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Abstract

Biopharmaceuticals, including antibodies (Abs), are the fastest growing segment of the
pharmaceutical industry, and offer unique treatment possibilities for a range of diseases,
including neurodegenerative and immune diseases, and cancers. Abs are currently
typically administered by expensive and time consuming intravenous injection in a
clinical setting, and there is growing interest in faster administration by subcutaneous
injection, potentially by the patient themselves at home. However, subcutaneous
injection volumes are typically limited to < 2 mL, requiring the development of high-
concentration protein formulations (> 100 mg/mL). Such high concentrations promote
physical instabilities, such as reversible self-association, irreversible aggregation, and
liquid-liquid phase separation (LLPS). Characterising these instabilities by conventional

biophysical techniques is challenging, particularly in situ at high concentration.

In this Thesis, we demonstrate the use of NMR spectroscopy to study the stability and
phase separation of Abs and other model proteins. In the first half of the Thesis, we
show that *H NMR spectroscopy can detect the degradation of both the protein and
small molecule components of Ab formulations in situ without sample manipulation.
Additionally, we employ a typical formulation approach, namely the addition of an
excipient (Arg-Glu) to the phase separated dense fraction, to show that LLPS is suitable
as an alternative method to concentrate Ab solutions. In the second half of the Thesis,
we detail the development of two new °F NMR approaches to study protein self-
association and LLPS. We show that °F Dark-state Exchange Saturation Transfer
(DEST) NMR can be used to detect the self-association and clustering of *°F tagged
Abs in otherwise NMR invisible dark states. Finally, we demonstrate a novel
experimental approach, with a fluorinated probe molecule combined with spatially-
selective and conventional bulk-detection NMR, to study the kinetics of phase
separation. We first develop this approach in a model system (bovine serum albumin),
before applying it to a biopharmaceutical Ab. In conclusion, we have developed a
number of NMR approaches to study Abs and phase separation. These approaches may

encourage the use of NMR spectroscopy in the biopharmaceutical industry.

13



Declaration
No portion of the work referred to in the Thesis has been submitted in support of an
application for another degree or qualification of this or any other university or other

institute of learning.

Copyright statement

i. The author of this Thesis (including any appendices and/or schedules to this Thesis)
owns certain copyright or related rights in it (the “Copyright”) and she has given The
University of Manchester certain rights to use such Copyright, including for
administrative purposes.

ii. Copies of this Thesis, either in full or in extracts and whether in hard or electronic
copy, may be made only in accordance with the Copyright, Designs and Patents Act 1988
(as amended) and regulations issued under it or, where appropriate, in accordance with
licensing agreements which the University has from time to time. This page must form
part of any such copies made.

iii. The ownership of certain Copyright, patents, designs, trademarks and other
intellectual property (the “Intellectual Property”) and any reproductions of copyright
works in the Thesis, for example graphs and tables (“Reproductions”), which may be
described in this Thesis, may not be owned by the author and may be owned by third
parties. Such Intellectual Property and Reproductions cannot and must not be made
available for use without the prior written permission of the owner(s) of the relevant
Intellectual Property and/or Reproductions.

iv. Further information on the conditions under which disclosure, publication and
commercialisation of this Thesis, the Copyright and any Intellectual Property and/or
Reproductions described in it may take place is available in the University IP Policy (see
http://documents.manchester.ac.uk/Doculnfo.aspx?DoclD=24420), in any relevant
Thesis restriction declarations deposited in the University Library, The University
Library’s regulations (see http://www.library.manchester.ac.uk/about/regulations/) and in

The University’s policy on Presentation of Theses.

14



Acknowledgements
Completing a PhD is a meandering journey of highs and lows, and | would like to take
this opportunity to thank the people who have helped me navigate through, and allowed

me to look back on the time with fondness.

Firstly, I am extremely grateful to my supervisor Alexander ‘Sasha’ Golovanov,
particularly for his balanced approach of quiet enthusiasm and support for my
unconventional ideas, contrasted with “Devil’s advocate” questioning to keep my work
on track. I’d also like to thank the other members of the Golovanov group; John
Edwards, Richard Tunnicliffe and Matja Zalar for assistance and valuable scientific

discussions.

Next, I’d like to thank my industrial supervisors Adrian Podmore and Stephanie Davies
for their support and guidance from an industrial perspective. Thanks also to the entire
Formulation team at AstraZeneca Granta Park for making me welcome during my

placement visits.

At the Manchester Institute of Biotechnology, thanks go to Matthew CIiff for managing
the NMR facility and for answering my obscure NMR questions. Thanks also to the
building’s technical staff, particularly Rehana Sung. I’'m also grateful to the protein
aggregation groups of Jim Warwicker, Robin Curtis and Richard Henchman for
opportunities to present my work and for useful questions. A massive thanks also to our
lunch group, particularly Aisling Roche, Jas Kalayan, Nicole Sibanda, and Nikita
Vekeria, for always providing a welcome break from science and a crossword to look

forward to.

Finally, I’d like to thank my family, particularly my mum, without whom even starting
a PhD would not have been possible. Lastly, a massive thanks to Matja for her
unwavering support and love, and for making me smile every day, even when all my

coaxial inserts have glued themselves inside my NMR tubes.

15



Alternative format for submission and authorship details
This Thesis in presented in a journal format, with individual chapters presented in the
form of separate research papers. The contributions of individual authors to each

chapter is detailed below.

Authors in alphabetical order

S.M.B. — Steven M. Bishop, J.E.B. — Jack E. Bramham, S.A.D. — Stephanie A. Davies,
J.M.E. —John M. Edwards, A.P.G. — Alexander P. Golovanov, A.P. — Adrian Podmore,
and C.v.d.W. — Christopher van der Walle,

Chapter 2: Comprehensive assessment of protein and excipient stability in
biopharmaceutical formulations using *H NMR spectroscopy

J.E.B. performed experiments, analysed the data, and drafted the manuscript. A.P. and
S.A.D. supplied Abs and provided guidance and supervision from an industrial
perspective. A.P.G. conceived and supervised the project and provided input regarding

data analysis.

Chapter 3: Stability of a high-concentration monoclonal antibody formulation
produced by liquid-liquid phase separation

J.E.B. performed experiments, analysed the data, and drafted the manuscript. A.P. and
S.A.D. supplied Abs and provided guidance and supervision from an industrial
perspective. A.P.G. conceived and supervised the project and provided input regarding

data analysis.

Chapter 4: 1°F Dark-state Exchange Saturation Transfer NMR reveals reversible
formation of protein-specific large clusters in high-concentration protein mixtures
J.M.E. and J.E.B. contributed equally. J.M.E. prepared samples, performed experiments,
analysed the data, and drafted the manuscript. J.E.B. performed experimental set-up,
created data analysis scripts, analysed the data, and drafted the manuscript. A.P., S.M.B.
and C.v.d.W. supplied Abs and provided guidance and supervision from an industrial
perspective. A.P.G. conceived and supervised the project and provided input regarding

data analysis.

16



Chapter 5: Temporal and spatial characterisation of protein liquid-liquid phase
separation using NMR spectroscopy

J.E.B. performed experiments, analysed the data, and drafted the manuscript. A.P.G.

conceived and supervised the project and provided input regarding data analysis. The

manuscript was written through contributions of all authors.

Chapter 6: Characterisation of phase and layer separation in antibody
biopharmaceuticals by °F NMR spectroscopy

J.E.B. performed experiments, analysed the data, and drafted the manuscript. A.P. and
S.A.D. supplied Abs and provided guidance and supervision from an industrial
perspective. A.P.G. conceived and supervised the project and provided input regarding

data analysis.

Additional publications arising from PhD studies
Priscilla Kheddo, Jack E. Bramham, Rebecca J. Dearman, Shahid Uddin, Christopher F.

van der Walle, & Alexander P. Golovanov. Investigating liquid-liquid phase separation

of a monoclonal antibody using solution-state NMR spectroscopy: Effect of Arg-Glu
and Arg-HCI. Mol. Pharmaceutics 2017 14(8):2852-2860.

Jack E. Bramham & Alexander P. Golovanov. How can NMR spectroscopy help protein

biopharmaceutical development? European Pharmaceutical Review 2020 1.

17



1 General Introduction

1.1 Antibody biopharmaceuticals

Pharmaceutical drugs have helped to revolutionise human health, enabling people to
live longer and healthier lives. Historically, most pharmaceuticals have been small
molecule drugs, but over the last four decades, biopharmaceuticals, a new class of

drugs, have risen in prominence.

1.1.1 Small molecule pharmaceuticals versus biopharmaceuticals

Small molecule drugs are pharmaceutical products with low molecular weight, typically
less than 1 kDa, produced by chemical synthesis reactions or purified from a natural
source [1]. Conversely, biopharmaceuticals are typically of higher molecular weight,
and are produced in, or extracted from biological or biotechnological sources [2].
Following the first biopharmaceutical, humanised insulin expressed in Escherichia Coli
(E. coli) [3], around 285 distinct biopharmaceuticals have been approved [4], with
biopharmaceutical sales as a percentage of total pharmaceutical sales continuing to
grow [5]. Biopharmaceuticals include; protein products, such as small peptides (< 10
kDa or < 100 amino acids), globular proteins, engineered protein scaffolds, hormones,
and antibodies and antibody-related proteins; nucleic acid or gene-based products; and
whole cell products [4].

The emergence of biopharmaceuticals can be ascribed to a number of perceived
advantages over small molecule drugs [6, 7]. Firstly, biopharmaceuticals typically have
higher affinity and efficacy for their target than small molecules, meaning they are
associated with fewer unwanted off-target effects. Secondly, antibody
biopharmaceuticals, in particular, are significantly more stable than small molecules,
with longer serum half-lives enabling less frequent dosing strategies. Additionally,
when biopharmaceuticals are degraded, they are recycled into common biological
compounds, such as amino acids, sugars, and nucleic acids, or excreted; whereas small
molecules may have toxic degradation products or be inherently toxic (e.g. some
chemotherapies) [8]. Despite these advantages, small molecules still have potential
advantages in a number of areas, including possibility of oral administration [9], ease of
manufacturing, and the ability to cross membrane barriers, particularly the blood-brain
barrier [10].
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This Thesis will focus on antibodies and antibody-related biopharmaceuticals as they
are the largest class of biopharmaceuticals and currently represent over 65% of all

biopharmaceutical sales [4].

1.1.2 Antibody structure and function

Antibodies, also known as immunoglobulins (Igs), are large glycoproteins (typically
150-200 kDa), which play an important role in the vertebrate immune system [11]. In
mammals, 1gs in membrane-bound or secreted forms are produced by B cells, a type of
white blood cell also known as B lymphocytes. Antibodies bind specific target
molecules (antigens) in order to neutralise targets displaying these antigens. This can
occur through action of the antibody itself (neutralisation) [12], through recruitment of
phagocytic cells to destroy targets by phagocytosis (agglutination or precipitation),
through recruitment of natural Killer cells to destroy target cells by lysis (antibody-
dependent cellular cytotoxicity (ADCC)), or through activation of the immune
complement system (complement-dependent cytotoxicity (CDC)) [13].

‘ f@ | ,@ (gﬁ %

Monomer Heavy chain Fc F(ab’),

Figure 1-1. Structure of antibody monomers, chains and fragments. Light and heavy
chains are coloured blue and green, respectively. Constant domains are darker colours,

while variable domains are lighter colours.

Ig monomers consist of two identical heavy chains and two identical light chains,
arranged in a Y-shaped quaternary structure (Figure 1-1). The heavy chain contains

three constant domains (Cn1, Ch2, and Cn3), a variable domain (Vn), and a hinge
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region, which renders some flexibility to the Ig Y-shape. Conversely, the light chain
consists of a single constant (C) and a single variable (V) domain. The constant
domains are identical in all antibodies of a given type, while the variable domains differ
between antibodies of the same type. All domains have the same immunoglobulin fold
of the Ig superfamily, with two layers of B-sheets, containing B-strands arranged in an
antiparallel manner. These chains and regions are linked by a series of disulphide bonds,
which are increasingly recognised to occur in classical and non-classical manners, and

vary between antibody isotypes [14].

The Y-shaped antibody structure can also be classified into a number of regions. The
‘arms’ of the Y-shape form the two fragment antigen-binding (Fab) regions, each
consisting of constant domains Cxl1 and Cy, and variable domains Vy and V. Within
the Fab, the variable domains Vy and V., also known as the fragment variable (Fv), and
specifically, three loops, the complementarity determining regions (CDRS), on each
domain are responsible for binding to antigens. The individual specificity and
multiplicity of these CDRs are responsible for the antibody paratope, and overall ability
of an antibody to target a specific region (epitope) on a specific antigen [15]. The ‘body’
of the Y-shape forms the fragment crystallisable (Fc) region, typically consisting of two
sets of Ch2 and Cn3 domains. This region also contains conserved amino acid residues
to which glycans are attached during glycosylation. The Fc region and glycans are
responsible for binding and modulating the activity of immune system effectors through
Fcy receptors [16]. Additionally, a F(ab’)> fragment, consisting of the two Fab regions
joined by the heavy chain hinge region, can be produced following degradation or
protease action [17].

In mammals, five types of Ig exist - IgA, IgD, IgE, IgG, and IgM [18]. These isotypes
share the same basic monomeric structure described above, but differ in their constant
domains, and thus their Fc and ability to recruit individual aspects of the immune
system. Additionally, IgA can exist in a secreted dimeric form, whilst IgM can exist in a
secreted pentameric form. The 1gG isotype, to which the vast majority of
biopharmaceutical mAbs belong [4], is the most common Ig in blood and extracellular
fluid. Four different types of 1gG exist (IgG1-4) [19], with time-dependent roles in the
immune response due to different levels of complement activation and effector cell

binding by the Fc regions [20]. IgG molecules are generally inherently stable, with
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biological half-lives ranging from 7-21 days. As the smallest 1g isotype at ~150 kDa,
IgGs are the only antibodies able to perfuse tissue and cross the placenta. Detailed
description of the function of the remaining Ig isotypes is outside the scope of this
Thesis, and is covered elsewhere [11, 21].

1.1.3 Monoclonal antibody biopharmaceuticals

The high specificity and stability of antibodies, coupled with their ability to recruit the
native immune system, makes them an excellent system for a pharmaceutical drug [22].
Antibody biopharmaceuticals are almost exclusively monoclonal antibodies (mAbs),
with the same paratope produced from clones of a single B cell, rather than polyclonal
antibodies, a mixture of antibodies with different paratopes produced from multiple B
cell clones. Experimental production of mAbs in vivo began in 1970 following specific
selection and propagation of a B cell clone in mice [23]. This was extended in 1975 to
enable mAb production in vitro, with a hybridoma approach involving fusion of rabbit
B cells with an immortal myeloma cell line [24]. Subsequently, the first mAb
biopharmaceutical, ORT/OK3, a murine mAb produced in hybridomas and developed
to treat transplant rejection, was approved in 1986. This mAb was later withdrawn due
to issues of heightened immunosuppression and the immune systems innate response to

the foreign murine mAb [25].

The issue of anti-treatment immune responses was partially circumvented in 1986 by
the development of humanised antibodies, non-human antibodies whose protein
sequences have been modified to more closely resemble human antibodies [26]. The use
of humanised hybridomas, development of new production strategies, such as
transgenic animals [27] and phage display technologies [28], and an increased interest
in the mAb therapy approach has resulted in the recent rapid growth of the mAb

biopharmaceutical industry [29].

Recent years have also seen the development of new types of antibody
biopharmaceuticals, designed to optimise the particular properties of a treatment (Figure
1-2). Firstly, classical mAbs may have their structure altered in order to achieve
optimum function. For example, the Fc region may be engineered to enhance effector
function through optimised Fcy binding [30] or to increase protein half-life through

recycling by the neonatal Fc receptor [31]. Alternatively, the Fv region itself may be
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altered to increase half-life [32]. Glycosylation patterns may also be modified through
glycoengineering, including removal of the conserved glycation site to prevent an
immune response [33], or incorporation of specific glycans to trigger specific immune

cell activation [34].

(]
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Specific glycans Bispecific mAb
Fc-fusion protein Bispecific scFV scFV

Figure 1-2. Examples of innovative engineered antibodies and related proteins.

Constant chains in darker colours, light chains in lighter colours.

Smaller fragments of mAbs may also be used as drug products to exploit the modular
nature of antibody molecules [35]. For example, antigen-binding biopharmaceuticals
based on the Fab region [36] or the Fv region expressed as a single-chain (scFv) [37]
retain the specific binding ability of mAbs, yet may offer greater tumour penetration or
more rapid clearance due to their smaller size. Nanobodies, based on fragments of
heavy-chain only antibodies found in Camelidae mammals, extend this approach further
still [38]. Alternatively, the Fc region may be covalently linked to another protein of
interest to form an Fc-fusion protein [39] in order to introduce novel immune functions

or increase half-life.

Another engineered class of particular interest are bispecific antibodies (BsAbs), which
contain two different antigen binding sites as result of different Fv regions [40].
Bispecifics may be generated through replacement of one Fv or Fab region, addition of
an additional Fv to an Ig structure, or fusion of two mAb fragments. BsAbs in their

various forms are able to interact with two different targets simultaneously alongside
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their Fc effector functions, which often leads to a beneficial synergistic effect. An
example of this approach incorporates a paratope binding tumour cells and another
binding T lymphocytes, in order to trigger T lymphocyte mediated tumour destruction
[41]. This approach may be extrapolated even further in the creation of trispecific
antibodies [42]. Antibodies of all forms may also be covalently linked to small drug
molecules to form antibody drug conjugates (ADCSs) [43]. This strategy may be used to
target cytotoxic drugs to specific cells and reduce systemic off-target effects.

Antibody and related biopharmaceuticals are indicated in the treatment of a wide range
of diseases. For cancers of the blood, such as leukaemia, lymphoma and myeloma, or
cancers with solid tumours, mADb therapies are one of the most successful treatment
strategies [44]. Given that many cancer cells overexpress certain antigens or display
unique mutated antigens [45], mAbs generated against these antigens enable specific
targeting of these cancers. Targeted destruction of cancer cells is then achieved by
activation of the immune system against cancer cells which had previously suppressed
immune responses [46], or the action of a cytotoxic payload in ADC therapies [43].
Antibody therapies are also used in the treatment of autoimmune diseases, such as
rheumatoid arthritis, inflammatory bowel diseases and psoriasis, triggered by
overreaction of the immune system [47, 48]. In these cases, mAb therapies act to
supress the aberrant immune system through specific blockage of cytokines or
destruction of lymphocytes [49]. Other conditions with antibody therapies include

migraines, skeletal diseases and blood clotting disorders [50, 51].

1.1.4 Production and administration of antibody biopharmaceuticals

We will now briefly consider current approaches to mAb production and administration,
in order to provide a background for the challenges the biopharmaceutical industry faces
in the development and manufacturing of mAb products. Here, we will focus on
production processes following successful identification of a biological target and

development of a lead mAD.

Biopharmaceutical mAbs are typically produced in mammalian cell lines. These cell
lines are capable of producing the post-translational modifications, protein folds and
quaternary structures required in antibody molecules [52]. Following transfection of an

appropriate cell line, typically Chinese hamster ovary (CHO) or murine myeloma cells
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(NSO0) [53], cells successfully expressing the product are isolated. These cells are then
cultured in bioreactors until they are harvested upon reaching an appropriate density.

These processes are collectively referred to as upstream processing [54].

Downstream processing, on the other hand, refers to purification of mAbs from the
harvested cell mass, and subsequent preparation of the final drug product [55]. First, the
cell mass is collected by centrifugation, with cells disrupted to release the mAb. Next,
the protein must be purified to yield a high purity product, free from process
contaminants, such as host cell proteins, nucleic acids and viruses. This is typically
achieved by chromatography techniques, such as protein A chromatography to first
selectively purify the mADb as a result of protein A specific binding to mAb Fc regions
[56] coupled with further chromatography techniques, including ion-exchange or size-
exclusion, to remove residual impurities [57]. Viruses may be inactivated by incubation
at low pH [58]. These extremes of pH or ionic strength during bioprocessing can lead to
protein degradation into fragments and aggregates, which themselves must be removed
[59, 60].

