Figure 4.13) that had enhanced growth measured in
the TPBLA (Figure 4.15).
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Figure 4.15 Full TPBLA assay of evolved scFv-Li33 variants. [» vio growth
scores of 66 evolved scFv-Li33 variants. Wild-type scFv-Li33 together with the
frequently mutated ‘hotspot’ residues L53P (V1), I36T (Vh) and the highest scoring
single point mutation, Y88D (Vu) are highlighted. The full /# vivo growth curve for
wild-type Bla-scFv-Li33 is shown inset. Etrror bars = s.eem (n = 3 independent

experiments).

Since the evolved sequences were selected in an scFv format, it was postulated that
the variants had enhanced stability, as was previously observed for the soluble
globular protein Im7 using this assay?#2. To test this theory, the thermal stability of
the IgGs was measured using DSF (Figure 4.16 and Table 4.1). Surprisingly, no
significant changes in thermal stability were detected between the wild-type and
evolved IgG-Li33 variants.
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Figure 4.16 Thermal stability of IgG-Li33 and three evolved variants. DSF
measurements for a) WT IgG-Li33, b) IgG-Y88D (Vu), ¢) IgG-136T (Vu) and d)
IgG-L53P (V1). Data are presented as first derivatives of relative fluorescence units
(RFU) versus temperature (°C). The thermal unfolding transitions of IgG-Li33 (56
and 73 °C) are shown on all plots as dotted lines to enable compatison of the data.
The T values for each IgG are also listed in Table 4.0.

IcG Tl (°C) Tw2 (°C)
Li33 55.8 £ 0.4 72.7 % 0.8
L53P 55.6 % 1.1 *
136T 55.8 £ 0.4 71.0 £ 0.7
Y88D 562 £ 0.2 7124 0.9

Table 4.6 Melting temperatures of IgG-Li33 and three evolved variants.
Thermal stabilities of IgG-Li33 variants showing transition mid-point temperatures
(Tl and Tw2) from first and second peaks of first derivative DSF measurements.
Errors represent s.d. (n = 3 biological repeats). * = a single transition temperature

detected. Thermal unfolding profiles for each variant are shown in Figure 4.16.
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To determine if the evolved IgGs had improved self-association, similar to the
evolved IgG-WFL antibodies (section 4.4.1), the self-association was measured by
AC-SINS (Figure 4.17). This identified that IgG-Li33 had high levels of self-
association, as did Y88D, the single mutant with the highest /# vivo growth in the
TPBLA. A reduction in self-association was observed for both 136T and 1.53P over
wild-type Li33, suggesting that the substitutions I36T and L53P may have different

effects on the mechanism of protein aggregation to Y88D.
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Figure 4.17 AC-SINS of IgG-Li33 and evolved variants. Self-association of IgGs

was measured using AC-SINS where a larger plasmon shift correlates with greater

self-association.

Since IgG-Li33 had poor solubility in an IgG1 scaffold, the evolved variants were
subjected to a polyethylene glycol (PEG) precipitation assay (Figure 4.18) to
investigate the effect of evolution on their solubility. The results found that indeed,
each of the three evolved variants had improved solubility relative to IgG-Li33. These
results indicate that the TPBLA can resolve the limiting factor of a protein irrespective

of the mechanism of aggregation.
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Figure 4.18 PEG precipitation of IgG-Li33. Precipitation was quantified by

turbidity at 500 nm. Error bars represent s.d. (n = 3). Data generated by Janet
Saunders (AstraZeneca).
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4.6 Discussion

Having established that the TPBLA could be used for candidate selection to screen
and identify aggregation hotspots in Chapter 3, this chapter investigated the capability
of the assay as a screen for directed evolution to search for novel sequences able to

ameliorate the poor developability of IgGs.

From the 315 evolved scFv-WFL variants that were identified in Chapter 3, 185 were
randomly selected and their aggregation resistance measured 7z vivo. In an industrial
setting, the number of variants to assess could be reduced by using a higher stringency
selection (higher antibiotic concentration) in the initial directed evolution selection.
For this proof-of-concept study, screening a larger number of sequences allowed for
both the best variant to be identified and to select a rank of evolved antibody
sequences for further study (Figure 4.3 and Table 4.2).

In addition to isolating candidate variants with enhanced biophysical properties,
directed evolution coupled to a screen that successfully measures innate aggregation
allows assessment of current 7z silico methods and, if necessary, provides experimental
data to further enhance their predictive power. The screening of the protein
sequences by both CamSol and Aggrescan identified that the majority of the 185
sequences had improved solubility and reduced aggregation propensity. However, the
results between the 7z vivo growth score and the predicted 7 silico scores produced a
low R? correlation for both algorithms (Figure 4.2). The TPBLA may be more
sensitive to mutations than 7 sz/ico screening and therefore screening large datasets of
mutational variants in the TPBLA could further aid the development of 7 silico tools.
This may also suggest that the TPBLA is measuring something more complex than 7
silico methods, such as the aggregation of partially unfolded states, or a convolution

of several properties (e.g., stability and solubility).
Analysis of sequences that outperformed scFv-STT in the TPBLA identified that all

sequences contained at least one of the residue hotspots identified in Chapter 3,
emphasising the importance of these residues in reducing the aggregation of scFv-
WFL. Although nine of the twelve sequences contained at least one mutation to
residues to W35, F36 and L64 (residues mutated from WFL to STT) the rationally
engineered IgG-STT was not isolated during screening, highlighting the advantages

of natural selection over rational approaches.

Expression and purification of ten evolved sequences in an IgG format allowed the
relationship between 7 vivo growth and #n vitro aggregation propensity to be further
explored. As with the rationally engineered variants in Chapter 3, an excellent indirect

correlation was observed between the IgG retention time and the scEFv 7z vivo growth
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score (Figure 4.6), in which antibodies with high 7z v growth scores exhibited
shorter retention times due to reduced interactions with the column matrix. The ten
evolved IgGs were also screened using AC-SINS as an orthogonal method to
investigate the self-association of each IgG. Similarly, this method also identified a
strong correlation between the self-association of the evolved IgGs and the i vivo

growth score (Figure 4.8).
Although the mechanism of aggregation of IgG-WFL is not thought to be driven by

thermal instability*, the introduction of mutations into a protein can modify the
thermal stability, and this assay has previously been employed to select for increased
thermostability?#2. Therefore, the T for the evolved antibodies were measured to
observe if the proteins maintain or have enhanced stability. Both IgG-WFL and IgG-
STT have similar T, values, along with the majority of the IgGs from evolution (Table
4.4). Hence, no correlation was found between the 2 vivo growth score and thermal
stability, however the mutations introduced into two clones (59 and 72) significantly

reduced the Twm of the Fab fragment.

One caveat of directed evolution experiments is that there is often only one selection
pressure and hence only one property is evolved. In this case, only reduced
aggregation was selected for which has the potential to reduce the functional activity
of the protein. However in this study, the binding affinity to NGF was maintained
for all of the evolved variants, to levels still higher than the parent from phage display

(MEDI578%) whilst concurrently reducing the self-association of the molecules.