Following purification, the final drug product must be formulated to prevent chemical
and physical instabilities, and therefore ensure protein stability and activity over a
product’s shelf-life [61]. This is achieved by formulation optimisation, including
selection of an appropriate buffer with optimum pH, and the addition of a range of small
molecule excipients, such as salts, amino acids, and surfactants [62, 63]. Additionally,
the protein must be sufficiently concentrated to provide an efficacious dose in a given
volume. This concentrating step is typically conducted by ultra- or diafilitration steps
involving membranes [55, 64]. Biopharmaceuticals can be formulated in liquid or solid
form. As mAbs are produced in solution, liquid formulations are easier to produce and
administer, but may have a shorter shelf-life due to greater protein degradation in
solution [65]. Conversely, mAb solid formulations, while potentially more stable, are
more difficult to manufacture and handle, requiring lyophilisation (freeze-drying)

during production and reconstitution before administration [66].

Finally, the purified and formulated mAb product can be administered to the patient. At
present, biopharmaceuticals are most commonly administered by intravenous (1V)

infusion, whereby a large volume is slowly injected into a vein. This typically requires a
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lengthy hours-long process in a specialised clinical setting with trained medical
personnel [67], which leads to higher treatment costs [68]. In light of these
requirements, there has been a move towards easier and lower cost administration
strategies. Oral administration, whilst the simplest administration approach, is generally
unfeasible for biopharmaceutical proteins due to poor membrane permeability and
protein degradation in the gastrointestinal tract [69]. However, novel delivery systems

[70] and strategies to reduced gastrointestinal degradation [71] are active research areas.

An alternative approach to IV infusion is subcutaneous administration, where the drug
is injected into the subcutaneous tissue beneath the skin. Subcutaneous injection is
significantly faster and simpler than 1V infusion, and results in reduced administration
costs and improved patient quality of life [72]. The subcutaneous approach may also
allow patients to self-administer biopharmaceutical mAbs, in a manner similar to an
insulin pen [73]. Given these benefits, a number of subcutaneous mAb therapies have
been recently developed, including for cancer and arthritis treatment [74]. However,
subcutaneous injections volumes are limited to ~2 mL by the extracellular matrix, with
larger volumes not well tolerated due to painful increases in pressure [75]. This means
that mAb therapies for subcutaneous injection must be formulated in solution at high
protein concentrations (>100 mg/mL) in order to provide an efficacious dosage within

the restricted volume.

1.2 Antibody biopharmaceutical stability

Given the potential benefits of subcutaneous administration of mAbs, there is currently
significant interest in the production of high concentration liquid antibody formulations
[76]. However, high protein concentrations are associated with a number of physical
instabilities, including reversible self-association, irreversible aggregation and liquid-
liquid phase separation (LLPS). These instabilities result from reduced inter-protein
separation and increased protein-protein interactions at high concentration, and may
adversely affect mAb production processes, product quality and treatment safety.
Additionally, these instabilities may only present during extended storage of mAbs at
refrigerated temperatures, or after thawing following freezing [77]. Overall mAb
stability is dependent upon a complex combination of physical and chemical stability.

Therefore, in order to develop strategies to maximise protein stability and prevent
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instability it is important to first gain an understanding of the processes underlying these

phenomena.

This Thesis focuses on the physical stability of mAb biopharmaceuticals, in particular
self-association, phase separation and aggregation at high protein concentrations.
Therefore, mAb chemical stability, which is largely outside of the scope of this work,

will only be briefly discussed.

1.2.1 Chemical stability

Chemical instabilities arise from chemical modification of proteins, and result in
chemically distinct entities from the base mAb primary structure [78]. Therefore,
chemical stability is defined as the ability of a protein to withstand changes to its
chemical composition. Given the range of amino acid functional groups, proteins
exhibit a wide range of chemical modifications. Reactive oxygen species can oxidise
cysteine, histidine, methionine, tryptophan, and tyrosine [79]. Aspartate isomerisation
[80] and asparagine deamidation [81] both result in the production of isoaspartate.
Disulphide bonds formed by cysteine residues may also undergo a number of
alterations, including breakage, shuffling and trisulphide formation [82], which can lead
to protein fragmentation. These chemical instabilities can reduce Ig domain stability
[83], hinder antigen binding [81], reduce colloidal stability [84], or increase aggregation
propensity [85].

The carbohydrate content of mAbs can also be a source of chemical instability.
Antibodies may undergo glycation and gain additional covalently attached sugars [86,
87]. This can occur during storage in formulations containing sugars, such as sucrose,
which can undergo hydrolysis to form reducing sugars. Glycation can hinder antigen
binding [88].

Protein chemical stability is generally well understood, with numerous strategies
available to minimise the formation of chemical instabilities. Antibody formulations can
be optimised to reduce chemical degradation, for example, through the addition of
antioxidants to prevent oxidation [89], or selection of pH and buffer components [90].
Additionally, refrigerated storage and prevention of exposure to high temperature can

reduce chemical instabilities by reducing the rates of chemical reactions such as
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oxidation [91] and glycation [92]. Finally, antibody structure can be engineered to

reduced susceptibility to chemical degradation [93].

1.2.2 Physical instability

Physical instabilities, on the other hand, incorporate changes in the conformational or
colloidal behaviour of a protein, which can in turn affect solution behaviour.
Conformational stability is a protein’s capacity to retain its folded active secondary,
tertiary and quaternary structure, and resist unfolding into an inactive conformation
[94]. Conversely, colloidal stability refers to a protein’s ability to remain monomeric in
solution, without significant attractive protein-protein interactions resulting in the
formation of protein assemblies of two or more monomeric units [95]. Additionally,
conformational and colloidal instabilities can be intertwined, for example, in unfolding
(conformational instability) resulting in aggregation (colloidal instability). Finally,
physical instabilities can include reversible processes, such as self-association and phase
separation, and irreversible processes, such as aggregation, precipitation and surface
adsorption.

1.2.3 Aggregation

Monoclonal antibodies may undergo irreversible aggregation and form stable
complexes of two or more monomeric subunits. In solution, proteins exist in a dynamic
equilibrium between the folded native state and partially unfolded intermediate states. A
wide range of partially unfolded states may exist for a single protein, some of which
may be largely stable. However, unfolding may also lead to unstable states due to
surface exposure of sticky aggregation-prone regions, which would otherwise be buried
within the protein core. Such aggregation-prone regions or ‘hot spots’ are typically
highly hydrophobic with low charge density [96]. Interaction of these regions on
different protein molecules can result in strong non-covalent interactions, which result
in the protein molecules being essentially irreversibly linked. Such oligomers may grow
into larger aggregates through addition of sequential unfolded monomer subunits in a
polymerisation style reaction [97], or through combination with other oligomers or
aggregates [98]. High protein concentrations increase the likelihood of aggregation as a
result of reduced spatial separation of proteins and increased likelihood of protein-

protein interactions.
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Antibodies may also undergo irreversible aggregation as a result of covalent reactions
between native or partially unfolded species. Reduction of normal intra-protein
disulphide bonds and subsequent unfolding can result in cross-linking of monomer
subunits by inter-protein disulphide bonds [99, 100].

Aggregation in biopharmaceutical proteins can be problematic for a number of reasons.
Aggregates are typically therapeutically inactive, and therefore reduce the dosage and
efficacy of the active pharmaceutical ingredient. Irreversible aggregates are also linked
to issues of immunogenicity, in which a patient develops an adverse immune response
to the biopharmaceutical product [101]. This immune response results in production of
antidrug antibodies, and neutralisation of the biopharmaceutical molecule. While such
immunogenicity may occur against monomeric biopharmaceuticals alone, for example,
through reactions to specific glycosylation patterns [102], aggregates may increase the
risk of an aberrant immune response [103]. Immunogenic responses to
biopharmaceuticals can result in reduced treatment efficacy, or potentially serious safety
issues, such as anaphylaxis [104].

Protein aggregation can be minimised in mAbs by a number of strategies. Optimisation
of formulation conditions, particularly the addition of excipients, such as amino acids,
salts, sugars, and surfactants, and selection of buffer components and pH [105-107], can
reduce attractive protein-protein interactions and prevent aggregation. Amino acid hot
spots responsible for protein aggregation can also be mutated or masked with

glycosylation sites to prevent aggregation [108].

1.2.4 Fragmentation

Biopharmaceutical mAbs can undergo fragmentation by non-enzymatic cleavage of the
protein backbone or breakage of disulphide bonds linking the light and heavy chains
[109]. This results in the formation of smaller fragments of the intact mAb structure,
such as a F(ab’)2 and a Fc, existing in solution. Fragmentation can be considered both a
chemical and physical instability, as it results in significant changes to both the primary

amino acid sequence of the mAb and the larger structural conformation.

While peptide bonds in the backbone of proteins are inherently very stable, specific

amino acid sidechains, including asparagine and aspartate, can contribute to a
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hydrolysis reaction and result in the breakage of a peptide bond, particularly in the
solvent exposed hinge region [110]. Hydrolysis can also occur due to the action of free
radicals, such as hydroxyl radicals [111, 112] or metal ions [113]. Alternatively,
reduction of the inter-chain disulphide bonds that maintain mAb quaternary structure
can result in fragmentation [82]. This can result from the action of reducing enzymes
from mammalian cell lines during expression and purification [114], during processing

steps involving low pH [115], or spontaneously during storage.

The effect of fragmentation on the activity and efficacy of a biopharmaceutical mAb are
largely dependent on the specific fragmentation site [109]. For example, fragmentation
at the hinge region will result in Fabs with intact binding capacities, but without Fc-
mediated effector functions. Conversely, fragmentation in the Fv region may prevent
antigen binding. Fragmentation is also linked to aggregation, particularly in the case of
fragments containing free thiol groups after disulphide reduction [116]. Generally,
fragmentation can be seen as a negative process which reduces the concentration of the
active monomeric mAb unit and reduces overall product quality. Fragmentation can be
reduced through removal of free radicals during production, or formulation near neutral
pH [110].

1.3 Self-association and liquid-liquid phase separation

While aggregation and fragmentation are essentially universal protein phenomenon and
have been widely studied in mAbs, liquid-liquid phase separation (LLPS) is rarer, and
therefore less well characterised. However, the development of high-concentration
formulations has increased the occurrence of reversible self-association and LLPS in

mADbs, and they are increasingly of interest in the biopharmaceutical industry.

1.3.1 Reversible self-association and viscosity

Protein self-association involves assemblies of two or more protein monomers in their
native conformations held together by weak non-covalent interactions. These
interactions in mAbs are predominantly electrostatic interactions [117, 118], but also
include hydrophobic, van der Waals and dipole-dipole interactions [119]. Due to the
retention of native structure and weak interactions, self-association is reversible through
dissociation of the supramolecular assembly, leading to the term ‘reversible self-

association’. The reversible nature of self-association means that it is an equilibrium
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process, and so the equilibrium position and degree of self-association can be altered by
changing solution conditions, such as protein concentration, temperature, ionic strength,

and pH.

In mADb solutions, self-association is primarily observed as increased solution viscosity
[120, 121]. At low concentration, solution viscosity is highly dependent upon the
electroviscous effect [121], with long range electrostatics resulting from protein net
charge dominating. Therefore, at low concentration, increasing viscosity is observed as
pH moves away from a mAbs isoelectric point (pl) and net charge increases [122].
Conversely, as protein concentration increases, reduced intermolecular separation
means that long range interactions become less important, and short range interactions
(e.g. van der Waals and hydrophobic interactions) begin to dominate overall protein-

protein interactions.

The attractive or repulsive nature of protein-protein interactions, and the contributions
of long and short range interactions are highly dependent upon protein primary
sequence [123]. In proteins with attractive short range interactions, high concentrations
result in self-association and increased solution viscosity [120, 124]. Conversely,
proteins with repulsive interactions may not exhibit self-association. At high
concentration, solution pH close to protein pl [120, 125] or ionic screening of long
range interactions can result in self-association and high viscosity [126]. Lower
temperatures, such as those experienced during refrigerated storage, can also result in
increased viscosity due to reduced flow and increased strength of hydrophobic
interactions [127, 128], alongside increased viscosity resulting from the surrounding

water medium itself.

Reversible self-association and particularly resulting high viscosity can pose a problem
throughout the steps of biopharmaceutical manufacturing and administration. During
protein concentration by tangential-flow filtration, high viscosity with increasing
concentration can result in significant pump back pressure, membrane fouling and
reduced filtration [129]. Viscous high-concentration formulations may also be ‘un-

syringable’ or ‘un-injectable’ due to the high forces required [127, 130].
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1.3.2 The phenomenon of liquid-liquid phase separation

Phase separations are the dissociation of a single phase system into a multi-phase
system. They are widespread phenomena throughout science, occurring in simple
mixtures of oil and water, in polymer research [131, 132], and in materials [133].

During liquid-liquid phase separation (LLPS), a homogenous medium concentration
solution separates into two distinct liquid phases: a low concentration lean phase and a
high concentration dense phase (Figure 1-3). This can manifest as microscopic LLPS,
with small dense phase droplets interspersed throughout the lean phase. LLPS may be
metastable in this suspended droplet state, or progress to macroscopic LLPS by layer
separation, with the droplets coalescing and sinking to produce a distinct dense layer
with a lean layer above. While the entire process is essentially reversible upon changes
in solution conditions or mixing, macroscopic LLPS in protein solutions tends to be
significantly harder to reverse than microscopic LLPS.

Microscopic LLPS Macroscopic LLPS

Lean layer

Figure 1-3. Schematic of the process of liquid-liquid phase separation. Colour shading
representative of protein concentration, with dark shades indicating higher
concentration. Size of dense droplets exaggerated.

The phase behaviour of a system can be defined as a phase diagram (Figure 1-4), with
the phase concentrations typically plotted against an experimental condition, such as
temperature or salt concentration. These phase diagrams are characterised by binodal
and spinodal curves. The binodal or coexistence curve (solid blue lines, Figure 1-4)
marks the boundary between phase systems. Outside the binodal curve, the system
exists as a single homogenous phase, while inside the curve, the system exists a
metastable or unstable mixture of two phases, with concentrations defined by the
intercepts of temperature with the curve. The spinodal curve (dashed red lines, Figure
1-4) marks the boundary between the metastable and unstable regions. Outside the

binodal curve, the system is stable as a single homogeneous phase. Inside the binodal
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but outside the spinodal curve, the system is metastable as single phase, but may
undergo phase separation by nucleation and growth if large enough fluctuations occur
[134]. Conversely, inside the spinodal curve, the system is unstable and prone to phase
separation by spinodal decomposition, with infinitesimally small local fluctuations in
concentration propagating until two distinct phases are formed [135]. For mAbs, a

single mixed coexistence curve is typically observed (Figure 1-4C) [136].
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Figure 1-4. Model phase diagrams for phase separating protein solutions. (A)
Solution with an upper critical solution temperature (UCST). (B) Solution with a lower
critical solution temperature (LCST). (C) Typical phase diagram for a mAb solution
with an UCST. Solid blue curves are binodal curves, dashed red curves are spinodal

curves, and green dotted-dashed curve is a typical mixed curve for mAb solution.

LLPS can be further classified depending on the onset of LLPS with temperature. In
systems with an upper critical solution temperature (UCST) (Figure 1-4A), LLPS only
occurs once the solution temperature is beneath the critical temperature (Tc).
Conversely in systems with a lower critical solution temperature (LCST), LLPS occurs
above Tc (Figure 1-4B).

1.3.3 Opalescence

LLPS is also linked to the phenomenon of opalescence, where a solution appears
iridescent milky white or pale blue due to light scattering. Phase separation may cause
opalescence by a number of mechanisms. Large self-associated clusters of proteins may
scatter light, with larger particles scattering light to a greater extent [136]. Dense
droplets in the solution may also scatter light, with concentration and density
fluctuations, such as those occurring when the two phases are present simultaneously in

microscopic LLPS, also leading to opalescence. Light scattering reaches a maximum
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near the critical point of the phase diagram, leading to ‘critical opalescence’ [137].
Alternatively, opalescence can arise from mechanisms other than LLPS, such as the

presence of suspended precipitates in mAb solutions [138, 139].

1.3.4 LLPS in antibody biopharmaceuticals

In protein solutions, self-association at high concentration may result in LLPS under
certain conditions. Therefore, the recent interest in the development of high-
concentration formulations has led to observations of LLPS in mAb solutions [140-
146].

Monoclonal antibodies typically exhibit LLPS when stored at refrigerated temperatures
(UCST-type LLPS) [142]. Solution pH, pl, ionic strength, and interplay between these
factors are also major factors in mAb phase separation. The attractive forces responsible
for LLPS are generally short-range, and so strongest when long-range forces, such as
charge electrostatics, are minimised. Therefore, mAb LLPS is typically seen when
formulation pH is close (within one pH unit) to pl [140, 141, 143]. LLPS may occur
away from pl if ionic strength or specific additives, such as polyvalent ions, act to
neutralise net protein charge [142, 143, 147]. Molecular crowding agents, such as
polyethylene glycol (PEG), may also induce LLPS by exaggerating crowding at high-
concentration and promoting attractive protein-protein interactions [144, 148].

LLPS is typically undesirable in biopharmaceuticals formulations. If macroscopic LLPS
occurs in the final formulated product, then the resulting layers will have markedly
different protein concentrations, and dosage may be severely altered. The higher protein
concentration in the dense phase may also promote formation of further physical
instabilities, such as aggregates or precipitates, and increased solution viscosity.
Additionally, cosolutes may partition differently between the two phases as a result of
differences in chemical potential due to the Gibbs-Donnan effect at the boundary [149].
This may alter the pH or ionic strength of individual phases, thereby triggering changes

in protein stability [142].

Given the potential problem of LLPS in mAb formulations, a number of approaches
have been developed to prevent it. As LLPS is driven by attractive protein-protein

interactions and self-association, these approaches are shared with methods to reduce

33



solution viscosity. Firstly, conventional high-throughput formulation screens [150] may
select conditions, such as pH significantly away from protein pl, where attractive
interactions are minimised. Secondly, specific excipients, such as amino acids and salts,
may be added to mAb formulations to prevent LLPS [151]. Arginine and the related
equimolar mixture of arginine and glutamate (Arg-Glu) [152] have been shown to
reduce viscosity and prevent LLPS [153-155]. Inclusion of other proteins, such as
human serum albumin (HSA) [156], in formulations may also stabilise mAbs and
prevent LLPS. Finally, LLPS of mAbs may be prevented through mutagenesis of
protein sequence [157-159]. Such protein engineering approaches aim to reduce

sequence-specific attractive hotspots.

1.3.5 Extended phase behaviour of proteins

Phase separation has been previously studied in a number of model protein systems,
including serum albumins [160-162], crystallins [163-165] and lysozyme [166, 167].
Alongside studies of LLPS in polymers and other systems, these studies provide a
theoretical framework to understand the phase behaviour of mAbs [168]. These proteins
may also act as useful model systems to use to develop new experimental methods to
study LLPS.

Protein solutions may also undergo extended phase behaviours beyond just LLPS. If
attractive interactions between proteins are sufficiently strong, precipitation or liquid-
solid phase separation may occur [169]. Upon deep temperature jumps into the spinodal
region, phase separation may become arrested, resulting in a glassy protein network
[119, 170] or gel formation [171]. Protein crystallisation may also occur, particularly

around the critical point of phase separation and in the dense fraction [172, 173].

In the presence of polyvalent ions or salts, proteins may exhibit a variety of behaviours.
If LLPS occurs, the properties, such as concentration and volume, of the dense phase
may differ depending on salt composition [162, 174]. Reentrant condensation may
occur, with a stable homogenous solution existing at low and high salt concentration,
but a phase separated liquid or solid state existing at medium salt concentration [160,
175]. This happens due to protein surface charge inversion and electrostatic repulsion

effects as salt concentration increases, and is similar to complex coacervation (liquid-
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solid phase separation) in the presence of large polyelectrolytes, such as poly-amino
acids [176-178].

The extended phase behaviours observed above may have a number of potential
applications in mAb solutions. Controlled crystallisation may be useful as a method of
bioprocessing to produce solid crystalline mAb formulations, or as means to produce
samples for structural characterisation by X-ray crystallography [179, 180]. LLPS [136]
and liquid-solid phase separation [177, 178] may be useful as novel methods to
concentrate mAb solutions and generate high concentration formulations for
subcutaneous administration. Therefore, a detailed understanding of protein and mAb
phase behaviour may have a number of beneficial applications, alongside developing an
understanding of how to prevent LLPS in mAb formulations.

1.3.6 LLPS in biology

Another area where phase separation is increasingly recognised is cell biology, where it
has been linked to both normal cellular processes and to disease [181-183]. Cells are
typically thought to compartmentalise distinct functions in membrane-bound organelles,
such as lysosomes and mitochondria. However, there is growing appreciation of the
importance of membraneless structures formed by phase separation. These structures
are typically formed of a mixture of ribonucleotides and proteins, leading to the term
ribonucleoprotein (RNP) bodies or granules, and include nucleoli [184], Cajal bodies
[185] and germline P granules [186]. The proteins in such bodies are typically
intrinsically disordered proteins (IDPs) without a fixed stable tertiary structure [187].

Aberrant processes arising from RNP bodies have been linked to a number of
neurodegenerative diseases [188, 189]. Phase-separated bodies result in localised high
protein concentration, which can promote aggregation and fibrillisation, particularly for
proteins with specific disease-associated mutations [190, 191]. Phase separation of
biological proteins can also occur outside membraneless organelles. For example,
crystallin phase separation and resulting opalescence is linked to eye lens opacity and
cataracts [192]. LLPS of antibodies has also been linked to disease, with the formation
of antibody containing condensates in cryoglobulinemia [193].
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1.3.7 Current approaches to study self-association and protein phase separation
Protein self-association and phase separation can be studied by a variety of biophysical
methods. Viscosity measurements or other rheology experiments can be used to infer
the occurrence of self-association in protein solutions [124, 154], while sedimentation
velocity analysis during analytical ultracentrifugation (AUC) can be used to characterise

protein clustering [194].

Optical techniques can also be used to study self-association. Light scattering
techniques, such as static (SLS) and dynamic light scattering (DLS), can be used to
characterise protein self-association based on a number of parameters, including the
diffusion interaction parameter (kp) and related osmotic second virial coefficient (B22)
used to measure the nature of protein-protein interactions, and hydrodynamic radius
(Rh) used to measure clustering [195-197]. Additionally, turbidity measurements based

on light scattering can be used to study opalescence arising from LLPS [126].

Macroscopic LLPS behaviour under various conditions can be assessed by measuring
protein concentration in the resulting layers, and the creation of a phase diagram [146].
Dense droplets present during microscopic LLPS may be detected and characterised by
various microscopy techniques. The properties of these droplets may then be examined
by a number of methods, including fluorescence recovery after photobleaching (FRAP)
to assess mobility inside droplets [186], or atomic force microscopy (AFM) to study
droplet stiffness and rigidity [190].

Despite the range of potential biophysical techniques, characterising LLPS remains
challenging. For example, opalescence may hinder optical techniques, while layer
separation adds a confounding spatial element to analyse. Additionally, microscopy
may focus on one small area of the sample at a time, which may not be representative of
the entire sample. Therefore, new orthogonal approaches, such as nuclear magnetic
resonance spectroscopy, are required to characterise LLPS and other phase behaviour in

protein solutions.

1.4 Nuclear magnetic resonance spectroscopy
Nuclear magnetic resonance (NMR) spectroscopy is a powerful analytical technique,

which is extensively used in chemistry and biophysics. The range of possible NMR
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experiments enables detailed study of a wide range of phenomena, from chemical
structure [198], to protein dynamics [199], and the behaviour of fluids [200]. NMR is
also widely used in medicine in the form of magnetic resonance imaging (MRI) [201].
However, NMR is not widely used in the biopharmaceutical industry, and this Thesis
will detail some novel applications of NMR spectroscopy to study mAb

biopharmaceutical stability, self-association and LLPS.

1.4.1 Introduction to protein NMR spectroscopy

In NMR spectroscopy, the spectrometer magnetic field results in an alignment of the
spins of nuclei inside an NMR sample. Application of a radio-frequency pulse (a weak
oscillating magnetic field) results in perturbations of the alignment of these spins, with
these perturbations detected and transformed into signals in NMR spectra. The
properties of these signals, such as chemical shift, linewidth and intensity, are
dependent upon a wide range of factors. These can include factors directly arising from
chemical structure, such as specific chemical moieties or the presence of electron
withdrawing groups, to factors arising from larger molecular properties, such as

diffusion, flexibility and intermolecular interactions.

Proteins are large macromolecules, containing a large number of nuclei, most of which
(proton, carbon and nitrogen nuclei) have isotopes which can act as NMR probes to
study protein structure and interactions. However, this large number of nuclei results in
crowded and overlapping one-dimensional (1D) NMR spectra. Therefore,
multidimensional (nD) experiments, such as heteronuclear single quantum coherence
(HSQC) spectra used to examine amide protons in the protein backbone, are typically
recorded for proteins. As the carbon and nitrogen isotopes (*3C and *°N) with spin % are
found in low natural abundance (1.1% and 0.4%, respectively), proteins are typically
specifically labelled with these isotopes to enable timely acquisition of
multidimensional NMR experiments [202]. Peaks in the resulting NMR spectra are
assigned to specific amino acid residues, with changes in peak parameters used to
determine protein structure [203], quantify enzyme kinetics [204], characterise protein

oligomerisation [205], and a range of other dynamic processes [206].

Conventional multidimensional protein NMR techniques are however not easily

applicable to mAbs. Uniform labelling with *C or *°N is not easily implemented in the
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mammalian expression systems used for glycosylated mAb production [207], although
some progress has been made recently in expressing glycosylated mAbs in non-
mammalian systems [208]. Additionally, mAbs routinely produced in the
biopharmaceutical industry are unlabelled. The size of mAbs is also problematic for
conventional protein NMR approaches. As molecular size increases, the sheer number
of nuclei, coupled with unfavourable broadening of signals as a result of larger
molecular size and slower tumbling, mean that even multidimensional spectra become
crowded and overlapping. Therefore, high-resolution multidimensional NMR is
typically considered to be limited to proteins smaller than 25-30 kDa [209], i.e. much
smaller than a 150 kDa mAb. While novel approaches, such as isotopic labelling of
methyl sidechains coupled with relaxation optimised NMR experiments [210], have
been developed, these are again unfeasible in mAbs produced in the biopharmaceutical
industry. Therefore, alternative approaches aside from conventional protein NMR are

needed if it is to be used to study large biopharmaceutical proteins such as mAbs.

1.4.2 Application of NMR spectroscopy to biopharmaceuticals
A number of applications of NMR spectroscopy to study biopharmaceuticals have

recently been demonstrated.

NMR is well suited to studying the small molecule content throughout the
biopharmaceutical pipeline. During manufacturing, NMR can be used to assess
excipient quality, such as heterogeneity of polysorbates [211]. Application of a
transverse relaxation (T>) filter to highlight small molecule signals has also been
employed alongside 1D *H NMR to detect the presence of leachables or process
impurities [212-214]. Additionally, NMR may be employed to characterise the
formulation of biopharmaceuticals. Approaches, such as Saturation Transfer Difference
(STD) and Water-Ligand Observed via Gradient SpectroscopY (Water-LOGSY),
typically used in fragment-based drug discovery, have been employed to study protein-
excipient interactions [107, 215, 216]. Additionally, solid-state relaxation times have

been used to study miscibility of sugar excipients in lyophilised formulations [217].

The area where NMR spectroscopy has seen the most interest is in the assessment of
biopharmaceutical higher order structure, particularly the creation of characteristic

spectral fingerprints for mAbs. These fingerprints are unique to a given mAb sequence,
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structure and formulation, and so are well suited to compare mAbs from different
sources, such as different batches or biosimilars (generic biopharmaceuticals produced
following patent expiries). Given the difficulty of isotopically labelling mAbs, two main
approaches have developed to fingerprint unlabelled mAbs. 1D mAb fingerprints,
known as PROtein FIngerprint by Line shape Enhancement (PROFILE), have been
generated by application of the Diffusion Ordered Spectroscopy (DOSY)) technique to
remove signals from fast diffusing small molecules [218-220]. Alternatively, 2D
fingerprints may be generated for unlabelled mAb fragments (Fab and Fc) by both
natural abundance °N and *C-Heteronuclear Single Quantum Coherence (HSQC)
experiments [221, 222]. Such fingerprints have been used to show that polysorbates
affect a mAbs stability primarily through interaction with the Fab [223]. Where high-
resolution NMR experiments are possible, such as with a small unlabelled peptide [224]
or a labelled Fab [225], NMR has been used to more comprehensively characterise

biopharmaceutical structure by conventional protein NMR approaches.

Elsewhere, NMR has been used to identify chemical modifications in mAbs, including
the presence of pyroglutamate [226], amino acid oxidation [227] and deamidation [228],
and galactosylation [229]. Such approaches typically rely on fragmentation of mAbs to
more amenable sizes, or the presence of highly specific characteristic NMR signals,
such as those arising from pyroglutamate.

There has also been increased interest in studying the solution behaviour of intact
biopharmaceutical proteins by *H NMR spectroscopy. Determination of protein
translational diffusion coefficients (D) by DOSY NMR has been used in insulins [230,
231] and mAbs [232] to study self-association of different protein variants. 1D *H
signal intensity has also been used to characterise mAb self-association in the presence

of excipients [233].

An alternative approach to studying signals directly from the protein is to study signals
from a fluorinated tag covalently attached to the protein. This is particularly applicable
to studying mixtures of mAbs [234] and other proteins [235]. The flexible linker on
such tags means that while the NMR behaviour of the tag reflects that of the linked

protein, its NMR signal properties, such as intensity and line width, are more amenable.
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Benchtop NMR spectroscopy at low magnetic field strength (typically <1 T compared
to >11 T for a high-resolution spectrometer) has also been used to study mAbs. While
such spectrometers are unable to record high-resolution spectra, high intensity signals,
such as from water, can be used a proxy to detect changes in a sample. For example, the
transverse relaxation rate of water has been used to assess mAb concentration and
aggregation [236], or to characterise water content in lyophilised mAb formulations
[237]. Such benchtop spectrometers may potentially be incorporated ‘in-line’ with
bioprocessing steps to enable wider use of NMR without the requirement of

significantly more expensive high field strengths.

1.4.3 Application of NMR spectroscopy to study protein phase separation

NMR has also recently been applied to study protein LLPS, particularly in proteins
relevant to membraneless organelles and cellular condensates. High-resolution NMR
has been used to characterise molecular interactions preceding protein phase separation
by a number of methods, including chemical shift perturbation mapping, detection of
Nuclear Overhauser Effects (NOEs) and changes in relaxation rates [238-241]. Similar
approaches have been applied to study protein structure and dynamics in isolated lean
and dense fractions [242-244]. Solid-state NMR has also been used to study protein
behaviour in isolated dense fractions [245, 246], with these extremely viscous or
gelatinous fractions more closely resembling a solid than a liquid. Finally, in
heterogeneous samples with dense droplets present, diffusion and relaxation filtering
have been used to selectively observe signals from a single phase [247], although such

experiments are non-trivial [248].

The general properties of phase separating systems make them challenging to study by
NMR spectroscopy, and particularly high-resolution multidimensional NMR
spectroscopy. Firstly, sample heterogeneity, such as the presence of multiple phases,
may result in magnetic field inhomogeneity and distorted or broadened NMR signals
[249]. Secondly, high viscosity and reduced molecular mobility in the dense phase may
result in poor NMR signal properties, such as extreme broadening and low signal
intensity [243, 250]. Finally, the transient and rapid nature of phase separation may not
be well suited to time consuming multidimensional experiments. Furthermore, most
NMR studies thus far have examined only small isotopically labelled intrinsically

disordered proteins (IDPs) or domains, instead of larger intact or unlabelled proteins.
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Therefore, there is a need to develop new NMR approaches to study LLPS under
particularly challenging conditions, such as during macroscopic LLPS, or in challenging

experimental systems, such as large unlabelled mAbs.

1.5 NMR techniques used in this Thesis

The remainder of this introduction will introduce NMR techniques used in this Thesis to
study antibody biopharmaceutical formulation stability, self-association and phase
separation.

1.5.1 Longitudinal and transverse relaxation

In NMR, after excitation by a 90° pulse, the non-equilibrium imbalance of ground and
excited states, which gives rise to NMR signals, returns to the original Boltzmann
distribution equilibrium state. This occurs as a decay of both the longitudinal (M;) and
transverse (Myy) components of an NMR signals, giving rise to measurable longitudinal
(T1) and transverse (T>) relaxation times, respectively. T is the time required for M; to
reach 1-(1/e) (~63%) of its maximum value, while longitudinal relaxation rate (Ry) is
the rate of this increase (R1 = 1/T1). Conversely, Tz is the time required for My to
decrease to 1/e (~37%) of the initial signal, while the transverse relaxation rate (R2) is
the rate of this decay (Rz2 = 1/T»).

Both longitudinal and transverse relaxation occur through mechanisms which are linked
to molecular size (Figure 1-5). T1 relaxation is the exchange of energy from excited to
ground states, which results in the reestablishment of spin state equilibrium. This
happens due to the interaction of oscillating magnetic fields. These fields are caused by
molecular motion and interactions with neighbouring spin systems in molecules or the
environment, with T relaxation being most efficient if these fields oscillate at the
particular nuclear Larmor frequency. Therefore, in small molecules in liquids,
longitudinal relaxation is slow (long T1, slow R1) as only a small amount of molecular
motions occur at the optimum frequency range. As molecular size or solution viscosity
increases, molecular motions approach the Larmor frequency so longitudinal relaxation
increases (shorter Ty, faster R1). However, in very viscous solutions or solids, or for
very large molecules, molecular motions are generally slower than the Larmor

frequency, leading to slower longitudinal relaxation (longer T1, slower R1). However,
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the exact molecular size/viscosity at which this change in T1 behaviour occurs is poorly
defined.
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Small molecules
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Figure 1-5. llustration of the relationship between molecular size, and Ty and T»
relaxation. Molecular size influences the rotational correlation time (tc), the average
time for a molecule to rotate through one radian. As rotational correlation time increase,
T» decreases, while T1 exhibits more complex behaviour. Positioning of ‘large

molecules and proteins’ label is inexact.

Transverse relaxation is the loss of coherence (i.e. the loss of overall phase alignment
between spins) in the xy-plane that results in return to the equilibrium state. Like T
relaxation, oscillations of local magnetic fields at Larmor frequency contribute to T»
relaxation (“T1 contribution to T>”), but transverse relaxation also occurs by non-
oscillating fields. These local fields lead to spins precessing at different frequencies, and
therefore a loss of coherence. Measurements of NMR relaxation rates by inversion
recovery or Carr-Purcell-Meiboom-Gill (CPMG) experiments may be used to
investigate changes in protein-protein interactions and changes in apparent molecular

size.

1.5.2 Dark-state Exchange Saturation Transfer (DEST)
Transverse relaxation contributes to the width of NMR signals, with half-width

approximately equal to niT (with an additional contribution from magnetic field
2
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inhomogeneity). Therefore, if transverse relaxation is extremely rapid (short T or high
R2), NMR signals may be sufficiently broadened to the point that they are essentially
undetectable by standard NMR techniques, and are said to exist in an NMR-invisible
‘dark state’. For proteins, this can occur in sufficiently large assemblies of proteins,
such as those resulting from reversible self-association, aggregation or precipitation,

particularly if the proteins themselves are large (e.g. mADbs).

One NMR method for studying these dark states is Dark-state Exchange Saturation
Transfer (DEST) [251, 252]. In NMR, application of continuous-wave (CW) radio
waves or repeated pulses can be used to saturate NMR signals, that is, flip their signals
into the xy-plane and allow longitudinal relaxation to reduce the resulting signal. In
DEST, application of selective CW saturation to the frequencies covered by the
broadened dark-state, results in saturation of the dark-state (Figure 1-6). If the dark-state
exists in exchange with an NMR visible state, such as in the case of a protein
undergoing reversible self-association, then the saturation will pass to the visible state,
and result in detectable attenuation of the observable NMR signal. Mapping of this
signal attenuation at different frequency offsets, and fitting of the resulting DEST
profile to Bloch-McConnell equations for a two-state exchange model [253] enables

quantification of the population and relaxation rates of the NMR dark state.
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Figure 1-6. Detection of NMR invisible dark states by DEST. (A) Exchange between

_—/_\—_

NMR visible and invisible states, with their respective NMR spectra below. Intensity of
invisible state exaggerated for clarity. (B) In the absence of a dark state, an RF
saturation pulse applied offset of the NMR visible species has no effect on the observed
signal. (C) In the presence of a dark state, the saturation pulse saturates the dark-state,
with this saturation then transferring to the visible state by exchange, resulting in

attenuation of the observed signal.
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DEST has been applied to study the formation of amyloid fibrils [252], as well as the
interaction between small molecules and nanoparticles [254, 255].

1.5.3 Translational diffusion

The translational diffusion coefficient (D) is a measure of the speed at which molecules
move across a given axis of a solution. This diffusion of a spherical particle in a dilute
solution is governed by the Stokes-Einstein relationship:

kT
" 6mn Ry

D, (Equation 1.1)

where k is Boltzmann’s constant, T is temperature, # is dynamic viscosity, and Rn is the

hydrodynamic radius of the particle.

In NMR, Dv is typically measured using pulsed field gradients in so called diffusion-
ordered spectroscopy (DOSY) experiments [256]. Standard spectrometers, such as the
ones used in the preparation of this Thesis, have a single Z gradient coil, which runs
along the vertical length of the sample. Gradient coils, as the name suggests, apply a
small linear magnetic field gradient along their axis, such that different positions in
space experience slightly different magnetic fields. Due to these spatial differences in
field strength, the Larmor frequency of molecules varies along the length of the sample,

encoding a spatial component to NMR signals.

In pulsed gradient DOSY experiments, after initial excitation with a 90° pulse, a pulsed
field gradient (gradient length 0) is used to encode spatial position. During a given
diffusion time (A) in which the NMR signals decay by dephasing, a 180° pulse (in spin
echo experiments) or a set of 90° pulses (in stimulated echo experiments) is used to
refocus signals. Finally, a second matched field gradient pulse is used at the end of A to
decode the initial spatial encoding. Molecules which have moved in the Z-axis during A
will not be effectively refocused, and so the observed signal will reduce. As the field
gradient strength (g) is sequentially increased in DOSY experiments, signal attenuation

follows an exponential decay behaviour:

[=le yngSZ(A—%) (Equation 1.2)
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where | is the observed intensity, lo is the reference intensity in the absence of gradients,
and y is the gyromagnetic ratio of the observed nucleus. Therefore, DL can be calculated
by fitting DOSY signal decay to (Equation 1.2).

DOSY is typically used to separate signals in mixtures with components diffusing at
different rates [257], which has been exploited in mAb samples to remove NMR signals
from fast diffusing excipient molecules [218]. DOSY has also been used to study the

self-association behaviour of biopharmaceutical insulins [230, 232].