A second industry-derived sequence was selected for evolution by the TPBLA that
aggregated via a different mechanism to IgG-WFL to understand whether hotspots
identified were specific for each scFv, or simply reflected innate frustration of the Ig-
fold. The evolution of Ig(G-Li33 identified a different mutational profile to IgG-WFL,
suggesting that the TPBLA is able to identify (and resolve) specific problematic
residues between proteins with identical topologies and highly similar sequences.
Utilising the TPBLA in combination with a variety of sequences will therefore be a
valuable tool for understanding the molecular determinants of aggregation associated

with bioprocessing.

In summary, the work in this chapter demonstrated the power of the TPBLA in
combination with directed evolution to identify and rectify problematic sequences.
The evolved scFvs identified in Chapter 3, were found to have enhanced 7z vivo growth
properties that correlated with reduced self-association as an IgG as determined by
HP-SEC and AC-SINS, without any compromise for the affinity to NGF.
Furthermore, an additional IgG was examined, IgG-Li33, that through evolution

generated sequences with reduced self-association and improved solubility. The
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TPBLA therefore has broad utility to evolve sequences with reduced aggregation for

enhanced bioprocessing.

154



Evolution of disease-causing antibody domains

Chapter 5

Evolution of disease-causing antibody domains

5.1 Objectives

The work described in Chapters 3 and 4 demonstrated that the TPBLA can be used
to identify aggregation hotspots in the Vu and Vi domains of IgGs for protein
therapeutics. The evolved sequences from the studies correlated with enhanced
biophysical properties iz wvitro for antibodies with different mechanisms of
aggregation, and thus revealed the general utility of this assay. This chapter aims to
explore this utility further, by investigating the use of the TPBLA for the application
of antibody V1. domain aggregation in human disease. The objective of this work was
to assess whether the TPBLA was able to differentiate between germline and patient
derived V1. sequences, and to identify sequence hotspots in disease relevant proteins,

furthering our understanding of light chain amyloidosis.
5.2 Light chain amyloidosis

Amyloid formation is a complex process, characterised by the self-assembly of
proteins into highly ordered fibrils with a cross-P structure. As discussed in Chapter
1 the accumulation and deposition of amyloid fibrils is associated with more than 50

human diseases, known as amyloidosis?89-2%.

Systemic amyloidosis comprises a variety of diseases such as light chain, dialysis-
related and transthyretin amyloidosis that are characterised by deposition of fibrils in
multiple tissues and organs, such as the heart, kidneys and digestive tract®®’. How
amyloid fibrils damage tissue is not fully understood, but organ dysfunction may result
from disruption of tissue architecture by amyloid deposits or may be due to the

cytotoxicity of non-native conformers?1.

AL is the most common form of systemic amyloidosis, affecting ten patients per
million per year??2. The amyloidogenic protein in AL amyloidosis is an Ig light chain
(LC), or a fragment of this, resulting from abnormal monoclonal plasma B cell
proliferation and is therefore often found in patients with multiple myeloma®3. Free
LCs secreted without an associated antibody heavy chain are removed from the blood
by the kidneys, however LCs can escape this protein quality control and are secreted
into the blood stream?3. In AL patients, the protein misfolds and aggregates forming
amyloid fibres that are deposited in the tissues with the heart, and kidneys often being

the most severely affected?942%
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As described in Chapter 1, LCs comprise an N-terminal variable domain (V1) attached
to a C-terminal constant domain. The repertoire of LC sequences is highly diverse
due to the random assembly of different gene segments known as variable (V),
diversity (D) and joining (J) genes in a process known as V(D)] recombination*+29¢-
298, The diversity of antibodies is then further enhanced by the process of somatic
hypermutation, that introduces mutations into the V region to enhance antigen
binding#+293.297.299 Hach patient’s clonal plasma cells therefore secrete a single, unique
LC sequence, and thus the protein sequence implicated in AL is generally unique to

the patient?™4.

To understand how the mutations introduced during this diversification impact
stability and/or aggregation, most research compares patient proteins to their
germline sequence. There are 40 kappa and 33 lambda germline genes available to

form a Vi, however several germlines genes are highly associated with amyloidosis
(most prominently kI, AL, AIl, AIIl and AVI)294.300.301,

In AL, amyloid fibres contain full-length LCs or solely the V1. domain, however the
ubiquitous presence of the V1. indicates that this domain may be the essential unit for
fibril assembly?*2-397. It has been shown i wvitro that full-length LCs are less
amyloidogenic relative to the isolated Vi domain308-319, The LCs from AL patients
are less kinetically stable than germline sequences and therefore their
amyloidogenicity may be initiated by endoproteolysis of kinetically unstable LCs305.308,
A decrease in thermal stability of the V1. domain can drive amyloidogenicity3'1-316, but
other factors such as L.C dimerization3317 and conformational dynamics30%-310318 a]so

need to be taken into account.

The current treatment is to prevent production of LCs with chemotherapy targeting
the underlying B cell clone, however age and cardiac involvement often render
patients too high risk for chemotherapy?’*. Daratumumab was recently approved by
the FDA for the treatment of AL3Y. This IgG binds to CD38 which is highly
expressed in the surface of myeloma cells, triggering the patient’s immune system to
attack the cancer cell via, complement-depended cytotoxicity and antibody dependent
cellular phagocytosis®?. Despite this success, there is still an urgent need for earlier
diagnosis of the disease. Since it is generally not clear which mutations induce
misfolding and amyloid aggregation in patients, identifying how and why some, but
not all, LCs aggregate as amyloid fibrils may lead to earlier diagnosis and new

therapeutic strategies3/l.
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5.2.1 Test proteins for this study

Two LC fibril structures have recently been determined by cryoelectron microscopy
(cryo-EM) after isolation from patient cardiac tissues3°%307. Both fibril structures show
complete structural rearrangement from the native Ig fold, providing insight into the
molecular mechanism of LC misfolding and amyloid formation (Figure 5.1 and Figure
5.2).

Radamaker ¢7 a/ determined the structure of an AL patient fibril that had ten
mutations relative to the IGLV1-44 germline3% (Figure 5.1a). The fibril consisted of
one protofilament that encompassed a 91-residue segment of the Vi. domain. The
protofilament fold roughly resembles the shape of a ‘ram head’ and encloses three
cavities, two hydrophobic and one hydrophilic, with the CDRs of the V1. located on
the fibril surface (Figure 5.1¢c). A substantial structural rearrangement occurs from the
native state to fibril structure around the disulfide bond. It is thought that misfolding
induces a 180° rotation of residue segments 16-23 and 86-93 relative to each other
around the disulfide bond (C22 and C89).