1.5.4 Spatially-selective NMR

LLPS, particularly layer separation, results in differences in the distribution of phases
across the sample, and thus an inhomogeneous sample. Generally, such samples are
difficult to study by NMR spectroscopy due to poor magnetic field homogeneity
(despite shimming), which results in distorted and broadened NMR lineshapes, on top
of broadening resulting from high viscosity and slow molecular tumbling. Additionally,
conventional bulk-detection NMR, in which spectra are recorded from the entire sample
in the NMR coil region, is not well suited to studying the spatial distribution of phases

or layers.

Spatially-selective NMR is an experimental technique which enables acquisition of
signals from a specific volume or ‘slice’ of the NMR sample [258, 259]. Here, spatially-
selective NMR will be considered in a single dimension, along the vertical Z-axis which
aligns with the length of the NMR sample and the Z-axis gradient coils in most modern
spectrometers. However, an extension of this approach into three-dimensions is

magnetic resonance imaging (MRI), most typically applied in medicine [201].

In spatially-selective NMR, application of a magnetic field gradient by the Z-gradient
coils (G;) results in nuclei experiencing different total magnetic fields relative to their
vertical position (Z) in the sample (Figure 1-7A). Therefore, the nuclei spin at different
resonance frequencies relative to their position, encoding a spatial component to their
NMR signals:

N=y G, Z (Equation 1.3)
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where Q is the offset from the original resonance frequency (in Hz), v is the
gyromagnetic ratio of the nuclei (in Hz T), G, is the applied gradient (in T mm™), and
Z is the vertical position relative to the centre of the gradient coils (in mm).
Application of a selective radio-frequency pulse, such as a Gaussian pulse cascade
[260], during this gradient, selectively excites nuclei in a defined horizontal slice of the

sample:

A7 — AB
Y G,

where AZ is the thickness of the horizontal slice (in mm), and AB is the bandwidth of

(Equation 1.4)

the selective radio-frequency pulse (in Hz). The gradient is subsequently turned off and
the signals from the excited slice are then acquired at their normal resonance

frequencies (Figure 1-7B).
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Figure 1-7. Spatially-selective NMR. (A) Schematic of spatially-selective NMR with
representative values for °F NMR on a 470 MHz (11.7 T) NMR spectrometer.
Application of a 5.3 mT cm™ magnetic field gradient results in *°F nuclei at +5 mm
above the coil centre experiencing a +106 kHz frequency offset. A selective RF pulse
with a bandwidth of 42.4 kHz applied at this offset excites a 2 mm slice (in purple),
centred at +5 mm. (B) Basic pulse sequence for spatially-selective NMR.

Spatially-selective NMR can be used to study complex inhomogeneous solutions [249,
261, 262]. Additionally, magnetic field inhomogeneity in individual slices is smaller
than across the whole sample, resulting in narrower undistorted lineshapes, particularly
in inhomogeneous samples. These make spatially-selective NMR potentially well-suited
to characterise LLPS. However, sensitivity is markedly reduced compared to bulk-

detection NMR as a result of acquiring from a significantly reduced sample volume
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[263]. Furthermore, the total volume observable by spatially-selective NMR
experiments is lower than bulk-detection NMR as a result of gradient non-linearity

approaching the edges of the gradient coils [264].

1.6 Introduction to the Thesis

This PhD Thesis was conducted as part of a Doctoral Training Partnership (DTP)
programme, supported by the Biotechnology and Biological Sciences Research Council
(BBSRC). Additionally, this work was conducted as part of a Collaborative Awards in
Science and Engineering (CASE) studentship, involving a partnership with an industrial

Sponsor.

Here, the industrial sponsor was AstraZeneca UK, a global pharmaceutical and
biopharmaceutical company with headquarters in Cambridge, UK. This work was
specifically completed with the biologics division of AstraZeneca (MedImmune prior to
2019), who provided funding and a set of monoclonal antibodies to conduct
experiments on, and offered an industrial perspective on the project. Additionally, a
total of three months placement was undertaken at AstraZeneca’s Granta Park site in
Cambridge, providing access to biophysical techniques commonly employed in

biopharmaceutical formulation.

1.6.1 Aims and structure of this Thesis

The main aim of this Thesis was to develop new NMR approaches to study the stability,
self-association and liquid-liquid phase separation of antibody biopharmaceuticals by
NMR spectroscopy.

This Thesis is presented in a journal format, with this first chapter providing a general
introduction to the topic area. Chapters 2-6 are presented in the form of individual
manuscripts, with separate Introduction, Material and Methods, Results, Discussion,
and Supporting Information sections. The final Chapter is a general conclusion and
discussion where the overall results of this Thesis are summarised and discussed in light

of the initial aims of the project.

This Thesis initially focuses on using *H NMR spectroscopy to study mAbs. In Chapter

2, we demonstrate that *H NMR can be used to assess the stability of both the protein
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and excipient components of biopharmaceutical formulations, while in Chapter 3 we
employ *H NMR alongside conventional formulation characterisation techniques to
explore the use of LLPS as a method to concentrate mAb solutions. The second half of
the Thesis then focuses on using °F NMR spectroscopy to study the self-association
and LLPS of mAbs and other model proteins. In Chapter 4, we develop the use of Dark-
state Exchange Saturation Transfer (DEST) NMR to study the self-association and
clustering of mAbs covalently tagged with 1°F tags. In Chapter 5, we employ a
fluorinated probe molecule, which is sensitive to local protein concentration, to study
the phase and layer separation of a model protein, bovine serum albumin (BSA), by *°F
NMR. In Chapter 6, we extend this approach to study the phase and layer separation of
a mADb.
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2 Comprehensive assessment of protein and excipient stability in

biopharmaceutical formulations using *H NMR spectroscopy
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2.1 Abstract

Biopharmaceutical proteins are important drug therapies in the treatment of a range of
diseases. Proteins, such as antibodies (Abs) and peptides, are prone to chemical and
physical degradation, particularly at the high concentrations currently sought for
subcutaneous injections, and so formulation conditions, including buffers and
excipients, must be optimised to minimise such instabilities. Therefore, both the protein
and small molecule content of biopharmaceutical formulations, and their stability are
critical to a treatment’s success. However, assessing all aspects of protein and small
molecule stability currently requires a large number of analytical techniques, most of
which involve sample dilution or other manipulations which may themselves distort
sample behaviour. Here, we demonstrate the application of *H nuclear magnetic
resonance (NMR) spectroscopy to study both protein and small molecule content and
stability in situ in high concentration (100 mg/mL) Ab formulations. We show that
protein degradation (aggregation or fragmentation) can be detected as changes in 1D *H
NMR signal intensity, whilst apparent relaxation rates are particularly sensitive to Ab
fragmentation. Simultaneously, relaxation filtered spectra reveal the presence and
degradation of small molecule components such as excipients, as well as changes in
general solution properties, such as pH. *H NMR spectroscopy can thus provide a
holistic overview of biopharmaceutical formulation content and stability, providing a
preliminary characterisation of degradation and acting as a triaging step to guide further

analytical techniques.

2.2 Introduction

Biopharmaceutical antibodies (Abs), such as monoclonal antibodies (mAbs) and, more
recently, bispecific antibodies (BsAbs), are increasingly important therapies in the
treatment of a wide range of diseases, including cancer, arthritis, and diabetes. Within
the biopharmaceutical industry, there is considerable interest in the development of
high-concentration (>100 mg/mL) protein formulations to enable subcutaneous
administration of the lowest possible volume injection [67, 75], potentially by the
patient themselves [72]. Such administration strategies result in lower treatment costs
and better patient experience, particularly in the treatment of chronic conditions such as
autoimmune disorders [265]. However, high protein concentrations are associated with

increased levels of physical instabilities, such as self-association [120, 266], aggregation
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[267], and liquid-liquid phase separation (LLPS) [59, 140, 143], in addition to chemical

degradation, such as fragmentation [82, 268] and oxidation.

To ensure therapeutic proteins remain stable and therefore safe and efficacious at high-
concentrations, formulation conditions, such as buffers, pH, ionic strength, and small
molecule excipients, must be optimised [269, 270]. In this regard, the long-term
stabilities of both the protein molecules themselves and the small molecule formulation
components are important. Degradation of the small molecule components required for
protein stability [271, 272], or their reaction with proteins [86, 92], may subsequently
lead to protein instabilities. Optimisation of formulation conditions, and continued
assessment of formulation stability, requires analytical techniques capable of assessing
both protein and small molecule content and behaviour, ideally in situ in intact
formulations. However, in practice, a wide range of techniques are deployed [273-275],
and these techniques typically require manipulation of high-concentration formulations,
such as dilution, addition of a probe molecule, or salt removal, potentially leading to

changes in protein and small molecule structure and behaviour.

Nuclear magnetic resonance (NMR) spectroscopy is a powerful biophysical technique,
which can be applied in situ at high concentration without sample dilution. The range of
NMR experiments, from saturation transfer for detection of protein-excipient
interactions [215, 216], to diffusion and relaxation assessment of mAb solution
behaviour [232, 276], and fingerprinting of mAbs and biosimilars higher-order structure
[218, 277, 278] mean that NMR can be used to study a wide range of biopharmaceutical
problems. In formulation studies, NMR has been used to characterise the presence of
residual small molecule contaminants from bioprocessing [212, 214] and to quantify
small molecule levels [279], whilst low resolution benchtop spectroscopy has been
applied to study mAb degradation based on broad changes in the relaxation rate of the
water signal [280, 281]. For complex formulations, there may be advantages in
observing multiple parameters to characterise multiple degradation pathways, and in
principle high-resolution *H NMR allows observation of all proton containing species,

including proteins and small molecules.

Here, we explore the use of high-resolution *H NMR spectroscopy to report on the

content and behaviour of both small molecule and Ab protein components
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simultaneously in model formulations. For three high concentration Abs (100 mg/mL)
stored under stressed stability conditions (40°C), we demonstrate that complex *H NMR
spectra of Ab solutions can be separated into small molecule and protein regions by the
application of a simple transverse relaxation (T>) filter. Having spectroscopically
separated protein and small molecule components, we show that the signal intensities
and apparent relaxation rates of Abs can be used to monitor protein stability and the
occurrence of degradation, such as aggregation and fragmentation, over a 12-week
period. NMR observations are compared with a standard size-exclusion
chromatography analysis. Additionally, the appearance, intensity and chemical shift of
small molecule components can be simultaneously used to study the presence and
degradation of excipients themselves, as well as changes in general solution properties,
such as pH. Through the use of sealed NMR tubes with coaxial inserts, these
assessments are observed in situ at high concentration without sample dilution or
manipulation. We demonstrate that *H NMR spectroscopy is a suitable orthogonal
technique to provide a comprehensive overview of formulation content and stability,

and can act as a triaging step to guide further detailed analysis.

2.3 Materials and Methods

2.3.1 Sample preparation

Two mADbs and a BsAb were supplied by AstraZeneca — COE-03 (1gG1, MW 144.8
kDa, pl 8.44), COE-07 (bispecific IgG1, MW 196.7 kDa, pl 8.0), and COE-19 (IgG1,
MW 148 kDa, pl 7.4 — 7.9). All Abs were dialysed (six buffer exchanges over three
days) into 20 mM phosphate buffer, pH 6.5 (sodium phosphate dibasic (Na2HPO4) and
sodium phosphate monobasic (NaH2PO4) (both Sigma-Aldrich)), with 200 mM NaCl
(Fisher) in GeBAflex-Maxi-tubes (MWCO 8 kDa, Generon, rinsed with 20% ethanol
and then distilled water). Small molecules from the original formulations remaining
after this extensive dialysis, and the phosphate buffer with NaCl, were treated as the
final model formulations. Sample concentration was conducted in Vivaspin 20
centrifugal concentrators (MWCO 30 kDa, Sartorius), with final solutions filtered using
0.22 um filters (PVDF, Merck Millipore). Concentration measurements were based on
absorbance at 280 nm (A280) using known extinction coefficients and a NanoDrop
spectrophotometer (Thermo Scientific).
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All samples were prepared to 100 mg/mL protein concentration, with 0.05% sodium
azide (Fisher) added to prevent bacterial growth. Samples for NMR spectroscopy (400
ML) were prepared in triplicate and placed in 5 mm borosilicate glass NMR tubes
(Wilmad-LabGlass), with a coaxial insert (50 mm stem height, Wilmad-LabGlass)
containing 60 pL 2H,0 (Sigma-Aldrich) to provide spectrometer lock without sample
dilution or change in formulation. Samples (one per time point) for HPSEC were placed
in borosilicate glass vials (Sigma-Aldrich, 1 mL). All samples were sealed with an
appropriate cap and Parafilm wrap (Cole-Parmer), and stored upright at 40°C in a
Heratherm compact incubator (Thermo Scientific, uniformity £1.2°C, stability +0.2°C).

One non-NMR sample per Ab was frozen at each time point for analysis at a later date.

2.3.2 NMR spectroscopy

NMR experiments were acquired at 40°C using a Bruker 800 MHz Avance IlI
spectrometer equipped with 5 mm TCI cryoprobe and variable temperature control unit,
with temperature calibrated against a standard methanol sample and verified with an
external thermocouple placed in a sample tube.

'H 1D spectra were recorded using WATERGATE water suppression (p3919gp Bruker
pulse program), with this water suppression also used in relaxation experiments.
Longitudinal relaxation rates (R1) were measured using the standard Bruker inversion
recovery sequence (tlir), with 10 recovery delays ranging from 1 ms to 3 s. Transverse
relaxation rates (R2) were measured using a Carr-Purcell-Meiboom-Gill (CMPG)
sequence, with temperature compensation to ensure equal sample heating during the
CPMG acquisition and a fixed echo time of 3.6 ms. T filtered spectra were extracted

from the CPMG data, with 32 echoes producing a 116 ms relaxation filter.

Spectra were processed and analysed using Topspin 4.0 (Bruker). Apparent *H
longitudinal and transverse relaxation rates at spectral points (0.05 ppm intervals) across
the spectral width were calculated in Dynamics Center 2.6 (Bruker). Relaxation rates
were fitted to single component models, with two or more component models not

significantly improving fitting. The processed data were plotted in GraphPad Prism 6.0.
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2.3.3 High Performance Size Exclusion Chromatography

Analysis of mAb and BsAb monomeric, aggregate, and fragment species was performed
using high performance size exclusion chromatography (HPSEC). This was performed
using an Agilent 1200 system with a TSKgel SWx. column (30 cm x 7.8 mm, 5 pym
particle size, Tosoh Bioscience). Samples were diluted to 10 mg/mL and 0.45 um
filtered prior to assessment with centrifugal filters (Ultrafree-MC-HV, Merck
Millipore). 25 pL was injected each time and the system was run at 1.0 mL/min, with a
mobile phase of 0.1 M NazHPOg4, 0.1 M Na.SOa, pH 6.8. Absorbance wavelength for

detection was set at 280 nm. Chromatograms were analysed in ChemStation (Agilent).

2.4 Results

2.4.1 Initial NMR characterisation of formulation content

Protein formulations are routinely stored at elevated temperatures to trigger degradation
and infer long term formulation stability. Here, we used this stressed stability approach
to explore how *H NMR spectroscopy can be used to study the content and stability of
non-labelled Abs samples, such as those obtained from mammalian production pipelines
which do not permit easy isotope labelling. First, the initial baseline *H NMR spectra
and parameters were recorded for each of the three Ab formulations at 40°C (at time
t=0). The acquired NMR spectra represent a complex mixture of overlapping protein
and small molecule signals (Figure 2-1A). Despite this overlap, some spectral regions
are clearly dominated by sharper, more intense signals arising from small molecules,
which are also often present in much larger concentrations. As measuring individual
proton longitudinal (R1) or transverse (R2) relaxation rates is impossible, we measured
the apparent relaxation rates for each point in the spectra at 0.05 ppm intervals, thus
providing a characteristic relaxation profile for each formulation (Figure 2-1B and 1C).
As large and small molecules have significantly different tumbling rate, their Rz is also
significantly different. Factoring that excipients and small molecules have R2<75 s the
spectra can be classified into regions dominated by Ab signals (shown in white) and

small molecules (shown in grey).
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Figure 2-1. Initial NMR spectra and relaxation rates of the three Abs recorded at
40°C. (A) *H NMR spectra overlay of COE-03 (blue), COE-07 (red), and COE-19
(green). Apparent R2 (B) and Rz (C) were measured for each spectral point. Mean rates
from triplicate samples. Grey areas include signals arising from small molecule
components. Coloured asterisks indicate small molecules present in specified Ab
samples only. Blank regions in apparent relaxation spectra were excluded due to low

signal and large measurement errors. Residual water signal at 4.7 ppm.

In the protein-dominated regions of H spectra (Figure 2-1A), the three Abs display
markedly different signal intensities despite identical protein concentrations and similar
formulations. COE-07 and COE-19 signals generally exhibited faster relaxation rates
than COE-03 (Figure 2-1B-C). These spectra and parameters indicate that COE-07 and
COE-19 exhibit greater self-association than COE-03, in agreement with previous
observations of the three Abs’ behaviour [282]. Noticeably, despite the differences
elsewhere, the characteristic Ab methyl signals at 0.9-1.0 ppm result in similar Ry and

R values for all three Abs, suggesting this invariant spectral region represents a flexible
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structural feature common to all Abs tested. Additionally, R1 values in the protein

spectral region around 8.5 ppm appear acutely sensitive to differences between the Abs.

The presence of small molecule components (shaded grey in Figure 2-1) is easily
identified by their slow Rz, and their separated spectra is most conveniently obtained by
running T filtered experiments [214] (Figure S2-1). These To-filtered spectra reveal the
presence of residual components from the original formulations which were not
completely removed by multiple rounds of dialysis during sample preparation —
histidine in all three Abs, sucrose in COE-03 and COE-07, and arginine in COE-07 and
COE-19. Additionally, trace ethanol was present in all Ab solutions, likely carried over
from washing dialysis membranes before use. Protein translational diffusion (D) in
principle may also report on molecular size [232], however for such concentrated Ab
solutions the quality of *H DOSY spectra was very poor for Ab signals (data not shown)
due to particularly fast relaxation and slow diffusion. Therefore, relaxation profiling
using R1 and R> values provides a sensitive alternative for characterising highly-
concentrated Ab formulations.

2.4.2 Changes in Ab 1D 'H NMR spectra upon accelerated stability storage
Having acquired baseline spectra and parameters for the Ab and small molecule
components at the initial time point, NMR experiments were subsequently acquired
after 1, 2, 3, 4, 8, and 12 weeks storage at 40°C for the same sealed samples. 1D H
NMR spectra represent the simplest and fastest acquired experiments, so they may
provide the easiest assessment of Ab stability. The *H NMR spectra of COE-07 and
COE-19 exhibit increases in signal intensity with time (Figure 2-2), indicating protein
degradation. Noticeably, the upscaled spectra of these Abs retain the same overall shape
as the initial spectra. As the amount of material present in the sample remains the same,
the broad increase in signal intensity across the spectra for COE-07 and COE-19
suggests predominantly fragmentation occurring, resulting in smaller freely tumbling
Ab domains. These retain the same general spectral profile as the intact Ab due to the
same domain fold, but have higher apparent signal intensity due to their smaller
molecular weight and hence faster rotational correlation time (t¢). However, mAb
disaggregation, which would produce similar behaviour, cannot be ruled out.
Conversely, COE-03 spectra were largely unchanged, even after 12 weeks storage at
40°C.
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Figure 2-2. Changes in *H NMR spectra during accelerated stability storage at 40°C
over time. (A) COE-03, (B) COE-07, and (C) COE-19. Spectra for COE-07 and COE-
19 are scaled up for clarity two-fold and three-fold, respectively, compared to COE-03

spectra.

We have previously shown that protein aggregation results in decreases in observed
signal intensities as slower-tumbling or NMR-invisible species are formed [233].
Therefore, the predominant changes in NMR signal intensity for a given sample reveal
the predominant underlying Ab degradation process, with increasing and decreasing
intensities reflecting fragmentation and aggregation, respectively. In a more complex
scenario, if both fragmentation and aggregation occur simultaneously it may be
envisaged that opposing changes in intensity may largely balance each other (see Figure
S2-2 for illustrative modelling). As we will show, this is the case for COE-03, where no
significant change in intensity is observed (Figure 2-2A). In such a situation, additional

spectral considerations need to be taken into account to correctly interpret whether no
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degradation has occurred, or whether fragmentation and aggregation have occurred
simultaneously.
2.4.3 Changes in protein apparent relaxation rates during accelerated stability
storage
Given the potential complex behaviour of 1D *H NMR spectra in response to
degradation, we next considered changes in apparent relaxation rates. Large protein
aggregates, such as those resulting from >150 kDa Abs, with slow tc and rapid R> are
likely largely ‘NMR-invisible’ and as such make a negligible contribution to the
measured apparent rates. Conversely, small protein species with faster tumbling are
expected to contribute more prominently. For all three Abs, the apparent R2 values for
protein-dominated spectral regions show a tendency to decrease with storage time
(Figure 2-3). The reductions in Ab Rz with time are larger for COE-07 and COE-19
than for COE-03, both for absolute values (Figure 2-3A-C) and for relative values
expressed as a percentage of the original Rz values (Figure 2-3D-F). As the R rate for a
large protein is roughly proportional to the molecular size, the observed decreases in R>
are consistent with an average decrease in the molecular size of the observed species i.e.
the occurrence of protein fragmentation. In this respect, the changes in absolute Rz
values for the spectral region around 2.8 ppm appears to be particularly sensitive to
fragmentation given its relatively high initial R> for all three Abs. The behaviour in
spectral regions dominated by small molecule signals is more complex, and cannot be
interpreted based solely by R> values. Our further analysis (below) reveals chemical

changes occurring for these formulation components.
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Figure 2-3. Changes in *H R during accelerated stability storage. Absolute change
(s1) in R, for (A) COE-03, (B) COE-07, and (C) COE-19. Change in R relative to the
initial value at time t=0 (%) for (D) COE-03, (E) COE-07, and (F) COE-19. Grey areas
highlight regions of spectra containing small molecule signals. Dotted line denotes a

baseline with no change.

R1 values are more complex to interpret than Rz in terms of molecular tumbling rates,
given the V-shaped relationship between tc and longitudinal relaxation. Here, all Ab
signals exhibit reductions in Ry rates with time which are fairly linear across the breadth
of the Ab NMR spectra (Figure 2-4). Again, COE-07 and COE-19 exhibit larger de-
creases in relaxation rate than COE-03 for both absolute (Figure 2-4A-C) and relative
values (Figure 2-4D-F). Together, both relaxation rates indicate protein degradation for
all three Abs, with the observed decreases in R specifically indicating fragmentation
occurring in all three Abs. Therefore, for COE-03, the observation of fragmentation
based on relaxation rates, yet no net change in 1D spectra, infers that aggregation must
also be occurring for this mAb. For COE-07 and COE-19, the NMR observables show
the predominant occurrence of fragmentation, but do not rule out aggregation in these
two Abs.
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Figure 2-4. Changes in *H R; during accelerated stability storage. Absolute change
(s) in Ry for (A) COE-03, (B) COE-07, and (C) COE-19. Change in R relative to the
initial value at time t=0 (%) for (D) COE-03, (E) COE-07, and (F) COE-19. Grey areas
highlight regions of spectra containing small molecule signals. Dotted line denotes a

baseline with no change.

2.4.4 Protein degradation detected by high-performance size exclusion
chromatography analysis
To relate NMR observations of Ab stability with standard orthogonal measurements, we
analysed the monomer, aggregate, and fragment content using high performance size
exclusion chromatography (HPSEC) (see Figure S2-3 for chromatograms) of Ab
samples stored in identical formulations under identical conditions (Figure 2-5). All
three Abs exhibited both fragmentation and aggregation in a time-dependent manner,
with the rates of aggregation and fragmentation slowest for COE-03. Additionally, a
lower molecular weight oligomer and a higher initial level of aggregates were detected
in COE-19 samples (Figure 2-5D). This concurs with lower observed initial 1D NMR

signal intensity for COE-19, with these oligomers expected to contribute less to the
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observable signal (Figure 2-1). Overall, the NMR observations of protein degradation
are in agreement with the HPSEC measurements, with NMR spectra sensitive to protein

degradation occurring at a rate of <1% per week.
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Figure 2-5. Assessment of monomer, aggregate and fragment content by HPSEC.
Monomer (A), aggregate (B), and fragment (C) species as a percentage of total observed
species (+ SD of three replicates). (D) Lower molecular weight oligomer detected in
COE-19. Experimental data with linear fit. (E) Rates of monomer loss, aggregation and

fragmentation per week, derived from linear fits with 95% confidence intervals.

2.4.5 Small molecule degradation detected by T2 filtered *H NMR
Along with stability of the biopharmaceutical protein itself, the stability of small
molecule components such as buffers and excipients is critical to the overall

formulation. With this in mind, the NMR signals from the residual small molecule
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components from the original Ab formulations were monitored using T2 filtered
experiments (116 ms filter), which essentially remove signals from the faster relaxing
protein. Over time a number of small molecules exhibited changes in NMR signals
associated with degradation. In COE-03 and COE-07 samples, sucrose (not present in
COE-19) exhibited reduction in glycosyl C1-tH signal intensity, accompanied by
appearance and increases in glucose C1-*H signal (Figure 2-6A-B). This degradation
was markedly greater in COE-07 than in COE-03 (Figure 2-6C). Notably in COE-07
samples, increases in glucose signal were not proportional with sucrose signal
reduction, as would be expected from the breakdown of one sucrose molecule into one
molecule of glucose and one molecule of fructose. This indicates further degradation of

glucose in COE-07, potentially in the form of glycation of protein molecules.
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Figure 2-6. Degradation of sucrose detected by 'H NMR spectroscopy. *H NMR
spectra for (A) COE-03 and (B) COE-07, with sucrose (glycosyl C1-tH) and glucose
(C1-'H) at 5.46 and 5.28 ppm, respectively. (C) Change in sucrose and glucose integrals
(expressed as a percentage of the initial sucrose integral in each Ab sample) over time.

Mean + SD for three replicates, with linear fit.

'H NMR also detected degradation of arginine present in COE-07 and COE-19
formulations (not present in COE-03) (Figure 2-7A-B). Here, reduction in arginine

signals was accompanied by the appearance of new upfield resonances, consistent with
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arginine oxidation [283]. Arginine degradation occurred at similar levels in both Ab
solutions. Finally, histidine present in all Ab samples exhibited minor upfield shifts in
both imidazole carbon bound protons (Figure 2-7C&D). These signals are sensitive to
solution pH as a result of imidazole ring protonation, and as such these changes suggest
a slight increase (~0.1 pH units based on calibration curves [284]) in solution pH over
the 12 week period. All together the data suggest that comprehensive analysis of even a
simple set of NMR spectra, including *H 1D, supplemented by R: and R: relaxation
profiles and T.-filtered 1D experiments, can provide a comprehensive assessment of

protein formulations, and reveal degradation of both protein and small molecules.
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Figure 2-7. Arginine degradation and solution pH changes detected by *H NMR
spectroscopy. *H NMR spectral region containing arginine signals (Cs- and C,-*H’s) for
(A) COE-07 and (B) COE-19. Changes (A) in *H chemical shifts for histidine Cs>-H
(C) and C.;-*H (D) over the course of the stability study. Mean + SD for three

replicates, with dashed lines as guides only.

2.5 Discussion

Monitoring both small molecule and protein content and stability is vital to the
successful optimisation of Ab formulations and achieving a long product shelf-life.
However, assessment of formulations typically requires numerous techniques, with

separate sample manipulations which may distort the analysis, for example, sample
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dilution would alter the equilibrium of reversible self-association present in the original
formulation. We show here that *H NMR spectroscopy can be used as an orthogonal
technique to simultaneously characterise the content and stability of both protein and
small molecule formulation components, perhaps as a triaging approach to inform
decisions on which specialised techniques should be employed to quantify or study

particular forms of degradation in more detail.

In NMR, initial Ab signal intensity and relaxation rates report on Ab solution behaviour,
with molecules exhibiting greater self-association or with oligomer species displaying
lower signal intensities and higher relaxation rates (Figure 2-1). Following degradation
at 40°C, the observed broad increases in Ab signal intensity with retention of the overall
spectral appearance (Figure 2-2) indicate fragmentation in COE-07 and COE-19. This is
consistent with previous comparisons of enzymatically digested mAb fragments with
intact mAbs by 2D natural abundance NMR [277]. Conversely, 1D spectra may exhibit
reductions in intensity if aggregation is dominant [233]. However, as 1D *H NMR
spectra represent a balance between monomers, aggregates and fragments, such spectra
coincidentally may be insensitive to degradation if the effects of aggregation and frag-
mentation on signal intensity cancel each other out (Figure S2-2), as in the case of
COE-03 here (Figure 2-2 & Figure 2-5). However, the addition of relaxation rate
analysis revealed that fragmentation occurred in COE-03 (Figure 2-3 & Figure 2-4),
which, with the observed static 1D spectra, allowed inference of the occurrence of
aggregation. For the two other Abs, 1D spectral changes revealed the presence of
significant degradation immediately. As protein and small molecule signals are
monitored simultaneously, this more detailed approach may be advantageous compared
to recently suggested analysis based on the single parameter relaxation rate of the water
signal [281, 285]. Our approach could also be extended to study chemical modification
of Abs [226, 286] and small molecule formulation components at the same time,

alongside Ab degradation.

Small molecules, such as buffers and excipients, are also an integral component of
biopharmaceutical formulations, responsible for stabilising and solubilising the
therapeutic protein. If they degrade, their stabilising function may be diminished. Most
common buffers and excipients contain NMR observable protons [279]. As

demonstrated here, *H NMR is well suited to monitoring the presence and degradation
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of small molecules, particularly after the application of a T filter to remove fast
relaxing protein signals (Figure 2-6). This is particularly applicable to studying the
degradation of sacrificial excipients, such as methionine [89, 287] and other
antioxidants, which are believed to protect proteins from degradation by undergoing
degradation themselves. Additionally, the chemical shift of ionisable species, such as
buffer molecules (e.g. histidine here), or spiked into solution as a tracer, can be used as
an inbuilt pH meter (Figure 2-7) when compared to a known calibration curve. These
assessments of small molecule stability may be coupled with NMR identification of
small molecule contaminants or processing impurities [212, 214] to provide an
overarching assessment of the small molecule content of solutions throughout the

manufacturing process.

2.6 Conclusion

NMR assessment of both protein and small molecule components provides a holistic
characterisation of the content and stability of an overall biopharmaceutical formulation.
Observation of changes in protein signal intensity or apparent relaxation rates indicate
that monomer, aggregate and fragment content should be investigated, for example, by
HPSEC or capillary gel electrophoresis (CGE). Changes in excipient signal intensity or
chemical shift, or appearance of new signals indicates chemical degradation of small
molecules. After detection of degradation of specific small molecules, such as sucrose
degradation into glucose observed here, specific protein modifications, such as protein
glycation which may impact pharmacokinetics and pharmacodynamics [88, 288],
should be investigated. This NMR assessment of small molecule and protein content
and stability can be performed in situ at high concentration without further sample
manipulation, making it a useful orthogonal assessment of overall formulation stability
and helping to triage the use of specialised techniques for more detailed

characterisation.
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2.8 Supplementary Information
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Figure S2-1. T,-filtered NMR spectra of the three Ab formulations at T=0,

highlighting the presence of the small molecule components. A 116 ms T filter was
used, corresponding to 32 echoes with 3.2 ms delay. COE-03 (blue), COE-07 (red), and

COE-19 (green). All spectra were acquired with the same receiver gain, 24 scans, and
for samples with same Ab concentration, and as such the signal intensities reflect the

levels of small molecule constituents present in solution after extensive dialysis.
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Figure S2-2. Modelling of the effects of aggregation and fragmentation, in isolation
and together, on 1D *H NMR signal intensity. (A) Aggregation only and (B&C)
fragmentation only, with a=2 and 0=4, respectively. Combination of aggregation and
fragmentation, with (D) a=2, (E) a=4, and (F) a=8. Change in observed signal intensity
(Alobs) from the initial value modelled against storage time. For an Ab formulation, lops
can be described as:

Iobs = Pron X Imon) + (Prrag * Irrag) + (Pagg X lagy)
where Imon, Ifrag and 1299 are the characteristic signal intensities of monomer, fragment
and aggregate species, respectively, for a given protein/solution conditions, and Pmon,
Ptrag and Pagg are the populations of each species. These populations are time-dependent,
With Pmon = Pmon,0 + Kmon X t, Pfrag = kfrag X t and Pagg = kagg X t, Where kmon, Kfrag
and kagg are the rates (% per week) of monomer loss, and fragmentation and
aggregation, respectively; t is time, and Pmon, is the initial population of the monomer.
The populations are normalised as: Pmon + Pfrag + Pagg = 1. For fragments which
tumble faster than monomer we assume lrag = o Imon, Where a>1 (and may vary
between Abs or solution conditions). For large aggregates such as those generated by
Abs, we assume 444 =~ 0. Although this simple model is clearly underdetermined and
does not allow quantitative fitting of experimental parameters, it can be used to
illustrate some typical behaviours of this system in different regimes. Aggregation alone
(A) results in decreases in signal intensity, whilst fragmentation alone (B&C) results in
increases in signal intensity, with the extent of the increase dependent upon the value of

a. For systems undergoing both aggregation and fragmentation (D-F), in certain
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situations there may be no or negligible change in loss if the effects of aggregation and

fragmentation counteract each other.
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Figure S2-3. HPSEC chromatograms of the three Abs over 12 weeks accelerated
stability storage. (A) COE-03, (B) COE-07, and (C) COE-19 chromatograms.
Aggregates are marked with ‘A’, monomer peaks with ‘M’, and fragments with ‘F’. The

lower molecular weight oligomer species in COE-19 is marked ‘LMWO’
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3.1 Abstract

Subcutaneous injection of a low volume (<2 mL) high concentration (>100 mg/mL)
formulation is an attractive administration strategy for monoclonal antibodies (mAbs) and
other biopharmaceutical proteins. Using concentrated solutions may be also beneficial at
various stages of bioprocessing. However, concentrating proteins by conventional
techniques, such as ultrafiltration, can be time consuming and challenging. Isolation of
the dense fraction produced by macroscopic liquid-liquid phase separation (LLPS) has
been suggested as a means to produce high-concentration solutions, but questions arise
regarding the practicality of this method, and the stability of the resulting protein solution.
In this proof-of-concept study, we demonstrate that LLPS can be used to concentrate a
mADb solution to >170 mg/mL. We show that the structure of the mAb is not altered by
LLPS, and unperturbed mADb is recoverable following dilution of the dense fraction, as
judged by *H NMR spectroscopy. Finally, we show that the physical properties and
stability of a model high concentration protein formulation obtained from the dense
fraction can be improved, for example through the addition of the excipient
arginine-glutamate. This results in a stable high-concentration protein formulation with
reduced viscosity and no further macroscopic LLPS. Concentrating mAb solutions by
LLPS represents a simple and effective technique to progress towards producing high-

concentration protein formulations for bioprocessing or administration.

3.2 Introduction

Since the introduction of the first protein therapeutic in 1982, biopharmaceutical proteins,
such as monoclonal antibodies (mADbs), have developed into major treatments for a wide
range of diseases [4, 44, 61]. For the prolonged treatment of chronic conditions, such as
arthritis and other autoimmune diseases, subcutaneous injection by the patient themselves
represents an attractive administration strategy for mAbs [68, 72]. Due to the limited
injection volume (<2 mL) possible into the subcutaneous tissue [75], such strategies
require high-concentration protein formulations, with protein concentrations typically
greater than 100 mg/mL [76]. Using high-concentrations solutions may also be beneficial
during bioprocessing and manufacturing. However, achieving such high concentrations

and stabilising the final formulation against degradation remains challenging [289].

70



During bioprocessing, biopharmaceutical protein solutions are typically concentrated
using ultrafiltration techniques involving membranes, such as tangential-flow filtration
[64]. However, achievable protein concentrations may be limited, with concentration-
induced viscosity, self-association, and aggregation potentially resulting in significant
back pressure, membrane fouling and reduced filtration rates [129, 270, 290].
Alternatively, lyophilisation followed by reconstitution in a reduced diluent volume may
be used, but this may require significant time for freeze-drying, plus additional
reconstitution times [291], or may generate physical instabilities due to the stresses of
freeze-drying and reconstitution [292]. Therefore, other methods to concentrate

biopharmaceutical proteins are required.

Liquid-liquid phase separation (LLPS) has been suggested as a novel technique to
concentrate biopharmaceutical solutions [136, 178, 293]. During macroscopic LLPS, a
homogenous medium-concentration protein solution spontaneously separates into an
upper low-concentration lean layer and a lower high-concentration dense layer. Whilst
LLPS is typically considered an unwanted physical instability in biopharmaceutical
solutions [140, 147], selective triggering of LLPS, for example, through addition of salts,
or changes in temperature, may be used to concentrate a protein solution. Aqueous two-
phase extraction, a similar approach involving polymers to trigger phase partitioning, is
already widely used during purification in biotechnology [294-296].

Despite the potential of LLPS as a method to concentrate mAb solutions, phase separation
is still largely viewed as an undesired physical instability, and there remain questions
about the practicality and suitability of its use. For example, due to the attractive protein-
protein interactions required for LLPS, there may be concerns about the promotion of
aggregation in the high-concentration dense fraction [121, 267]. Additionally, the dense
fraction may be excessively viscous [140, 158] and potentially difficult to handle during
bioprocessing or administration. Such concerns are common in the development of any
highly-concentrated biopharmaceutical protein formulation, where they are typically
alleviated through optimisation of solution conditions, including buffer, pH, ionic
strength, and addition of excipients [105, 269, 270]. However, to our knowledge, such a
formulation approach has not been trialled for high-concentration dense fractions
produced by LLPS.
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In this study, we explore how the properties and stability of a high-concentration mAb
solution produced by LLPS can be improved through the addition of an excipient,
arginine-glutamate (Arg-Glu) [105, 152], to the isolated dense fraction. We demonstrate
that LLPS can be used to concentrate a mAb from 80 mg/mL to >170 mg/mL, and show,
using *H nuclear magnetic resonance (NMR) spectroscopy, that structurally unperturbed
mADb is recoverable following dilution of the dense fraction. Viscosity measurements and
high-performance size exclusion chromatography (HPSEC) analysis shows that Arg-Glu
improves the physical properties and stability of a model high-concentration formulation
produced from the dense fraction. Controlled LLPS and subsequent addition of excipients
offers a simple and effective method to produce stable high-concentration antibody

formulations.

3.3 Materials and Methods

3.3.1 Sample preparation

A mAb, COE-13 (MW 149 kDa, pl 8.1 — 8.6), known to be prone to LLPS under specific
conditions [147], was supplied by AstraZeneca. 20 mM acetate buffer (sodium acetate
trihydrate (Sigma-Aldrich) and glacial acetic acid (Fisher Chemical)), pH 5.5, was
prepared fresh as required. Concentrated NaCl (Fisher) was also prepared in buffer.
Solutions were filtered with 0.2 um syringe filters (Minisart SFCA, Sartorius) or 0.22 pm
membrane filters (GSWP, Merck Millipore). Protein concentrations were determined by
absorbance at 280 nm using a NanoDrop One (Thermo Scientific) in triplicates with

dilution in buffer as required.