Out of the ten mutations present in the patient sequence, only one was predicted to
be unfavourable to the native state (I76V, Figure 5.1b). This substitution impacts a
buried residue, potentially destabilising the protein. Relative to the fibril structure
several mutations have a beneficial effect. Three mutations increase the fibril surface
charge (S31R, N35K and N53D), one removes a charge from the non-polar cavity
(D94A), and one inserts a basic residue into the polar cavity (S25R).
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Figure 5.1 IGLV1-44 patient sequence and structure. a) Sequence alignment of
V1. domain from the germline IGLV1-44 and patient sequence. CDRs are highlighted
in orange. Dash -’ represents conserved residues between the two sequences. b)
Native structure of Vi domain (model created using ABodyBuilder??!). ¢) Fibril
structure of Vi domain (PDB 6I1C3%%). Disulfide bridge is shown in yellow. In both
b) and c) CDRs are coloured in orange and mutations found in the patient are labelled

in magenta.
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Swuec ¢t al. also recently reported the fibril structure from a patient with AL
containing thirteen substitutions from the IGLV6-57 germline3?” (Figure 5.2a). This
fibril was composed of an asymmetric protofilament that encompassed two
polypeptide stretches from 77 residues of the Vi. domain. The fibril structure has a
different fold to that reported by Radamaker ez 2/30%, with the inner polypeptide
segment displaying a ‘snail-shell’ trace (residues 1-37) surrounded by a ‘C-shaped’
segment. (residues 66-105)37 (Figure 5.2¢). The two segments that make up the fibril
core are linked together by a disulfide bridge.

The patient IGLV6-57 sequence contained the mutation R24G that has been reported
to be present in 25 % of IGLV6-57 mutant sequences??323. This mutation alone has
been found to decrease the stability of the germline by 1.7 kcal/mol and is
significantly more fibrillogenic3?4. Eight of the thirteen mutations occur in the CDRs
of the patient V1. domain. In the fibril structure, CDR1 (containing mutations R24G,
G27A and N32H) and CDR3 (containing mutations S96G, S97N and V100W)
contribute the structured fibril core, suggesting that the mutations introduced not
only decrease stability and/or increase aggregation of the native state, but also may

stabilise the molecular interactions for fibril assembly.
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Figure 5.2 IGLV6-57 patient sequence and structure. a) Sequence alignment of
V1. domain from the germline IGLV6-57 and patient sequence. CDRs are highlighted
in orange. Dash -’ represents conserved residues between the two sequences. b)
Native structure of Vi domain (model created using ABodyBuilder??!). ¢) Fibril
structure of Vi. domain (PDB 6HUD?"). Disulfide bond linking the two peptides is

shown in yellow. In both b) and ¢) CDRs are coloured in orange and mutations found

in the patient are labelled in magenta.
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5.3 Aggregation screening of germline and patient antibody domains

5.3.1 In vivo screening of antibody domains

The Vi domains of both germline and patients were cloned into B-lactamase using
Golden Gate assembly (see methods). The pairs of Vi. domains were then screened
in the TPBLA over a 0-280 pg/mL ampicillin concentration range (Figure 5.3). In
both cases, the patient Vi had a lower resistance to ampicillin and therefore have a
higher inferred aggregation propensity compared to their germline counterparts.
However, overall, only small differences were observed in the 7z vivo growth score of
all constructs (Figure 5.3d). Both germline and patient sequences have a high
sequence similarity (IGLV1-44, 90 % identity and IGLV6-57, 88 % identity) and
appear to aggregate, yet the molecular mechanism of aggregation for each is unknown

based on this coarse measurement.
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Figure 5.3 In vivo growth of germline and patient Vi domains. MCDgrowrn
curves of a) IGLV1-44 germline and patient V1. domains and b) IGLV6-57 germline
and patient Vi domains over 0-280 pg/ml ampicillin concentration range. ¢) Both
germline and patient 7z vivo growth curves displayed together on one graph. d) The
area under the curve is calculated to generate /7 vivo growth values for each construct.

Error bars represent s.e.m (n=3).
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5.3.2 In vitro aggregation of antibody domains

One set of V1. germline and patient samples were selected for zz vitro purification and
aggregation assessment to validate the results observed in the TPBLA, that both

germline and patient samples are aggregation prone.

The IGLV06-57 germline and patient V1. domain were targeted to the periplasm of E.
coli BL21(DE3) by the addition of a pelB signal sequence to the N-terminus of the Vi
domain for protein expression. The purification involved a two-step chromatographic
process in which the periplasmic extract was taken forward for an initial anion
exchange chromatography step before size exclusion chromatography (Figure 5.4).
At each step of the expression and purification process, the presence of the ~12 kDa
constructs were confirmed by SDS-PAGE analysis. The molecular weight and purity
was confirmed using ESI-MS analysis (Appendix 7.4).
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Figure 5.4 Purification of VL domains. Size exclusion chromatography traces of a)
germline IGLV6-57 and b) IGLV6-57 patient protein. Dashed lines (grey) represent
standards of known molecular weight (listed in the top left). ¢) SDS-PAGE
conformation of SEC peaks from a) and b) for each protein in comparison to the

molecular weight marker (kDa).
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To investigate the aggregation of the Vi domains a fluorescent dye Thioflavin T
(ThT) was utilised. In an unbound state, the benzylamine and benzathiole rings rotate
around their carbon-carbon bond, which quenches the excited state resulting in a low
fluorescence emission (Figure 5.5). The binding of ThT to B-sheet-rich structures,
such as the cross-B- sheet found in amyloid fibres, causes immobilisation of the

benzylamine and benzathiole rings, preserving the exited state and results in enhanced

Joul oY

Figure 5.5 Structure of Thioflavin T. Benzylamine and benzathiole rings can rotate

fluorescence.

around the carbon-carbon bond.

Since the formation of amyloid fibres can occur on long-time scales and may involve
protein unfolding, the presence of SDS was included in the ThT to accelerate this
process??. The ThT fluorescence assay identified that both the germline and patient
IGLV6-57 V1. aggregate in vitro (Figure 5.6a). The presence of fibrils was confirmed
by transmission electron microscopy (TEM) for both proteins (Figure 5.6b). The
fibrils formed from each Vi domain had distinct morphologies, IGLV6-57 formed
short fibrils that clumped together whereas IGLV6-57 patient formed elongated
twisted fibres.

To gain further insight into the difference between the germline and patient proteins,
the thermal stability was monitored using far-UV circular dichroism (CD) (Section
2.7.9). The loss of secondary structure was monitored upon heating, and T at which
50 % of the protein were determined to be 50.5 °C for the IGLV6-57 germline and
43.3 °C for the IGLV6-57 patient protein (Figure 5.6¢).
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Figure 5.6 In vitro characterisation of IGLV6-57 germline and patient VL
domains. a) ThT fluorescence assay of IGLV6-57 germline (green) and patient
(pink). Incubations were carried out at 37 °C, 600 rpm in the presence of 0.05 mM
SDS. b) The corresponding TEM images were taken at the end points of the
incubation from a) and are colour coded as in a). Scale bar = 200 nm. ¢) Temperature
induced unfolding transitions of IGLV6-57 germline (green) and patient (pink). The
Tm for IGLV6-57 germline and patient were calculated to be 50.5 °C and 43.3 °C
respectfully. Full thermal denaturation CD spectra for the V1. domains can be found
in Appendix 7.16.

The results from the 2 vitro characterisation of the Vi. domains confirm that indeed
the proteins aggregate as predicted by the TPBLA. The slight lower 7z vivo growth
observed for the patient proteins in comparison to the germline may be due to a
reduction in stability. The 7 vitro characterisation further highlights the complexity of

understanding the consequences of the patient mutations in AL amyloidosis.

5.4 Identification of hotspots in germline and patient derived Vi
domains

To understand the aggregation relationship between the germline and patient

sequences, the four Vi, domains were subjected to directed evolution screening in the

TPBLA. Mutant libraries were synthesised using epPCR and golden gate assembly

(Section 2.2.7) to create libraries estimated contain 1 x 10? clones. The libraries were
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screened at an appropriate ampicillin concentration for each protein (IGLV6-57
220 pg/mlL, IGLV6-57 patient 180 ug/mlL, IGLV1-44 260 pg/ml. and IGVL1-44
patient 220 pg/mL ampicillin) and the colonies from the selected plates were scraped
into glycerol stocks. To allow for a greater analysis of mutations, next generation
sequencing (NGS) was employed to sample a larger number of sequences in
comparison to the Sanger sequencing approach taken in Chapters 3 and 4. Libraries
for NGS were prepared to add Illumina adaptor sequences (Section 2.5.4) and
sequenced using 2 x 250 bp Illumina MiSeq. The reads from NGS were filtered and
aligned to the wildtype sequence to identify mutational hotspots for each protein
(Section 2.8.3).

The resultant profiles identified striking differences between the four different
proteins (Figure 5.7). Overall, both germline sequences had more residues mutated
over the 26 threshold in comparison to the patient samples and the majority of the
mutations were located the C-terminus of the protein. For several Vi, proteins, using
hydrogen deuterium exchange and molecular dynamics, it has been found that the C-
terminus is a highly dynamic region of the protein300-316.325 which can decrease the
domain stability. Evolution of C-terminal residues may decrease the conformational

dynamics of the protein and reduce the aggregation propensity.

The germline IGLV1-44 Vi, had eight residues identified through directed evolution
as problematic (Figure 5.7a). All of the mutations were solvent exposed and located
on the edges of the CDRs (Figure 5.7a). The C-terminus of the protein contained five
hotspots, the substitutions that occurred at these positions generally reduced the
amino acid hydrophobicity (Figure 5.8) and presumably reduce the aggregation
propensity of this Vi, domain by reducing the hydrophobic patch on the surface of

the protein.

The patient IGLV1-44 protein had a very simplified mutational landscape in
comparison to the germline sequence (Figure 5.7b). Only P7 was identified through
evolution as a problematic residue and was found to be mutated to serine in the
majority of sequences (Figure 5.9). The cis-trans alteration of P7 has been found to
reshape the dimer interface and promote amyloid formation3?¢. Other studies have
also found that the amyloidogenicity of Vi. domains are dependent upon a ‘cryptic
epitope’ that occurs within the first 18 residues of the N-terminus and requires
conformational rearrangement around a conserved proline at position 7327328,
Evolution of the neighbouring proline in this patient sample may reduce the rigidity
of the N-terminus and disfavour misfolding around P7. In relation to the fibril

structure observed for the IGLV1-44 patient (Figure 5.1), the N-terminus of the fibril
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core starts at residue G15 and therefore the mechanism of P7S preventing amyloid

formation could be explained by this cryptic epitope preventing aggregation.

For the second germline sequence, IGLV06-57, eleven hotspots were identified
through directed evolution (Figure 5.7¢ and Figure 5.10). The profile identified by the
TPBLA correlates with the oligomerisation hotspots identified for this germline
sequence from relaxation dispersion NMR experiments for the conversion of the
unfolded V1. domain into fibrils?. In contrast to the IGLV1-44 germline, this protein
had mutations located in CDR1. The CDRI1 for this sequence has previously been
identified as a fibrillogenic hotspot for the protein through scanning proline
mutagenesis and the generation of synthetic peptides??. This study also utilised a
proteolysis-based strategy that identified T83 as a proteolytic site that generated
amyloidogenic peptides®”. This residue, T83, was also identified by the TPBLA
through evolution (Figure 5.7¢), therefore T83D may reduce proteolytic cleavage and
therefore prevents cleavage of the B-lactamase construct in the TPBLA allowing E.
coli expressing this mutant to grow in the presence of B-lactam antibiotics (Figure
5.10).

Despite their differences, the germline sequences contained a few similarities. Both
IGLV1-44 and IGLV6-57 germline sequences contained a hotspot at phenylalanine
position at F101 (IGLV1-44) and F102 IGLV6-57) (Figure 5.7a and c). This residue
has been shown to stabilise the Vi-Vi dimerization interface® as a protective
mechanism of amyloid formation, however the formation of dimers in the TPBLA
will cause the E. co/i to become susceptible to ampicillin. Therefore, the mutations
identified by the TPBLA at F101/F103 may perturb this Vi dimerization interface.
Furthermore, P45 was also identified by the TPBLA in both germline sequences,

however the role of P45S in reducing aggregation remains elusive.

The patient protein from IGLV6-57 contained fewer hotspots than its germline
sequence, with only four residues identified over 2c (Figure 5.7d). S28 was identified
in the fibrillogenic CDR1 hotspot previously described for the germline sequence®?.
In the native structure, each of the four hotspots are solvent exposed (Figure 5.7d)
and each of these residues are present in the amyloid core (Figure 5.2¢). S13 and S28
both point into internal cavities, and their mutation to larger amino acids, S13T and
S28N through directed evolution (Figure 5.11) may disfavour fibril formation. The
other two hotspots H99 and G104, are located on the surface of the fibril. Through
evolution these residues are mutated to H99Q and G104S which would alter the
charge and polarity of the fibril surface. Interestingly, the substitution R24G present
in the patient IGLV6-57 sequence, which is also found to be present in 25 % of

IGLV6-57 mutant sequences®??323, was not found to be mutated the patient sequence,
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which may suggest this mutation is not the driving force for fibril formation for this

patient protein.

Surprisingly, for both patient proteins, the mutations that were found in the patient
relative to the germline protein were not altered during evolution (Figure 5.9 and
Figure 5.11). This suggests that the effects of somatic hypermutation within the
context of germlines causes non-trivial changes that are not caused by the

introduction of more aggregation prone CDRs.
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Figure 5.7 Mutational frequency profiles of evolved of VL domains. Directed
evolution of a) IGLV1-44 (15,846 sequences), b) IGLV1-44 patient (14,425
sequences), ¢) IGLV6-57 (17,724 sequences), and d) IGLV06-57 patient (16,187
sequences). Profiles are normalised to the sum of one. Residues over two standard
deviations (20) are labelled on the frequency profile and native Vi structure. Grey

boxes and dark grey on structure highlight the CDRs.
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Figure 5.8 Mutational landscape of IGLV1-44 germline. Heatmap showing the identity of mutations from directed evolution of IGLV1-