Stock solutions of COE-13 (46 mg/mL) were dialysed in acetate buffer, using GeBAflex-
Maxi dialysis tubes (3 ml, MWCO 30 kDa, Generon) or Slide-A-Lyzer MINI dialysis
devices (0.5 ml, MWCO 20 kDa, Thermo Scientific) for large and small volumes,
respectively. Extensive buffer exchange was conducted over five days. Samples not to
undergo LLPS were subsequently prepared by dilution with additional buffer and
concentrated NaCl to lean phase protein (10 mg/mL) and NaCl concentration (75 mM).
Samples to undergo LLPS were initially concentrated using a centrifugal concentrator (30
kDa MWCO, Amicon) to >90 mg/mL, with subsequent dilution with buffer and
concentrated NaCl to 80 mg/mL protein concentration and 75 mM NaCl. Macroscopic

LLPS was induced by incubation at 4°C for 24 hours.
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Concentration (mg/mL)

Solution Volume (uL)
Measured Calculated
Before LLPS 545 80+0.9
Extracted lean fraction 300 10+0.3
Dense layer with
. - 245 - 165+ 0.4
residual lean fraction
Dense fraction 230 171 +55 1755

Table 3-1. Volumes and protein concentrations of the various solutions obtained
during LLPS experiments. Measured concentrations determined by absorbance at 280
nm following appropriate dilution. High variability in measured dense fraction
concentration caused by difficulties in handling such a viscous solution. Calculated
concentrations were determined based on measured solution volumes (second column),

and the measured concentration of the lean fraction.

Following LLPS, the fractions were separated by removal of the lean fraction (Table 3-
1). To generate two model high concentration formulations, the remaining dense fraction
(with a small residual amount of lean fraction) was brought to 20°C, remixed and
supplemented with 0.02 % (w/v) sodium azide (Sigma-Aldrich) to inhibit bacterial
growth. A 100 mM Arg-Glu (final concentration) formulation was generated by addition
of concentrated Arg-Glu (equimolar L-arginine and L-glutamic acid mixture, both Sigma-
Aldrich) dissolved in buffer supplemented with 75 mM NaCl, while a reference
formulation was generated by addition of an equivalent volume of buffer with 75 mM
NaCl. Aliquots of the model formulations were then stored under either refrigerated (4°C)
or stressed stability (40°C) conditions. The sample aliquots were frozen after 0, 7, 14, or

28 days for further analysis.

3.3.2 NMR spectroscopy

NMR experiments were acquired using a Bruker 800 MHz Avance Il spectrometer
equipped with 5 mm TCI cryoprobe and variable temperature control unit. Sample
temperature was calibrated against a standard methanol sample and verified with an
external thermocouple placed in a sample tube in the probe. NMR samples (400 pL) were
prepared in 5 mm NMR tubes (541-PP-7, Wilmad) with a coaxial insert (50 mm stem,
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Wilmad) filled with 2H,0 to provide for external lock without sample adulteration. For
variable temperature experiments, samples were left to equilibrate for 30 minutes upon
reaching the desired temperature, with automated tuning, shimming and pulse calibration
conducted following equilibration. For NMR analysis of mAbs after LLPS, lean fractions
were assessed neat, whilst dense fractions were assessed neat or after dilution to lean

phase concentration (10 mg/mL) with buffer containing 75 mM NaCl.

1D *H spectra were recorded using excitation sculpting water suppression (Bruker pulse
program zgesgp). Apparent transverse relaxation rates (R2) were measured using a Carr-
Purcell-Meiboom-Gill (CPMG) pulse sequence, with temperature compensation and a
fixed echo time of 2.8 ms. Spectra were processed and analysed with TopSpin 4.0
(Bruker). Apparent R> at spectral points (0.05 ppm intervals) across the spectral width
were calculated in Dynamics Center 2.6.1 (Bruker). Processed data were plotted in
GraphPad Prism 8.0.

3.3.3 High-performance size exclusion chromatography

Analysis of mAb monomeric, aggregate, and fragment species was performed using high-
performance size exclusion liquid chromatography (HPSEC), with a Agilent 1200 series
HPLC system with a TSKgel SWx. column (30 cm x 7.8 mm, 5 um particle size, Tosoh
Bioscience). Model formulations were diluted to 10 mg/mL and 0.45um filtered prior to
analysis, Ultrafree-MC-HV, Merck Millipore). A 25 pL injection volume was used, with
the system run at 1.0 mL/min with a mobile phase of 0.1 M Na;HPOj4, 0.1M NazSO4, pH
6.8. Absorbance wavelength for detection was set at 280 nm. Chromatograms were
analysed in ChemStation (Agilent).

3.3.4 Viscosity measurements

Dynamic viscosities of the model formulations were measured at different temperatures
using a VROC initium (Rheosense) with a B05 VROC cell and Peltier temperature
control. Viscosities were measured according to the manufacturer’s instructions at a
controlled shear rate of 345 s, with three repeated measurements per temperature.
Samples were equilibrated for two minutes prior to analysis. Cleaning was conducted

between samples with 1% Aquet detergent (Bel-Art), isopropyl alcohol, and filtered air.
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3.4 Results

3.4.1 Using LLPS to concentrate mAb solutions

To demonstrate the use of LLPS to concentrate a mADb, LLPS was triggered in 80 mg/ml
COE-13 in 20 mM acetate buffer, pH 5.5, by addition of 75 mM NaCl and incubation at
4°C (Figure 3-1). The initially opalescent solutions underwent rapid macroscopic LLPS,
with two layers visible after 20 min, and the boundary between these layers sharpening
over time. After 24 hours, the upper lean and lower dense fractions were isolated. Protein
concentration measurements showed that LLPS resulted in a >2-fold increase in
concentration in the dense layer (171 mg/mL) compared to the initial solution, while the

lean fraction concentration was 10 mg/mL.

T=0min : T=20min i T=60min

Figure 3-1. LLPS of COE-13 triggered by incubation at 4°C. Triplicate solutions
illuminated from underneath to visualise light scattering and opalescence. Images taken
at 4°C after the incubation times indicated. Beyond 20 minutes, the visible bottom layer

corresponds to the dense fraction, and upper layer to the lean fraction.

To investigate whether LLPS resulted in any aberrant irreversible changes in mAb
structure and behaviour, *H NMR spectra and transverse relaxation rate (Rz) profiles were
recorded for the lean fraction, and the dense fraction before and after dilution with buffer
(containing 75 mM NacCl to maintain ionic strength). Additionally, spectra were recorded
for a dilute COE-13 solution which had not undergone LLPS. All samples were in
equivalent buffers (20 mM acetate, pH 5.5, with 75 mM NaCl), with 10 mg/mL COE-13,
apart from the intact dense fraction, where protein concentration was significantly higher
(171 mg/mL). *H NMR spectral fingerprints of the characteristic methyl region (Figure
3-2A) report on the apparent structure and colloidal behaviour of mAbs [233]. The lean
fraction (green) and the diluted dense fraction (purple) exhibited very similar NMR
spectra to the COE-13 solution which had not undergone LLPS (blue), indicating that the
protein in these solutions has very similar higher order structure. NMR spectra of the neat
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dense fraction had significantly lower signal intensity than the other solutions, despite a

17-fold higher protein concentration, in agreement with our previous observations [147].

10 05 00 -05 10 05 00 -05
8 'H (ppm) 3 'H (ppm)
mmPre-LLPS ==mDense fraction ==Lean fraction ==Diluted dense

Figure 3-2. NMR comparison of mAb structure and colloidal behaviour before and
after LLPS. (A) 1D 'H NMR spectra and (B) Rz profiles comparing a non-phase
separated protein solution, the intact lean fraction, and diluted dense fraction (all 10
mg/mL), with the intact dense fraction collected after LLPS (171 mg/mL). All solutions
were in 20 mM acetate buffer, pH 5.5, with 75 mM NaCl. Dense fraction not shown on
R profile due to rapid R2 rate and poor signal in CPMG experiments. Dotted lines

indicate the respective 95% confidence bounds of the fitted relaxation rates.

NMR transverse relaxation rates (R2) are coupled to molecular motions and apparent
molecular size through rotational correlation time, and so report on apparent
intermolecular interactions. The similar R> spectral profiles (Figure 3-2B) between the
three 10 mg/mL solutions show that protein-protein interactions and colloidal behaviour
of COE-13 are not irreversibly perturbed by LLPS. Conversely, R> was markedly faster
in the intact dense fraction, such that COE-13 relaxation rates were essentially
unmeasurable in this fraction. Along with the significantly reduced signal, this suggests
significant attractive protein-protein interactions and the occurrence of protein self-
association and high viscosity in the highly-concentrated dense fraction. On the other
hand, the NMR observations indicate that unperturbed COE-13 is recoverable from the
lean fraction and after dilution of the dense fraction, suggesting that the self-association

observed in the dense fraction is fully reversible.

3.4.2 Production of model high-concentration formulations from the dense
fraction
Whilst the neat dense fraction produced by LLPS may in principle have a satisfactorily

high protein concentration, its properties, such as viscosity, self-association and protein
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stability, may render it unsuitable for bioprocessing, storage and administration. In our
NMR assessments (Figure 3-2) we observed clear evidence of significant protein self-
association, likely as a result of attractive protein-protein interactions. To understand if
this self-association could be reduced while maintaining this high concentration, we
next investigated whether the addition of an excipient, arginine-glutamate (Arg-Glu),
could improve the properties of the mAb solution obtained from the dense fraction and
shift the self-association equilibrium towards a monomeric, non-associated state. Two
model high-concentration protein formulations were generated from the isolated dense
fractions: a formulation with 100 mM Arg-Glu (final concentration), and a reference
formulation without Arg-Glu. Final protein concentration in both formulations was 148
mg/mL, while final buffer and NaCl concentrations were identical to the starting
solutions, at 20 and 75 mM, respectively. These model formulations were used for

further comparative analysis.

3.4.3 Arg-Glu improves the stability of model formulations derived from the
dense fraction

LLPS is typically considered an unwanted physical instability, and there therefore may

be concerns that proteins which have undergone LLPS may be inherently prone to further

aggregation and degradation. To investigate this behaviour, the physical and chemical

stability of the model high-concentration formulations generated from the phase-

separated dense fraction was examined by storage at standard refrigerated conditions

(4°C) or under stressed degradation conditions (40°C) for 4 weeks.

The behaviour of the two model COE-13 formulations during storage was markedly
different (Figure 3-3). The reference formulation underwent LLPS again following
storage at 4°C (Figure 3-3, right-hand side), with re-establishment of the LLPS
equilibrium concentrations. Conversely, the formulation with 100 mM Arg-Glu
remained as a single homogenous solution, with Arg-Glu preventing further LLPS at
4°C. Both formulations exhibited no LLPS when incubated at 40°C, above the apparent

critical temperature (Tc) for this system (~13°C).
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100 mM Arg~GIu Reference

40°C 4°C 40°C 4°C

F—— No LLPS —— LLPS

Figure 3-3. Behaviour of the model formulations after 24 hours incubation at 4 or
40°C. Image taken at ambient room temperature immediately after removal from
incubation. Macroscopic LLPS present in the reference formulation stored at 4°C (right-
hand side).

Antibody degradation by fragmentation and aggregation during storage was assessed
using high performance size-exclusion chromatography (HPSEC) (Figure 3-4). When
stored at 4°C, both model high-concentration formulations exhibited no additional
degradation after 28 days storage. This demonstrates that the protein solutions
concentrated by LLPS are not inherently unstable or prone to degradation during storage
at lower temperature. Meanwhile, model formulations stored under stressed degradation
conditions at 40°C exhibited both aggregation and fragmentation (Figure 3-4A-C).
However, the formulation with 100 mM Arg-Glu was more stable than the reference
formulation, with Arg-Glu reducing the rate of antibody aggregation two-fold, whilst also
marginally reducing the rate of fragmentation (Table 3-2). This illustrates that excipients,
such as Arg-Glu, can improve the stability of high concentration protein solutions
generated by LLPS against degradation.

A Monomer B Aggregates C Fragments
100 6 99reg 2 9
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-3-100 mM Arg-Glu - 4°C =100 mM Arg-Glu - 40°C -0-Reference - 4C -s-Reference - 40°C

Figure 3-4. Monomer loss, aggregation and fragmentation of model formulations
following storage at 4 or 40°C. Monomer (A), aggregate (B) and fragment (C) content
for COE-13 formulations over 4 week storage.
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) Monomer loss Aggregation Fragmentation
Model formulation

(%/month) (%/month) (%/month)
Reference 531+0.18 345+0.12 1.86 £ 0.10
With 100 mM Arg-Glu 3.04 £0.05 1.67 £0.18 1.38 +0.23

Table 3-2. Rates of degradation (£ standard errors) for the model formulations stored

at 40°C. Rates based on linear regression of HPLC data.

Next, the temperature dependence of the dynamic viscosities of the model high-
concentration formulations produced by LLPS was explored (Figure 3-5). High viscosity
resulting from protein self-association at high protein concentration (e.g. 148 mg/mL
here) may pose handling challenges during biopharmaceutical fill-finish and
administration, and therefore formulation viscosity should be monitored and minimised.
The reference model formulation was particularly viscous, with its viscosity exceeding
200 mPa-s at temperatures below 25°C. Such a high viscosity for a mAb formulation
renders it largely unsuitable for processing and syringing, i.e. for subcutaneous
administration. Conversely, the model formulation with 100 mM Arg-Glu exhibited
significantly lower viscosity, ranging from 12 to 113 mPa-s across the explored
temperature window (37°C to 5°C). At ambient room temperature and above, this
formulation would likely be syringeable, with viscosity beneath the apparent limit of
syringeability (50 mPa-s) [128]. Viscosity of the samples stored at 4 and 40°C for 28 days
were not significantly different, indicating that the aggregation and fragmentation
observed following storage at 40°C (Figure 3-4) did not have a significant effect on the
viscosity of either formulation. Both model formulations follow the expected exponential
temperature dependent viscosity relationship, with viscosity reduced at higher
temperatures. In conclusion, this study shows that LLPS can yield high-concertation mAb
formulation with satisfactory stability, viscosity and syringeability properties, by adding

a suitable excipient to the dense fraction.
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Figure 3-5. Viscosity of the model high-concentration formulations across a range of
temperatures after 28 days storage at either 4 or 40°C. Mean + standard deviation of
three replicate measurements. For the reference formulation, the viscosity of solutions
below 25°C exceeded the measurement capacity of the specific VROC Initium chip
(~200 mPa-s).

3.5 Discussion

Obtaining stable high-concentration antibody formulations is critical to the development
of subcutaneous injections as a viable means of biopharmaceutical administration.
However, concentrating some biopharmaceutical protein solutions beyond >100 mg/mL
and stabilising these solutions against self-association and degradation may be
challenging. In this proof-of-principle study, we demonstrate that LLPS can be harnessed
to generate high-concentration antibody solutions without adversely affecting higher-
order protein structure, and that the addition of excipients improves the properties (e.g.,
viscosity, aggregation state and storage stability) of model formulations generated from

the resulting dense fraction.

Here, LLPS was triggered in 80 mg/ml COE-13 in a formulation containing 75 mM NacCl
by incubation at 4°C (Figure 3-1). This lead to a greater than two-fold spontaneous
increase in protein concentration to 175 mg/mL in the dense fraction, with such a
concentration, in principle, suitable for subcutaneous administration [76]. Although LLPS
was relatively fast, the speed of macroscopic layer separation following LLPS, and thus
the speed of concentrating of the protein solution, may be improved further through

centrifugation of the solution during the process [297]. Whilst the conditions used here to
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trigger LLPS of COE-13 were previously identified [147], for other mAbs a formulation
screening approach may be set up using conventional high-throughput platforms, but
aiming to determine phase-separation conditions instead. A variety of additives, salts,
polyethylene glycol (PEG), polyvalent ions or other suitable molecules, as well as
environmental conditions like temperature, can be used to induce LLPS [144, 171, 174].
After the dense phase is separated, conventional formulation screening [150, 298] could
be used to establish which excipients are able to prevent further phase separation, reduce

self-association and solution viscosity, and achieve long-term storage stability.

NMR spectroscopy is increasingly used as a fingerprinting tool to assess the higher-order
structure of biopharmaceutical proteins [218, 222, 278]. Here, 'H NMR spectra showed
that COE-13 in both the dense and lean fractions is not irreversibly affected by the process
of LLPS, with the lean fraction and diluted dense fraction displaying similar fingerprint
1D spectra and transverse relaxation rate profiles to protein which had not undergone
LLPS. Additionally, as protein in the lean fraction was shown to be structurally
unperturbed following LLPS, this suggests that this extracted fraction may be recycled
through conventional concentrating techniques, and then phase separated to produce

further dense fraction, thus increasing yield and reducing waste.

While LLPS may be used to concentrate protein solutions, the attractive protein
interactions which drive phase separation, may in principle result in solutions with
properties unsuitable for further handling during processing and administration.
Moreover, recovery and dilution of this dense fraction may trigger further LLPS, which
is undesirable in any final formulation. Here, we show that addition of an excipient, such
as Arg-Glu, to the isolated dense fraction improves the properties of model high-
concentration formulations generated from the dense fraction. As previously observed
with other protein solutions [154, 299], Arg-Glu reduced the viscosity of the model
formulation (Figure 3-4). Importantly, Arg-Glu also prevented further LLPS of the model
formulation (Figure 3-3). Furthermore, the high concentration antibody solutions
generated here by LLPS were shown to not be inherently unstable when stored under
typical refrigerated conditions, with Arg-Glu reducing both aggregation and
fragmentation of the model formulations stored at 40°C to a level typical for other mADb
formulations [105, 300]. Overall, the LLPS ‘history’ of the concentrated mAb sample did

not result in any additional instabilities, and we conclude that typical formulation
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optimisation approaches applied to a separated dense fraction should yield a stable high

concentration protein formulation.
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4.1 Abstract

Proteins frequently exist as high-concentration mixtures, both in biological
environments and increasingly in biopharmaceutical co-formulations. Such crowded
conditions promote protein—protein interactions, potentially leading to formation of
protein clusters, aggregation and phase separation. Characterising these interactions and
processes in situ in high-concentration mixtures is challenging due to the complexity
and heterogeneity of such systems. Here we demonstrate the application of the dark-
state exchange saturation transfer (DEST) NMR technique to a mixture of two
differentially '°F-labeled 145 kDa monoclonal antibodies (mAbs) to assess reversible
temperature-dependent formation of small and large protein-specific clusters at
concentrations up to 400 mg/mL. *°F DEST allowed quantitative protein-specific
characterisation of the cluster populations and sizes for both mAbs in the mixture under
a range of conditions. Additives such as arginine glutamate and NaCl also had protein-
specific effects on the dark-state populations and cluster characteristics. Notably, both
mADbs appear to largely exist as separate self-associated clusters, which mechanistically
respond differently to changes in solution conditions. We show that for mixtures of
differentially '°F-labeled proteins DEST NMR can characterise clustering in a protein-
specific manner, offering unique tracking of clustering pathways and a means to

understand and control them.

4.2 Introduction

Proteins in biological environments are often part of complex mixtures at high
concentration. Such conditions lead to macromolecular crowding and increased protein—
protein interactions, which may be involved in normal or aberrant biological processes
[182, 301, 302]. Understanding molecular mechanisms of protein-specific clustering is
needed in diverse areas of science ranging from biopharmaceutical development to cell
biology and biotechnology. For example, in biopharmaceuticals such as monoclonal
antibodies (mADbs), which constitute a large and rapidly growing section of the
pharmaceutical market [303, 304], there is considerable interest in formulating at high
concentrations (>100 mg/mL) [76, 305, 306] and/or as co-formulations of two or more
proteins [307, 308]. However, high concentrations may promote formation of reversible
and irreversible oligomers, aggregates, and clusters [119, 197, 309].
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Assessing protein stability and interactions in situ in high-concentration mixtures is
non-trivial for both biopharmaceutical formulations [270, 310] and biological mixtures.
Standard biophysical techniques, such as dynamic or static light scattering (DLS or
SLS) and analytical ultracentrifugation (AUC), often do not permit measurements at
such high concentrations [311]. Characterisation becomes even more challenging for
mixtures and co-formulations, where proteins mixed together may undergo both self-

and cross-interactions [307, 308].