44. Wildtype sequence is shown with residues in green highlighting those mutated in the patient protein. Orange residues and bars highlight

the residues over two standard deviations (26) from Figure 5.7a. Grey dash boxes highlight residues that form the CDRs. The vertical axis

indicates the identity of the substitution and are ordered according to the Kyte-Doolittle scale?’!. Data are normalised to the sum of one.
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Figure 5.9 Mutational landscape of IGLV1-44 patient. Heatmap showing the identity of mutations from directed evolution of IGLV1-
44 patient. Wildtype sequence is shown with residues in green highlighting those mutated from the germline. Orange residues and bars
highlight the residues over two standard deviations (26) from Figure 5.7b. Grey dash boxes highlight residues that form the CDRs. The
vertical axis indicates the identity of the substitution and are ordered according to the Kyte-Doolittle scale?’!. Data are normalised to the

sum of one.
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Figure 5.10 Mutational landscape of IGLV6-57 germline. Heatmap showing the identity of mutations from directed evolution of
IGLV6-57. Wildtype sequence is shown with residues in green highlighting those mutated in the patient protein. Orange residues and bars
highlight the residues over two standard deviations (20) from Figure 5.7¢c. Grey dash boxes highlight residues that form the CDRs. The

vertical axis indicates the identity of the substitution and are ordered according to the Kyte-Doolittle scale?’!. Data are normalised to the

sum of one.
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Figure 5.11 Mutation landscape of IGLV6-57 patient. Heatmap showing the identity of mutations from directed evolution of IGLV6-
57 patient. Wildtype sequence is shown with residues in green highlighting those mutated from the germline. Orange residues and bars
highlight the residues over two standard deviations (20) from Figure 5.7d. Grey dash boxes highlight residues that form the CDRs. The
vertical axis indicates the identity of the substitution and are ordered according to the Kyte-Doolittle scale?’!. Data are normalised to the

sum of one.
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5.5 Discussion

AL amyloidosis is a complex disease, in which patients have unique protein sequences
which can impede the diagnosis and treatment. The mechanism of aggregation in AL
amyloidosis remains unclear and is hampered by the presence of various mutations in
V1. domain of patients relative to the germline sequence. This chapter explored the
use of the TPBLA as a novel method to identify aggregation prone residues within

germline and patient Vi domains.

This study investigated two families of germline and patient samples from AL
amyloidosis. The IGLV1-44 germline and patient differed by ten residues (90 %
identity) and the IGLV6-57 germline and patient varied by thirteen mutations (88 %
identity). The screening of these Vi domains in the TPBLA identified small
differences between the 7z vivo growth of the patient sample in comparison to the
germline sequence. The results from the TPBLA correlated with those attained 7 vitro
in which both proteins formed amyloid as observed by ThT fluorescence and TEM.
Although both proteins formed amyloid, the patient IGLV6-57 thermal stability was
lowered by 7.2 °C relative to the germline sequence. Taken together, these results
may suggest that germline sequences are inherently problematic resulting in a complex

interplay of interactions responsible for the pathogenicity of patient proteins.

Each set of germline and patient protein were therefore taken forward for directed
evolution studies to observe the similarities and differences in the mutational
hotspots. In this chapter, NGS was employed to collect a larger sequencing dataset
than can be achieved with Sanger sequencing as used in Chapters 3 and 4 (10,000
sequences by NGS in comparison to 100 sequences by Sanger sequencing). The
resultant profiles from this experiment identified notable differences between the

germline and patient proteins.

Evolution of the IGLV1-44 patient protein identified a single residue, P7, that was
thought to be instrumental in the aggregation of this protein. Proline isomerisation at
this position has previously been shown to control Vi dimerization®?¢, and
conformational rearrangement that induces unfolding3?73%8. Interestingly, the
mutational profile for the IGLV1-44 germline sequence did not identify this residue
(P7) as problematic. Instead, many of the mutations were observed in the C-terminus

of the protein, which reduce the hydrophobicity of the protein surface.

The IGLV6-57 patient and germline proteins had slight similarities in that mutations
were observed in the CDR1, that has previously been identified to be the fibrillogenic
region of the protien®?. The mutational hotspots for this germline are in accord with

work by Rennella ez a/31%, through which the non-specific profile may reflect that
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aggregation is driven from the unfolded state by interactions between APRs
throughout the structure. In this case, the TBPLA may select for sequences with both
decreased aggregation propensity and increased local or global thermodynamic

stability (which decreases the population/lifetime of solvent exposed APRs).

Opverall, the complex differences between the mutational landscapes identified
suggest that each protein may have different limiting factor for aggregation and/or
stability. Multiple selections may be occurring simultaneously during the evolution
experiment whereby the hotspot residues identified may impact aggregation, stability
or ones that destabilise the final fibril structure. Moreover, the naturally occurring
mutations in the patient samples were not selected during directed evolution which
may suggest that somatic hypermutation alters protein epistasis and conformational

dynamics.

To further understand the mechanistic differences between germline and patient
samples, a deep mutational scanning approach could be employed to observe the
specific mutational effects of evolution. This method would involve a library
containing mutations to every other amino acid at each residue of the protein.
Through sampling a range of ampicillin conditions would aid the identification of key
residues that rescue the protein from aggregation in the TPBLA.

In summary, the results presented in this chapter demonstrate that the TPBLA can
be used for evolving disease relevant antibody domains. This provides a new method
to understand the molecular mechanism for aggregation in AL amyloidosis.
Furthermore, through combining the TPBLA with NGS thousands of mutational
variants can be screened which has the potential aid the prediction of sequences that

may cause AL amyloidosis.
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Chapter 6

Concluding remarks and future directions

Understanding how and why proteins aggregate is of great importance to both the
biopharmaceutical industry and for human disease!>?8%330. For biopharmaceuticals,
recombinant production of proteins often results in escalating expenditures due to
the inherent nature of many proteins to aggregate, impinging the ability to produce
lifesaving protein therapeutics rapidly and economically!®. Additionally, protein
aggregation pervades human disease and mortality with implications in more than 50
human diseases, including Alzheimer’s, Parkinson’s and type II diabetes?’. This poses
an ever-increasing risk in the developed world with an aging population having

enormous social and economic burdens.

Understanding the molecular mechanisms of protein aggregation is challenging, given
the array of competing interactions that control solubility, stability, cooperativity, and
aggregation propensity. Various methods have been developed to interrogate protein
aggregation, such as computational algorithms that can identify aggregation-prone
regions, and biophysical assays to quantify aggregation!s. Investigating protein
aggregation and stability however can be laborious, due solely to the inability of the
variants to be expressed and purified for 7z vitro analysis. There is therefore a need to
be able to identify protein sequences that may have undesired properties and to
engineer their sequences to improve their properties without the need for protein
purification, to aid the rapid development of biopharmaceuticals and to further our

understanding of protein aggregation.

To address this, this thesis developed a platform to characterise the aggregation
propensity of candidate biopharmaceuticals that circumvents the need for
recombinant expression of each variant. In the TPBLA, the test protein is inserted
between two domains of the periplasmic-based reporter enzyme TEM-1 B-lactamase.
Upon correct folding of the test protein in the periplasm of E. o/, the two halves of
B-lactamase are brought into close proximity to form a functional enzyme, such that
the bacteria are resistant to P-lactam antibiotics. If the test protein aggregates,
howevet, the B-lactamase domains will be prevented from associating and the bacteria
lose their resistance to the antibiotics. In contrast to other zz vivo systems for studying
protein aggregation, the fusion proteins are expressed in the oxidative periplasm of
E. coli, allowing the correct formation of disulfide bonds such as those found in IgGs

and their derivatives. Most importantly, no perturbant such as increased temperature,
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pH or chemical denaturant is used to accelerate aggregation, allowing identification

of sequence characteristics that trigger innate aggregation pathways.

In Chapter 3, three pairs of test proteins with varying degrees of aggregation-
propensity were assessed in the TPBLA. This demonstrated that the TPBLA was able
to differentiate between aggregation prone and non-aggregating protein variants for
a range of diverse biopharmaceutically-relevant protein scaffolds. Moreover, the
platform was found to have a high sensitivity to single mutations to scFv-WFL, that

reflected the results observed for the full-length IgG variants i vitro.

As scFvs are commonly grafted into well characterised proprietary IgG scaffolds, and
scFv formats are used in phage display, the TPBLA could be integrated into the
development pipeline to identify developable sequences directly after discovery and
affinity maturation. It could also be used to optimise a wide variety of biologics,
including dAbs, scFabs, scFc and bispecifics (in scFv format) all of which are pootly

characterised in terms of developability relative to platform IgGs.

The work in Chapter 3 also investigated the feasibility of using a directed evolution
approach in combination with the TPBLA as a novel strategy to modulate the
aggregation propensity of protein scaffolds. Sequencing of colonies revealed
mutational hotspots within the protein sequence of scFv-WFL, that are presumably
the residues that contribute to the aggregation. Therefore, in addition to passive
screening, the TPBLA can be used as a directed evolution screen to identity
mutational hotspots that limit the proteins behaviour. In the future, this directed
evolution platform may allow for the rational design of inherently manufacturable

IgGs, by identifying target residues to mutate reduce the aggregation potential.

The proteins that were identified through directed evolution were further explored in
Chapter 4. A panel of evolved proteins were selected and characterised for their
reduced aggregation zx vitro that revealed the TPBLA had engineered new proteins
with reduced aggregation as measured by HP-SEC and AC-SINS. Screening a
randomised scFv library of an unrelated IgG sequence, the anti-LINGO1 antibody
(Li33), identified variants with improved solubility. These data suggest that the
TPBLA assay can be used to screen for a variety of limiting factors such as

thermodynamic stability, protein self-association and/or protein solubility.

Unsurprisingly, given their importance in determining epitope binding affinity, the
majority of hotspot residues identified by the TPBLA for both scFvs WFL and Li33
are located in, or close to, the CDRs. At first this may appear to be problematic to
the maintenance of a successful candidate profile, however as observed in this study,
binding was maintained concomitantly with a significant improvement in aggregation

performance, at least for variants of IgG-WFL. To overcome this caveat, libraries
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could be created for directed evolution that conserve the residues involved in binding

to the antigen to maintain the binding affinity.

Despite the ability of the TPBLA to generate greatly improved candidate sequences,
one disadvantage is that it can be difficult to understand, at a fundamental level, the
underlying cause of aggregation and to rationalise the substitutions made. However,
the analysis of the relatively large number of sequences by the TPBLA (relative to
rational approaches), each containing multiple substitutions allows identification of
more complex, multi-partite interactions which cannot be identified using standard
mutational or 7 silico methods. The use of algorithms to predict the aggregation of
scFv-WFL was investigated in Chapter 3, each of which yield different predictions,
confusing the choice of residues to mutate in any rational approach to improve
protein behaviour. While not allowing a molecular understanding, machine learning
can potentially be used in the future to identify novel indicators of aggregation. With
this in mind, generation of larger datasets using both negative and positive selection
of diverse IgG sequences is underway and may in future aid the development of

computational algorithms to predict aggregation.

The TPBLA has advantages beyond the application to industrial relevant IgG
scaffolds, and the work in Chapter 5 investigated the use of this platform for disease-
related antibody aggregation. The long-term goal of the work in this chapter was to
facilitate understanding the mechanism of disease-related aggregating proteins. The
low sequence identity between germline light chain domains and those implicated in
light chain amyloidosis makes it difficult to predict which sequences are likely to cause
disease. The study of germline and patient samples in the TPBLA identified that
germline sequences are inherently problematic that may result in a complex interplay
of interactions responsible for the pathogenicity of patient proteins. Directed
evolution identified notable differences between the germline and patient proteins
and the naturally occurring mutations in the patient samples were not selected during
directed evolution. Combining the TPBLA with NGS allowed the screening of
thousands of mutational variants which has the potential aid the prediction of
sequences that may cause AL amyloidosis. Work is underway to explore the use of
the TPBLA as a platform for deep mutational scanning, that will enable a broader
understanding of the relationship between sequence and aggregation mechanism.
Furthermore, the ability to rapidly survey the aggregation propensity of large numbers
of highly homologous sequences using deep mutational scanning together with
statistical and machine learning methods will guide future protein engineering
experiments and again could be used for the development of new predictive

algorithms.
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In future, other disease-related proteins could be examined using the TPBLA to aid
the understanding of the molecular mechanisms that underpin the disease. For
example, the multitude of intramolecular interactions made by a-synuclein that
modulate its aggregation propensity?” render the identification of key residues to

target therapeutic strategies extremely challenging.

The TPBLA assay developed in this thesis has been shown to rapidly predict protein
aggregation, rectify problematic sequences and to identify mutational hotspots that
limit protein behaviour. As the biopharmaceutical industry moves away from
traditional IgG scaffolds to novel modalities, the TPBLA may be instrumental in
predicting the aggregation propensity and manufacturability of these molecules, of
which protein aggregation is uncharted territory. Finally, the TPBLA may aid the
quest of understanding the molecular mechanism of protein aggregation that
underpins disease, ultimately leading to earlier diagnosis in patients and new

therapeutic strategies.
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Chapter 7
Appendices

7.1 B-lactamase construct sequences and plasmid maps

7.1.1 B-lactamase 28 GS linker

ATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCC
TGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTG
CACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGC
CCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATT
ATCCCGTGTTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATG
ACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGA
GAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGAC
AACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAA
CTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGAC
ACCACGATGCCTGCAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTAGG
TGGTGGTGGTTCTGGTGGTGGTGGCTCGAGCTCA GGGAGCGGTTCCGGAAGCG
GAGGAGGTGGTTCAGGCGGAGGTGGAAGCTTGACTCTAGCTAGCCGGCAGCAGCTCATA
GACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGG
CTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAG
CACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAG
GCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCA
TTGGTAA

Appendix 7.1 DNA sequence of B-lactamase 28 GS linker. The periplasmic signal
sequence is shown in green. The GS linker is shown in bold and the X/l and BazHI
restriction sites are shown in blue and orange respectfully. The start and stop codons
are underlined.