Extrinsic differential labelling of proteins with °F tags was recently suggested for
monitoring the behaviour of individual mAbs in high-concentration mixtures in situ by
1F NMR, using diffusion ordered spectroscopy (DOSY) and relaxation experiments
[234]. Proteins can be labelled using a variety of °F tags [312], with even proteins as

large as mAbs giving rise to strong, well-resolved signals in the *°F spectrum [234].

Increases in protein concentration in solution do not always result in a concomitant
increase in NMR signal intensity. This situation has been explained by concentration-
dependent self-association, with consequential increase of protein oligomer size and so
broadening of its signals [147, 233, 234]. Large self-associated species undergo such
rapid transverse relaxation that they are no longer visible in a conventional NMR
spectrum, and so can be described as existing in an NMR-invisible “dark state”. The
size and populations of these dark-state species under various conditions may be used
for understanding molecular mechanisms of cluster formation [119]: for
biopharmaceuticals, for example, these would serve as useful criteria for designing

successful formulations which minimise aggregate formation.

One NMR technique used to study dark states is dark-state exchange saturation transfer
(DEST) [251, 252, 313].This technique exploits the principle that the rapid transverse
relaxation rates of the NMR dark state results in very broad NMR signals. Therefore,
selective radiofrequency saturation applied offset from the visible NMR signal will
saturate only the dark state. However, if the dark state undergoes exchange with the
observable monomer or lower-oligomer species, saturation will transfer to the NMR
visible state, leading to signal attenuation. Mapping of this signal attenuation at

numerous offsets allows quantitative characterisation of the dark state [252, 313].
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DEST is typically conducted on **N or *C nuclei in isotopically labelled proteins [251,
252, 313], but such labelling is impractical for mAbs produced in mammalian cells on
an industrial scale [207] and not possible for proteins purified from biological samples.
'H DEST on unlabelled proteins is hindered by spin diffusion, complicating quantitative

analysis [251].

Here we demonstrate that the DEST technique can be applied to proteins as large as 145
kDa mAbs in mixtures if they are labelled extrinsically with 1°F tags. We investigate by
1%F DEST and other NMR techniques a co-formulation of two differentially °F-labeled
mADbs known to associate reversibly at high concentrations under a range of conditions,
including variable temperature and concentration, and in the presence of excipients. We
show that °F DEST enables us to quantify formation of individual types of protein
clusters co-existing in highly concentrated mixtures, providing a measurable parameter
to understand the mechanism of protein-specific cluster formation and the potential
ability to control the size distribution and concentration of clusters using various
additives.

4.3 Materials and Methods

4.3.1 '°F Labelling

The monoclonal 1gG antibody samples (mAb2, MW = 144.8 kDa, pl = 8.44 and COE-
19, MW 148 kDa, pl = 7.4) used in this study were supplied by Medimmune Ltd.,
Cambridge, UK, and have previously been described [105, 234]. Two °F labels were
used here: TFBPD (1-(4-(trifluoromethyl)benzyl)-1H-pyrrole-2,5-dione), which was
custom synthesised by Charnwood Molecular Ltd., Loughborough, UK, and TFCS (N-
(e-trifluoroacetylcaproyloxy)succinimide ester) [314, 315] supplied by Fisher Scientific,
Cat. no. 22299. The mAbs were diluted from a supplied concentration of 45 mg/mL in
citrate buffer to 5 mg/mL by addition of pH 7.2 100 mM sodium phosphate buffer.
TFBPD and TFCS labelling was carried out following the previously reported
procedure for these mAbs [234], with overall labelling efficiencies varying batch-to-
batch between 100% and 200% (i.e., an average of 1-2 tags per protein molecule).
Protein concentrations were measured based on optical density (OD) at 280 nm
(extinction coefficients of mAb2 and COE-19 are 1.435 and 1.780 mL mg~tcm™,
respectively). For extremely high (400 mg/mL) mAb concentrations, samples were

diluted prior to OD measurement.
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4.3.2 NMR experimental details

NMR experiments were carried out on a Bruker 500 MHz Avance 111 spectrometer
using a QCI-F cryoprobe with cooled *H and °F channels and sample temperature
control unit. The NMR buffer used throughout was 100 mM pH 5.5 sodium acetate
buffer with 10% (v/v) D20. Spectra were processed and analysed using Topspin 2.5 and
Dynamics Centre 2.4.8.

DEST experiments were conducted with continuous-wave (CW) saturation of 1.0 s
duration at three (50, 100, and 200 Hz) saturation field strengths (yB1) for simultaneous
fitting. DEST experiments were conducted as pseudo-2D experiments, with CW
saturation applied at 31 offset frequencies between —50 and +50 kHz from the

frequency carrier position set at the observable °F signal.

Longitudinal relaxation times (T1) for 1°F were measured using a standard Bruker
inversion recovery sequence (tlir). Translational diffusion coefficients (D.) were
collected using diffusion ordered spectroscopy (DOSY) by stimulated echo- pulsed-
field gradient pulse program stebpgp1s19 from Bruker’s standard library adapted for
1F . The diffusion time (A) and the gradient length (5) were set to 200 and 2 ms,

respectively.

19F transverse relaxation rates (R2) were measured using a combination of modified
Bruker Carr—Purcell-Meiboom-Gill (CPMG) sequences [316]. Examples of decay

curves from these experiments are shown in Figure S4-1.

4.3.3 DEST data fitting and protein cluster size analysis
Experimental DEST profiles [252] were fitted to a two-state model describing exchange
between an NMR-visible state A (reporting on monomeric or lower-oligomeric species)

and an NMR-invisible dark state B (reporting on large protein clusters):

| aPP
A AB B
(NMR visible) ~— (dark state)
kpa
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where k4 BP is the apparent on rate and kg, is the off rate [251, 252, 313]. The DEST
effect for this two-state system was modelled using an homogeneous form of the Bloch—
McConnell equations [253] in MATLAB, as shown in the

r 0

0

1]

1]

0

0 0

E 9 'E/27
E,{; 2 0 RA+KEP A ~w, —kg, 0 0 /
IA
M 0 -4 RA L KDY w, 0 —kp, 0 p
al| y; A | 1,9PP ’
pr I -26 w, —wy R{ + k5 0 0 —kpa 7
B
;’{, 0 P 0 0 RS+ kg,  0F ~w, I
y IB
[ 2 | 0 0 —kFP 0 -0B RS + kg, Wy Ily;
| —208 0 0 —KPP w,y —wy RE+kgd 7

Figure S4-2, taking into account lifetime line broadening derived from relaxation rate
RSPs measured at each condition, following the well-established protocols [251, 252,
313]. The analysis reveals the fractions and relaxation rates of the visible monomeric
and dark states present in solution (P4 = P¥s and P? = P94k and R4 and RZ,

respectively), as well as kj 5" and kg, rates for each protein separately.

For variable temperature DEST analysis, first the transverse relaxation rates of the
reference monomeric species R}™ were measured at 313 K in diluted samples (<5
mg/mL) of isolated proteins (3.47 + 0.27, 38.6 + 0.03, 3.66 + 0.29, and 46.5 + 0.02 s*
for mAb2-TFCS, mAb2-TFBPD, COE-19-TFCS, and COE-19-TFBPD, respectively).
Control DEST experiments for these samples did not reveal any measurable dark-state
populations. R2 is proportional to the rotational correlation time t. of a particle with
effective radius 7., calculated according to Stokes’s equation:
410 (Teps)?

3kT
where Kk is the Boltzmann constant, # is viscosity, and T is absolute temperature. The

R, X T, = (Equation 4.1)

values of R4 = R7*°™ at lower temperature were re-calculated to compensate for slowing

molecular tumbling and increased water viscosity [317] as:

Ré‘l = ngnm
nref T

where nr and 7, are the viscosities of water at temperature T and reference

(Equation 4.2)

temperature T,.., = 313 K, respectively. The effective radius of dark-state clusters
rec}l;“erat temperature T was derived from the apparent relaxation of dark state B

(RZ (T) = R§*™(T)) as:
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cluster __ Rgark(T) mon -
Teff = 1/_R£non(T) r (Equation 4.3)

where r™°™ is the radius of the monomeric mAb, taken as 5 nm [234].

Effective mADb radii for visible species (re”fi}) were calculated directly from measured

diffusion coefficients DL using the Stokes-Einstein equation, combined with a

correction for the effects of molecular crowding [318, 319]:
kT (1—¢)3

6D, (1+ % + 292 + 3¢3)

vis _

Teff =

(Equation 4.4)

where o is the total volume fraction of the proteins in solution assuming a protein

density factor of 1.25 g/mL [318, 320].

4.4 Results

4.4.1 Characterisation of dark states in 1°F-tagged mAb mixtures

To assess whether DEST effects could be observed in °F-tagged mAbs, two equimolar
mADb mixtures were prepared, one consisting of COE-19-TFBPD with mAb2-TFCS,
and a second with the '°F tags reversed (i.e. COE-19-TFCS mixed with mAb2-TFBPD).
Data were collected at two different concentrations (160 and 400 mg/mL total) and
across a range of temperatures rising from 277 to 313K. At each condition *F NMR
spectra were collected measuring translational diffusion coefficients D (to capture the
sizes of the visible species), as well as observed relaxation rates (R, and R9?®) and
DEST spectra for full DEST fitting, taking into account lifetime line broadening, for
each mAD represented by their 1°F tags. A typical example of a DEST profile fitted to
the two-state model is shown in Figure 4-1. Further examples are shown in Figure S4-3,

with fitted rate constants shown on Figure S4-4.
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Figure 4-1. Example of DEST profiles for mAb2-TFBPD in an equimolar mixture
with COE-19-TFCS (total concentration 160 mg/mL). Data was collected at 277K at
three saturation field strengths and fitted simultaneously to minimize the combined
residuals. Markers indicate the measured data points, while the continuous lines show

the calculated DEST profiles from the model fitted to them.

It was noted that *°F signal losses and signal broadening at low temperature were much
greater for both mAbs when tagged with TFBPD than for the same mAbs tagged with
TFCS. This effect is clearly visible in the 1D °F spectra (Figure S4-5) and in the
observed different characteristic ranges for transverse relaxation values RS?S for TFCS
and TFBPD tags when attached to mAbs (Figure 2). This difference can be explained by
the relative differences in the tag length and flexibility (structures shown in Figure
S4-5). TFCS contains a long flexible alkyl linker and attaches to lysine side chains,
giving the fluorine moiety considerable freedom to move relative to the attached
protein. TFBPD is more rigid and attaches to the shorter cysteine side chain, resulting in
a faster relaxation rate. TFCS with its greater mobility will remain NMR visible even
when attached to relatively large clusters, for which the signal of the less mobile
TFBPD would have already been lost to the NMR dark state. We hypothesised that the
two tags would essentially report on different size ranges of associates, both in visible
and in dark states. When using the TFCS tag only the very large mAb clusters would
have a high enough R to be in the NMR dark state, with most of the smaller oligomers
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remaining in the visible fraction, which can be then observed for example by DOSY.
When using the TFBPD tag more of the smaller oligomers will be in the dark state

rather than the visible.
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M 160 mg/ml COE19-TFCS © 160 mg/ml mAb2-TFBPD
B 160 mg/ml COE19-TFBPD 160 mg/ml mAb2-TFCS

Figure 4-2. Temperature dependence of observed effective transverse relaxation rate
(RSPS). Two mAb-tag combinations (COE-19-TFBPD/mAb2-TFCS and COE-19-

TFCS/mAb2-TFBPD) in equimolar mixtures at different concentrations.

In order to explore this further, we analysed how the distributions of the visible and
dark state populations depend on temperature and concentration of mAbs (Figure 4-3).
As hypothesised, the dark state populations are significantly larger for each mAb when
tagged with TFBPD than with TFCS. The data shows that for TFCS-tagged mAbs a
wider range of apparent cluster sizes remains in the visible state. With the same tags
used, COE-19 is consistently much more represented in the dark state population than
mADb2 at each condition, revealing its greater aggregation propensity. Both mAbs show
a consistent decrease in the populations of their dark state species at higher temperature,
and an increase in the dark state at higher concentration (Figure 4-3). The data suggests

that formation of large dark state protein clusters is exacerbated by low temperature and
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increased concentration, however different antibodies in the mixture are affected to

varying extents.
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Figure 4-3. DEST data for all four mAb-tag combinations for temperatures from
277K to 313K. Upper row shows the variation of the visible population and the dark
state population. Lower row shows relaxation rate RS*"*. The green dashed guidelines
show the projected change in R$%7* based solely on the effect of temperature and
viscosity. Data was obtained in the samples containing equimolar mixtures of labelled
mADbs as shown, at total concentrations of 160 mg/mL, with selected data available for
400 mg/mL mixed sample. Error bars are present for all data points, but for some values
are smaller than the markers shown. Where P4¢"* ~ 0 the value of R$*"* is not defined

and therefore is not shown for these points.

4.4.2 Effects of temperature and concentration on apparent radius of mAbs
The dependencies of the fitted relaxation rates R$"* on temperature are dominated by
the expected change in water viscosity. The deviations from this expected trend can be
interpreted as changes in the effective size of the dark state clusters. This allows
calculation of a nominal effective radius of protein clusters in this dark state [313]
(shown in Figure 4-4) and comparison to the effective radii r;’}} calculated from the
translational diffusion coefficients D, (Figure S4-6), which reflect the apparent size of
the smaller mAb oligomers still visible in the NMR spectra. It can be seen that DEST
consistently reports a larger effective radius r2%.,,,. for the dark state clusters when

using the TFCS tag compared to the TFBPD tag, in agreement with our hypothesis that
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the TFBPD dark state includes smaller oligomers than the TFCS dark state for a given
protein. The translational diffusion data, which reports on the visible oligomeric

species, consistently reports molecular sizes larger than expected for a monomer (ca. 5

nm).
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Figure 4-4. The temperature dependence of effective mAb radii. MAD visible
oligomers rZf5 and dark state clusters r5¢#**°" in the mixed samples of COE-19 and

mAD2 labelled with different tags.

We can estimate the concentration of dark state clusters for each dataset (Figure 4-5).
The apparent concentrations of large dark state clusters for TFCS-tagged mAbs are
much lower than for TFBPD-tagged mAbs. Both mAbs show an increased cluster
concentration at higher protein concentration and at lower temperature, however the
nominal concentration of such clusters for each mAb is very small (<10 uM) when
compared with the mAb concentration (1.3 mM). Interestingly at lower temperature an
increase in the number of large COE-19 clusters (Figure 4-5) is accompanied by a
reduction in their size (Figure 4-4). In contrast for mAb2, while the number of large

clusters increases at lower temperatures, their size remains constant.
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Figure 4-5. The calculated effective concentrations of dark state clusters.
Concentrations for COE-19 and mADb2 derived from the dark state populations and

cluster radii.

4.4.3 Effects of additives — excipients, salt and denaturant

19F DEST can be used to investigate the effect of additives on disrupting the dark state
mAD clusters, detecting reductions in cluster size, cluster concentration or both.
Detailed understanding of protein-specific clustering mechanisms and effects of
excipients would therefore require quantification of both the sizes and concentrations of
protein clusters. An equimolar mixture of L-arginine and L-glutamate (Arg-Glu) has
been reported to reduce aggregation of mAbs and other proteins [105, 152, 233].
Adding salt (NaCl) can potentially promote or disrupt aggregation controlled by the
balance between electrostatic and hydrophobic interactions [195, 196, 321]. The effects
of these additives on dark state clusters in COE-19-mAb2 mixtures are summarised in
Table 4-1.

Generally, the effect of additives such as Arg-Glu and NaCl is mAb-specific. Arg-Glu
does reduce the dark state population for COE-19 while showing a weak trend in
reducing both its cluster size and concentration. For mAb2 in the same mixed sample,
the overall dark state population does not change noticeably however the relaxation rate
of the dark state R$%"* is reduced, suggesting that the cluster size for mAb2 becomes
smaller, at the expense of having slightly more clusters. Adding NaCl reduces the dark
state population for COE-19 but has little effect on mAb2. R34 for COE-19 increases,

implying some increase in the average cluster size, which is however accompanied by
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drastic reduction in the overall concentration of these large clusters. The greater
sensitivity of COE-19 to the solvent conditions fits with earlier observations that COE-
19 is more prone to self-association and generally has lower solubility, and hence is
more problematic than mAb2 [234]. Addition of denaturant (GdnHCI) completely
removed the dark state populations for both COE-19 and mAbz2 in the control sample,

converting both proteins to an entirely monomeric and unfolded state (see Figure S4-7).

mAb-tag Additive Conc pdark thiark kea, (s7) rglfl}Ster Cluster

Combination (M)  (fraction) (sY) (nm) Conc.,
(1M)
COE-19- Arg-Glu 0 0.14 + 1400 + 200 900+100 26.4+1.2 0.7+0.2
TFCS 0.02
COE-19- Arg-Glu  0.200 0.08 + 1200 +200 900+200 24.4+13 0.5+0.2
TFCS 0.01
I
mAb2- Arg-Glu 0 0.30 + 2500 =
TFBPD 0.02 6500 + 600 200 19.8 + 0.6 35+06
mAb2- Arg-Glu  0.200 0.27 + 2400 +
TFBPD 0.03 4000 + 500 300 16.8 £ 0.7 51+14
COE-19- NaCl 0 0.20 + 800 + 200
TFCS 0.03 1300 + 200 253+1.4 11+04
COE-19- NaCl 0.150 0.10 + 1800 +
TFCS 0.01 2000 + 300 400 294+16 0.3+0.1
1

mAb2- NaCl 0 0.33 + 2500 +
TFBPD 0.02 8000 + 700 200 21.2+0.6 3.2+05
mAb2- NaCl 0.150 0.30 = 3300 +
TFBPD 0.02 8600 + 700 200 21.7+0.6 26+04

Table 4-1. The effects of additives on dark state clusters of COE-19 and mAb2
observed at 277 K. The two samples (I and I1) contained equimolar mixtures (160
mg/mL total) of COE-19 and mAb2 labelled as shown. The measurements were
performed for each sample before and after pre-measured lyophilized additives were
added at specified concentration. Those pairs showing absolute differences in observed
values which are greater than the sum of the correspondent standard deviations are

highlighted grey.
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4.5 Discussion

Understanding the effects of external stimuli such as temperature or changes in solution
conditions on protein-specific clustering at high concentrations is extremely challenging
in heterogeneous solutions containing several protein components. Whether the clusters
are formed by a mixture of proteins, or if each protein tends to be part of its own
homogeneous cluster, cannot be easily deduced from traditional measurements such as
light scattering. °F DEST NMR described here in combination with the differential
labelling strategy proposed previously [234] allows detection and quantification of dark
state aggregates for multiple proteins simultaneously and independently in the same
sample. The analysis can then show if the observed proteins become part of the same
cluster, in which case they should both experience joint tumbling, or different clusters
of substantially different size. Even if proteins do not interact with each other tightly to
form functional biological complexes, under extremely high concentrations and in
crowded conditions weak cross-interactions between proteins become as important as

self-interactions.