MSIQOHFRVALIPFFAAFCLPVFAHPETLVKVKDAEDQLGARVGYIELDLNSGKILESFR
PEERFPMMSTFKVLLCGAVLSRVDAGOQEQLGRRIHYSONDLVEYSPVTEKHLTDGMTVR
ELCSAATITMSDNTAANLLLTTIGGPKELTAFLHNMGDHVTRLDRWEPELNEATIPNDERD
TTMPAAMATTLRKLLTGELGGGGSGGGGSSSGSGSGSGSGGGGSGGGGSLTLASRQQLT

DWMEADKVAGPLLRSALPAGWFIADKSGAGERGSRGIIAALGPDGKPSRIVVIYTTGSQ
ATMDERNRQIAEIGASLIKHW

Appendix 7.2 Protein sequence of B-lactamase 28 GS linker. The periplasmic
signal sequence is shown in green. The GS linker is shown in bold. The signal

sequence is cleaved after translocation into the periplasm.
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pBADpromoter

B-lactamase signal sequence)

pMB1-B-lactamse-GS-linker
6114bp

B-lactamase

GS linker |

Appendix 7.3 Plasmid map of pMB1-B-lactamase-GS-linker. Plasmid was kindly
provided by Professor Jim Bardwell (University of Michigan, USA).
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7.1.2 B-lactamase-scFv-WFL

ATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCC
TGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTG
CACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGC
CCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATT
ATCCCGTGTTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATG
ACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGA
GAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGAC
AACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAA
CTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGAC
ACCACGATGCCTGCAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTAGG
TGGTGGTGGTTCTGGTGGTGGTGGCTCGAGCCAGGTTCAGCTTGTGCAGAGCGGTGCGG
AGGTCAAAAAACCCGGCAGCTCTGTAAAAGTTAGCTGCAAAGCGAGTGGCGGTACGTTT
TGGTTTGGGGCCTTTACTTGGGTTCGTCAAGCGCCGGGCCAGGGCTTGGAATGGATGGG
TGGCATTATCCCTATTTTCGGCCTCACAAACCTGGCGCAAAACTTTCAAGGTCGCGTTA
CCATTACGGCGGACGAAAGCACCAGTACCGTCTATATGGAGCTGTCAAGCCTGCGCTCA
GAAGACACCGCAGTTTACTACTGTGCGCGTAGCAGCCGCATTTACGACTTGAATCCTAG
CCTCACAGCGTACTACGACATGGATGTGTGGGGGCAGGGCACCATGGTTACGGTGTCGA
GTGGTGGTGGGAGCAGTGGTGGAGGTGGGTCCGGGGGCGGCGGCGGCGCGCAAAGCGTA
TTAACTCAGCCGCCGAGCGTGAGCGCAGCCCCTGGGCAGAAAGTCACCATTTCATGCAG
CGGCTCCTCCAGCGATATCGGCAACAATTACGTGTCCTGGTATCAGCAGCTGCCTGGCA
CTGCGCCGAAGCTGTTGATTTATGACAACAATAAGCGTCCCTCGGGTATTCCAGATCGT
TTTTCTGGCTCTAAAAGCGGGACATCAGCGACACTGGGCATCACCGGGCTGCAGACGGG
GGATGAAGCCGATTATTACTGCGGGACCTGGGATAGTTCCCTGAGCGCGTGGGTGTTTG
GCGGGGGCACCAAACTCACCGTGCTGGGATCCGGGAGCGGTTCCGGAAGCGGAGGAGGT
GGTTCAGGCGGAGGTGGAAGCTTGACTCTAGCTAGCCGGCAGCAGCTCATAGACTGGAT
GGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTA
TTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGG
CCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTAT
GGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAA

Appendix 7.4 DNA sequence of B-lactamase-scFv-WFL. The periplasmic signal
sequence is shown in green. The scFv-WFL sequence is shown in pink with the X/ol
and BamHI restriction sites shown in blue and orange, respectively. The glycine-serine
linker is highlighted in bold. Codons for residues W, F and L. mutated to STT in -
lactamase-scEFv-STT are highlighted in yellow. Start and stop codons are underlined.
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MSIQHFRVALIPFFAAFCLPVFAHPETLVKVKDAEDQLGARVGYIELDLNSGKILESFR
PEERFPMMSTFKVLLCGAVLSRVDAGOEQLGRRIHYSONDLVEYSPVTEKHLTDGMTVR
ELCSAATITMSDNTAANLLLTTIGGPKELTAFLHNMGDHVTRLDRWEPELNEATIPNDERD
TTMPAAMATTLRKLLTGELGGGGSGGGGSSQVOLVQOSGAEVKKPGSSVKVSCKASGGTF
WEGAFTWVRQAPGOGLEWMGGIIPIFGLTNLAQNFQGRVTITADESTSTVYMELSSLRS
EDTAVYYCARSSRIYDLNPSLTAYYDMDVWGOGTMVTVSSGGGSSGGGGSGGGGGAQSV
LTOPPSVSAAPGQOKVTISCSGSSSDIGNNYVSWYQOQLPGTAPKLLIYDNNKRPSGIPDR
FSGSKSGTSATLGITGLOTGDEADYYCGTWDSSLSAWVEGGGTKLTVLGSGSGSGSGGG
GSGGGGSLTLASRQQOLIDWMEADKVAGPLLRSALPAGWFIADKSGAGERGSRGIIAALG
PDGKPSRIVVIYTTGSQATMDERNRQIAEIGASLIKHW

Appendix 7.5 Protein sequence of PB-lactamase-scFv-WFL. The periplasmic
signal sequence is shown in green, which is cleaved after translocation into the
periplasm. The GS linker is shown in bold. Residues W, F and L mutated to STT in
B-lactamase-scFv-STT are highlighted in yellow. The heavy and light chains are

shown in purple and pink, respectively.

B-lactamase signal sequence)

pMB1-B-lactamse-scFv-WFL

6872bp

GS linker

scFv-WFL

GS linker

B-lactamase

Appendix 7.6 Plasmid map of pMB1-B-lactamase-scFv-WFL.Plasmid was kindly
provided by Dr Janet Saunders (University of Leeds).
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7.2 Protein expression vectotrs

7.2.1 pET29b-IGLV6-57-germline

AAATACCTGCTGCCGACCGCTGCTGCTGGTCTGCTGCTCCTCGCTGCCCAGCCGGCGAT
GGCCATGAACTTTATGTTGACCCAGCCGCACAGTGTATCAGAATCTCCTGGAAAAACGG
TAACCATCAGCTGTACCCGCAGTTCTGGCTCAATTGCGAGCAACTACGTCCAGTGGTAC
CAACAGCGCCCAGGCTCCTCCCCGACCACCGTGATCTATGAAGACAACCAGCGTCCAAG
CGGTGTGCCCGATCGGTTTTCTGGCAGCATTGACAGTAGCAGTAACAGCGCCAGCTTGA
CCATCTCTGGACTTAAAACGGAAGATGAGGCGGACTATTATTGTCAATCCTATGATAGC
TCCAACCACGTCGTCTTTGGTGGCGGGACCAAGTTGACTGTTCTGTAA

Appendix 7.7 DNA sequence of pelB-IGLV6-57-germline. PelB signal sequence
is shown in green. Stop codon is underlined.

KYLLPTAAAGLLLLAAQPAMAMNFMLTQPHSVSESPGKTVTISCTRSSGSIASNYVQOWY
OORPGSSPTTVIYEDNQRPSGVPDRFSGSIDSSSNSASLTISGLKTEDEADYYCQSYDS
SNHVVFGGGTKLTVL

Appendix 7.8 Protein sequence of pelB-IGLV6-57-germline. PelB signal

sequence is shown in green which is cleaved after translocation to the periplasm.
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[ 1GLv6-57 | T7 terminator

(pelB signal sequence|
RBS

‘T7 promoter

lacI promoter

PET29b-IGLV6-57-germline
5639bp

Appendix 7.9 Plasmid map of pET29b-IGLV6-57-germline.
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7.2.2 pET29b-IGLV6-57-pateint

AAATACCTGCTGCCGACCGCTGCTGCTGGTCTGCTGCTCCTCGCTGCCCAGCCGGCGAT
GGCCATGAATTTTATGTTGACACAGCCTCACTCGGTCAGCGAAAGCCCCGGAAAGACTC
TGACTATCTCTTGCACAGGCAGTTCGGCCAGCATCGCCTCCCACTATGTGCAATGGTAC
CAACAGCGTCCTGGTGGGGCTCCCACTACCCTCATTTACGAGAACGATCAGCGCCCGAG
TGAAGTTCCGGATCGCTTTTCCGGATCTATCGATTCCAGCAGTAATTCAGCGTCCCTGA
CCATTTCCGGCCTGAAAACGGAGGACGAAGCCGATTATTATTGCCAGTCATACGATGGT
AACAATCATTGGGTGTTCGGCGGCGGTACCAAATTAACTGTGCTGTAA

Appendix 7.10 DNA sequence of pelB-IGLV6-57-patient. PelB signal sequence

is shown in green. Stop codon is underlined.

KYLLPTAAAGLLLLAAQPAMAMNFMLTQPHSVSESPGKTLTISCTGSSASIASHYVQOWY
OORPGGAPTTLIYENDQRPSEVPDRFSGSIDSSSNSASLTISGLKTEDEADYYCQSYDG
NNHWVFGGGTKLTVL

Appendix 7.11 Protein sequence of pelB-IGLV6-57-patient. PelB signal sequence

is shown in green which is cleaved after translocation to the periplasm.
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(IGLV6-57-patient|

(pelB signal sequence|

lacl promoter

pPET29b-IGLV6-57-patient
5639bp

Appendix 7.12 Plasmid map of pET29b-IGLV6-57-patient.
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7.3 Protein sequences

Construct

Amino acid sequence

scFv WFL

QOVOLVOSGAEVKKPGSSVKVSCKASGGTFWFGAFTWVROAPGQGLEWMG
GIIPIFGLTNLAQONFQGRVTITADESTSTVYMELSSLRSEDTAVYYCAR
SSRIYDLNPSLTAYYDMDVWGQGTMVTVSSGGGSSGGGGSGGGGGAQSV
LTOPPSVSAAPGOKVTISCSGSSSDIGNNYVSWYQOLPGTAPKLLIYDN
NKRPSGIPDRFSGSKSGTSATLGITGLQTGDEADYYCGTWDSSLSAWVF
GGGTKLTVL

scFv STT

QVOLVOSGAEVKKPGSSVKVSCKASGGTFSTGAFTWVROAPGQGLEWMG
GIIPIFGLTNLAQONFQGRVTITADESTSTVYMELSSLRSEDTAVYYCAR
SSRIYDLNPSLTAYYDMDVWGQGTMVTVSSGGGSSGGGGSGGGGGAQSV
LTOPPSVSAAPGOKVTISCSGSSSDIGNNYVSWYQOLPGTAPKLLIYDN
NKRPSGIPDRFSGSKSGTSATLGITGLQTGDEADYYCGTWDSSLSAWVF
GGGTKLTVL

GCSF

MTPLGPASSLPQOSFLLKCLEQVRKIQGDGAALQEKLCATYKLCHPEELV
LLGHSLGIPWAPLSSCPSQALQLAGCLSQLHSGLFLYQGLLQALEGISP
ELGPTLDTLQLDVADFATTIWQOMEELGMAPALQPTQGAMPAFASAFQR
RAGGVLVASHLOSFLEVSYRVLRHLAQP

GCSF-C3

MTPLGPASSLPOSFLLKGLEQVRKIQGDGAALQEKLCATYKLCHPEELV
LLGHSLGIPRAPLSSCPSQALRLAGCLSQLHSGLLLYQGLLQALEGISP
ELGPTLDTLQLDVADFATTIWQOMEELGMAPALQPTQGAMPAFASAFQR
RAGGVLVASHLOSFLEVSYRVLRHLAQP

Dp47d

EVOLLESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVROAPGKGLEWVS
ATISGSGGSTYYADSVKGRFTISRDNSKNTLYLOMNSLRAEDTAVYYCAK
SYGAFDYWGQGTLVTVSS

HEL4

EVOQLLESGGGLVQPGGSLRLSCAASGFRISDEDMGWVROAPGKGLEWVS
SIYGPSGSTYYADSVKGRFTISRDNSKNTLYLOMNSLRAEDTAVYYCAS
ALEPLSEPLGFWGQGTLVTVSS

scFv Li33

EVOQLLESGGGLVQPGGSLRLSCAASGFTFSIYPMFWVROAPGKGLEWVS
WIGPSGGITKYADSVKGRFTISRDNSKNTLYLOMNSLRAEDTATYYCAR
EGHNDWYFDLWGRGTLVTVSSGGGGSGGGGSGGGGSGGGGSDIQMTOQOSP
GTLSLSPGERATLSCRASQSVSSYLAWYQOKPGOQAPRLLIYDASNRATG
IPARFSGSGSGTEFTLTISSLOSEDFAVYYCQQYDKWPLTFGGGTKVEI
K

IGLV1-44-
germline

OSVLTQPPSASGTPGORVTISCSGSSSNIGSNTVNWYQOLPGTAPKLLI
YSNNOQRPSGVPDRFSGSKSGTSASLAISGLOSEDEADYYCAAWDDSLNG
WVFGGGTKLTVL

IGLV1-44-
patient

OSVLTQPPSASGTPGORVTISCSGRSSNIGRNLVKWYQQFPGTAPKLLI
YSNDOQRPSGVPDRFSGSKSGTSASLAVSGLOSEDEADYYCAAWDATLNA
WVFGGGTKLTVL

IGLV6-57-
germline

NFMLTQPHSVSESPGKTVTISCTRSSGSIASNYVOWYQORPGSSPTTVI
YEDNQRPSGVPDRFSGSIDSSSNSASLTISGLKTEDEADYYCQSYDSSN
HVVFGGGTKLTVL

IGLV6-57-
patient

NFMLTQPHSVSESPGKTLTISCTGSSASIASHYVOWYQORPGGAPTTLI
YENDQRPSEVPDRFSGSIDSSSNSASLTISGLKTEDEADYYCQSYDGNN
HWVFGGGTKLTVL

Appendix 7.13 Protein sequences used in this study.
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7.4 Mass spectrometry

Appendix 7.14 Mass spectrum of IGLV6-57-germline Vi domain. Expected
molecular mass = 12082.16 Da. Measured mass = 12081.49 Da. Data collected by
The Biomolecular Mass Spectrometry Facility (University of Leeds).

Appendix 7.15 Mass spectrum of IGLV6-57 patient VL domain.Expected
molecular mass = 12158.26 Da. Measured mass = 12158.26 Da. Data collected by
The Biomolecular Mass Spectrometry Facility (University of Leeds).
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a
= IGLV6-57-germline
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b
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Appendix 7.16 Full CD spectra of VL domains during thermal denaturation.
Thermal denaturation was performed by setting up a gradient from 20-90 °Cin 5 °C
steps (colours in key) for a) IGLV6-57 germline and b) IGLV6-57 patient. Data from

210 nm was used to calculate the fractional change in Figure 5.6c.
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