Large cluster formation may lead to unwanted mAb solution opalescence, and
identifying which components of the mixture are responsible would be important [322].
Here we studied cluster formation in a mixture of two mAbs at high concentration, up to
400 mg/mL. We found no evidence for uniformly-mixed clusters composed of both
proteins, in either the dark state or the visible state (which will include some low
oligomers). The protein cluster sizes showed different tendencies, with both large and
small COE-19 cluster radii increasing with temperature, whereas for mAb2 radii
remained the same for large clusters but reduced slightly for the smaller NMR-visible
clusters (Figure 4-4). The concentrations of the large dark state clusters generally
increased at low temperature for both mAbs (Figure 4-5). The clusters of these two
mADbs also responded differently to the addition of Arg-Glu and NaCl (Table 4-1).
These observations reveal that different mAbs in the mixture may respond differently to
the external stimuli and change of conditions. !°F DEST allows the clustering properties
of different proteins to be observed even when they are mixed together at very high
concentration, allowing straightforward testing of conditions and excipients, without
signal interference from any other unlabelled sample constituents. Although in our

studies we have not observed that addition of relatively small °F-tags affects
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association properties of large protein molecules such as mAbs [234], appropriate care

should be taken in new systems studied.

Different °F tags, depending on their length and flexibility, enable us to sample slightly
different characteristic sizes of protein clusters. This would allow fine-tuning the nature
of the tag to the requirements of the system. For example when investigating very large
slow-tumbling proteins a longer tag (such as TFCS) will still provide a useful reporter
signal.

4.6 Conclusions

This study has demonstrated that novel 1°F DEST analysis enables detection and
characterization of different types of large NMR-invisible clusters formed reversibly by
differentially-tagged mAbs at high concentration. Selection of ‘°F tags with differing
inherent flexibility and transverse relaxation rates allows sampling of different cluster
sizes. Use of 1°F differential labelling allows working with large proteins (e.g. the 145
kDa antibodies tested here) and complex solutions without any interference from
background signals. This is particularly relevant when it is necessary to study mAb
mixtures at ultra-high concentrations (up to 400 mg/mL), for example, in drug product
stability testing. The results suggest that instead of engaging in uniformly-mixed
clusters, IgG proteins mAb2 and COE-19 are involved in more homogeneous large self-
assemblies which co-exist in solution at relatively low concentrations, and which
respond somewhat differently to external stimuli, such as temperature or additives. The
measurable parameters thus allow us to reveal the mechanisms of protein-specific
reversible cluster formation in complex concentrated mixtures and fine-tune the
conditions to achieve the required solution properties, such as minimal overall
aggregation and solution viscosity. The proposed approach could be used to study the
onset of phenomena such as aggregation, opalescence and liquid-liquid phase separation

in any protein mixture.
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Figure S4-1. Examples of intensity decay curves from a combined pair of R
relaxation experiments. These consist of one experiment covering T2 relaxation delays
of 2.8 ms to 730 ms while varying the number of echo pulses separated by fixed echo
delays, and an additional identical experiment in which the number of echo pulses was
fixed at the minimum and the echo delay was decreased incrementally to produce
effective delay times of between 1.5 and 0.03 ms. Data points from both experiments
were combined and fitted simultaneously using Dynamics Center 2.4.8 to extract the
single ‘observed’ RIS value. X-axis is logarithmic. Data is for mAb2-TFBPD at 400
mg/mL total mAb concentration, shown for temperatures of 277K and 313K. This
sample at 277K had the most rapid relaxation measured in this study. The black dotted
line indicates the join between the data from the modified NMR experiment for ultra-
fast relaxation (left) and the conventional CPMG experiment (right).
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Figure S4-2. Bloch-McConnell matrix used for modelling the DEST effect for
exchange between NMR-visible species A and the dark state B. Here, E is unity; k;5°
and kg4 are the apparent forward association and reverse dissociation rate constants,
respectively; Iy, 13 , I} are the equilibrium magnetisation in the X, y, and z axis,
respectively, with I7* dependent upon equilibrium state populations (P4 = P and

PB = paarky. R™ and RY} are the longitudinal and transverse relaxation rates,
respectively; 8™ = R} x I}, Q™ is the saturation frequency offset in rad-s™*; and w,
and w,, are the CW saturation field strength (yB1) (rad-s 1) about the x and y axis,

respectively. Lifetime line broadening was calculated as R9?S - RT*™, providing an

: app " : _ papp , P4 A (=
estimate of k,;" at each condition, with kg, = k" X —5. Model parameters P~ (=

pvis), PB (= p4ark) = 1 — P4 and RE (=R4%"k) were fitted to experimental profiles
using an in-house MATLAB script, which minimises the difference between
experimental and simulated DEST profiles for the two or three saturation field strengths
simultaneously. Fitting uncertainties for the model parameters were computed using
Monte-Carlo simulations, with uncertainties of derived parameters calculated by error

propagation.
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Figure S4-3. Further examples of DEST models fitted to observed data. Examples
shown are for mAb2-TFBPD in a 400 mg/mL equimolar sample (200 mg/mL mAb2-
TFBPD, 200 mg/mL COE-19-TFCS). Data collected at 277K and 313K, at three
saturation fields: 50 Hz, 100 Hz, 200 Hz. RI*°™ value of 38.6 + 0.03 s,
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5.1 Abstract

Liquid-liquid phase separation (LLPS) of protein solutions is increasingly recognised as
an important phenomenon in cell biology and biotechnology. However, opalescence and
concentration fluctuations render LLPS difficult to study, particularly when
characterising the kinetics of the phase transition and layer separation. Here, we
demonstrate the use of a probe molecule trifluoroethanol (TFE) to characterise the
kinetics of protein LLPS by NMR spectroscopy. The sensitivity of the TFE probe to
protein concentration enables bulk-detection *F NMR to simultaneously report on the
formation and evolution of lean and dense phases throughout the sample. Meanwhile,
spatially-selective °F NMR, in which spectra are recorded from smaller slices of the
sample, is used to track the distribution of the different phases during layer separation.
This experimental strategy enables comprehensive characterisation of the process and
kinetics of LLPS, and may be useful to study phase separation in protein systems as a

function of their environment.

5.2 Introduction

During liquid-liquid phase separation (LLPS), a homogenous mixture of
macromolecules separates into two distinct liquid phases, the ‘dense’ phase enriched
with a subset of components, and the ‘lean’ phase depleted of these components. This
process is increasingly recognised in biology [182, 323], where it is responsible for the
formation of membraneless organelles, including the nucleolus [324] and stress granules
[191], but also implicated in a range of diseases, including neurodegenerative diseases
[190, 325, 326], cataracts [164, 192], and sickle cell anaemia [327]. LLPS is also an
important phenomenon in biotechnology, as a purification and processing technique

[328], or as an unwanted physical instability in biopharmaceuticals [136].

LLPS can manifest as a suspension of small dense liquid droplets within the lean phase
(microscopic LLPS), or as distinct dense and lean layers following layer separation
(macroscopic LLPS). The kinetics of these processes, and the effect of different
conditions or additives on these kinetics [329], is of particular interest. However, these
processes are difficult to study by existing techniques. Light scattering due to the
presence of liquid droplets, or fluctuations in density or refractive index often results in
opalescent or turbid solutions, rendering quantitative optical approaches very

challenging [141, 330]. Additionally, layer separation results in a non-uniform
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distribution of phase throughout the sample, adding a complicating spatial component
[170]. Therefore, the physical and geometrical constraints of biophysical techniques,
such as microscopy, and neutron and X-ray scattering, mean that they may be limited to
studying one aspect of LLPS, but not the entire process.

Nuclear magnetic resonance (NMR) spectroscopy is a powerful biophysical technique,
which has recently been applied to characterise protein LLPS. High-resolution
multidimensional approaches have been used to probe molecular interactions prior to
biological LLPS, and in isolated lean and dense fractions [238, 243, 245, 331-333].
However, the typical properties of phase separating systems render it difficult to use
NMR to study the actual process of LLPS, and in particular layer separation. Firstly,
macroscopic LLPS leads to significant density and concentration differences across the
sample, resulting in distorted or broadened NMR signals due to magnetic field
inhomogeneity [249]. Secondly, increased viscosity in the dense phase typically results
in poor NMR signal properties due to slow molecular tumbling and fast transverse
relaxation [243, 250].

With these considerations in mind, we propose a new approach with the use of a
fluorinated probe molecule, in combination with bulk-detection and spatially-selective
NMR, to comprehensively study solution behaviour preceding, during and after protein
LLPS. The use of a small fluorinated probe molecule in **F NMR spectroscopy results
in a single observable signal, whose behaviour reflects that of the protein solution, but
whose NMR signal properties, such as relaxation and tumbling, are more amenable than
those of the larger macromolecules. Meanwhile, in spatially-selective NMR, application
of a selective radiofrequency pulse during a magnetic field gradient allows investigation
of a small defined slice of the sample [258], resulting in a localised NMR spectra with
reduced field inhomogeneity [259, 263, 334]. Spatially-selective NMR therefore
enables characterisation of the spatial component of LLPS.

In this study, we demonstrate the potential of this experimental approach to characterise
both the temporal and spatial aspects of protein LLPS by applying it to the model

protein bovine serum albumin (BSA), which undergoes spontaneous macroscopic LLPS
in the presence of yttrium chloride (YCIs) at elevated temperatures [160, 161, 170]. We

show that trifluoroethanol (TFE) as a probe molecule is sensitive to the local protein
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concentration, and can report on different phases present simultaneously in the sample.
The kinetics of LLPS at different temperatures are then examined by bulk-detection
NMR, with the formation of dense and lean phases throughout the solution monitored
over time. On a longer timescale, the process of the two phases separating into distinct
layers is monitored and characterised by spatially-selective NMR. We show that a
fluorinated probe molecule in combination with bulk-detection and spatially-selective
1F NMR spectroscopy is an excellent experimental strategy to comprehensively assess
the process of protein LLPS.

5.3 Materials and Methods

5.3.1 Sample preparation

Lyophilised bovine serum albumin (BSA) powder (essentially fatty acid and globulin
free, >99%, Sigma-Aldrich, #A0281) was dissolved in distilled water (Mili-Q) to 10-20
mg/mL, then filtered with 0.1 um syringe filters (Millex-VV, Merck). BSA solutions
were subsequently concentrated by ultrafiltration (Vivaspin 20, 10 kDa MWCO,
Sartorius) to the required concentration, with protein concentration measured by
absorbance at 280 nm (A2g0) with a NanoDrop (Thermo Scientific) following
appropriate dilution. Yttrium chloride (YCls) (99.99%, Sigma-Aldrich) was also
dissolved in distilled water, and then filtered with a 0.1 pum syringe filter.

LLPS was studied in protein solutions containing 200 mg/mL BSA with 20 mM YCl3
and 10 mM TFE (Sigma-Aldrich). For NMR experiments examining LLPS in situ, 480
pL solution was pipetted into an NMR tube, with the coaxial insert inserted prior to
LLPS. For NMR experiments involving bulk assessment of the separate layers, 1 mL
protein solution was pipetted into an NMR tube, with LLPS and layer separation
triggered in the tube by incubation at 40°C for 48 hours. After centrifugation with a
hand crank tube centrifuge, the majority of the lean layer was then transferred to another
tube. Finally, the residual lean layer and a small volume of the dense layer was

discarded. Coaxial inserts were then inserted into the NMR tubes.

5.3.2 NMR spectroscopy
NMR experiments were conducted using a Bruker 500 MHz (470 MHz for '°F) Avance
111 spectrometer with a QCI-F cryoprobe with cooled *H and *°F channels, sample

temperature control unit, and Z-gradient coils. Solutions containing the TFE probe
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molecule were placed in standard 5 mm O.D. NMR tubes (Wilmad), with coaxial
inserts (50 mm stem length, Wilmad) containing deuterated dimethyl sulfoxide (DMSO-
de) (99.8%, Eurisotop) for lock and 100 mM a,a,a-trifluorotoluene (TFT) (Sigma-
Aldrich) as an external reference (see Figure S5-1 for schematic). For all experiments,
NMR tubes were positioned such that the centre of the sample volume aligned with the
centre of the NMR probe coil region. Magnetic field shimming was performed on the

initial homogenous sample, with no further shimming between kinetic experiments.

For NMR with bulk detection (i.e. the conventional way of observing signals from the
entire sample), 1D *°F NMR spectra were recorded with the standard zg Bruker pulse
sequence. Kinetic experiments were acquired in a pseudo-2D fashion, with the zg2d
pulse sequence and processed with a 5 Hz exponential multiplication (EM) window
function. All NMR spectra were initially processed in Topspin 4.0.8 (Bruker), with
spectra plotted in Prism 8 (GraphPad).

5.3.3 Spatially-selective NMR

Spatially-selective NMR experiments were acquired by selective excitation applied
during application of a magnetic field gradient, with the separate spectra observed for
different areas of the same sample along the vertical z-axis. Here, a gradient field
strength of 42.4 G/cm was applied concurrently to a G4 cascade selective pulse of
bandwidth 16793 Hz, resulting in 1 mm wide excited slices. 12 evenly spaced selective
pulse offsets, ranging from -93404.19 to +93404.19 Hz, were used, leading to twelve 1
mm slices collected, centred at -5.5 to +5.5 mm from the centre of the gradient coil
(Figure S5-1). This central region exhibited acceptable gradient linearity (as judged by
TFT reference signal integrals in spatially-selective spectra), with slice signal intensity
corrected during processing to account for any non-linearity (Figure S5-2). Spatial
experiments were acquired in an interleaved manner to enable use of a minimal

relaxation delay (D1) of 0.1 s.

Spatially-selective NMR series were initially processed in Topspin 4.0.8 with a 20 Hz
EM window function, with auto-phase (apk0) and auto-baseline correction (absn).
Processed spectra were exported in ASCII format, and further analysed, including peak
picking, integration, and lineshape analysis, using in-house MATLAB scripts. When

required, peak deconvolution was also performed using in-house MATLAB scripts,
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with two Lorentzian lineshapes fitted to the experimental data using nonlinear least-

squares fitting.

5.3.4 1°F Dark-state Exchange Saturation Transfer (DEST)

1%F DEST experiments were acquired according to the previously published protocol
[282], with 1.0 s continuous-wave (CW) saturation applied at three saturation field
strengths (50, 100, and 200 Hz) and at 24 unevenly-spaced offsets. 1°F DEST spectra
were initially processed in Topspin 4.0.8. Further processing and fitting of the Bloch-
McConnell model for two site exchange to the experimental data was performed in
MATLAB with in-house scripts [282].

5.3.5 Relaxation

19F longitudinal relaxation times (T1) were measured using the standard inversion
recovery sequence tlir, while transverse relaxation times (T2) were measured with a
version of the Bruker Carr-Purcell-Meiboom-Gill (CPMG) sequence with perfect echo.
CPMG echo time and repeats were altered to suit individual experimental conditions. Tz
and T were calculated in Dynamics Center 2.5 (Bruker). Assuming that the transverse
relaxation rate (R2) is reduced only due lower viscosity and faster molecular tumbling at
higher temperatures, the expected behaviour of R» at higher temperatures was calculated
based on the proportionality of R> to rotational correlation time (tc), according to

Stoke’s equation:

AN (1,¢¢)3 .
R, x T, = % (Equation 5.1)

where 7 is dynamic viscosity, res is the effective radius of the species, k is the
Boltzmann constant, and T is temperature. Rearranging the above equation gives the

relaxation rate at temperature T:
(Equation 5.2)

where nr and n,.., are the dynamic viscosities of water at temperature T and the

reference temperature T, respectively.

109



5.3.6 Translational diffusion

Translational diffusion coefficients (D) were determined by diffusion ordered
spectroscopy (DOSY) using the simulated echo pulsed-field gradient (PFG) pulse
stebpgpls. DOSY delays were optimised for each experimental condition, with
diffusion times of 150 and 1500 ms, and gradient lengths of 1.5 and 0.3 ms for the lean
and dense fractions, respectively. D. were calculated in Dynamics Center 2.5. The
expected values of the diffusion coefficient (Df) at higher protein concentrations were
calculated using the value of the diffusion coefficient measured in diluted conditions

(Df) and the model for molecular crowding [318, 319]:

: (1-9)°
Df (p) = Df#ted x 3 (Equation 5.3)
(1+5¢ +2¢% + 3¢%)

where ¢ is the BSA volume fraction in solution, calculated using protein concentrations

and a specific volume of 0.735 mL/g for BSA [335]. The expected values of the
diffusion coefficient at higher temperature T (D) were calculated using the rearranged

Stoke’s equation:

(Equation 5.4)

where DLref is the diffusion coefficient at the reference temperature T, and nr and

Nrer are the dynamic viscosities of water at temperature T and T, respectively.

5.4 Results

5.4.1 TFE signal is sensitive to local protein concentration

Previous observations suggest that monitoring LLPS by observing protein signals in
NMR spectra is challenging, particularly in the dense fraction and approaching the
phase transition, due to extreme signal broadening. Here, we investigated the use of a
small fluorinated probe molecule, trifluoroethanol (TFE), added to the sample (10 mM
final concentration) to study phase transitions and layer separation in a model protein
system, BSA. We found that the TFE signal (observed at ~ -77 ppm) is sensitive to
protein concentration, as reflected by a number of NMR observable parameters (Figure
5-1), including exhibiting increased transverse relaxation rate (R2) and reduced
translational diffusion (D) with increasing protein concentration (Figure 5-1E-F), likely
as a result of transient interactions with protein molecules. The concentration

dependence of Dy closely follows the expected behaviour explained by increased
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molecular crowding alone (Figure 5-1F). Most importantly for our approach, TFE
displays changes easily detectable in 1D *°F NMR spectra, in particular linear chemical
shift perturbations (Figure 5-1A) and increased linewidth (Figure 5-1C) with increasing
protein concentration, allowing calibration of these parameters against known
concentration values for a given protein and solution condition. As an additional
control, 100 mM trifluorotoluene (TFT) in a coaxial insert in the same sample tube
produces a simultaneously observed °F signal (at ~ -61 ppm) which reports on
magnetic field homogeneity and temperature stability, while its solvent DMSO-d6
provides a lock signal without adulteration of the protein sample. This TFT signal is
virtually unperturbed by changes in protein concentration (Figure 5-1), and its integral
and chemical shift can be used as a convenient external reference. The observable
signals from the probe molecules present in the sample therefore report directly both on
protein concentration (TFE) and the macroscopic characteristics of the sample (TFT

assessment of field homogeneity).
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Figure 5-1. Effect of protein concentration on TFE probe and TFT reference NMR
signal parameters. (A) TFE and (B) TFT chemical shift with increasing protein
concentration, with linear fits plotted. (C) TFE and TFT linewidth. (D) Change in probe
and reference intensities (normalised against intensity in the absence of BSA). Dotted
guideline indicates zero level with no change. (E — F) Changes in transverse relaxation
(R2) and translational diffusion rates (D), respectively. The dotted guideline in F
indicates the expected reduction in D as a consequence of increased molecular crowding
((Equation 5.3).

5.4.2 TFE behaviour in isolated dense and lean fractions

Having established that TFE is sensitive to protein concentration, we next investigated
how protein behaviour differs between the dense (360 mg/mL) and lean (80 mg/mL)
fractions produced by macroscopic LLPS at 40°C. LLPS was triggered in protein
solutions by temperature incubation, with the resulting dense and lean layers separated,
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and each of the isolated fractions examined by bulk-detection NMR as a function of

temperature (Figure 5-2).
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Figure 5-2. Analysis of the bulk-detected NMR spectra of isolated lean and dense
fractions as a function of temperature. (A) Superimposed 1D °F NMR spectra of the
two layers acquired at 35°C. Behaviour of 1D signal line width (B) and signal integral
(C). (D) TFE translational diffusion coefficients as measured by DOSY NMR, with
dotted lines indicating expected D based on temperature-dependent changes in water
viscosity ((Equation 5.4). TFE longitudinal (E) and transverse (F) relaxation rates as a
function of temperature. Dashed guidelines indicate expected behaviour given an
assumption that relaxation rate is reduced only due to lower viscosity and faster

molecular tumbling at higher temperature ((Equation 5.2).

TFE NMR signals were markedly different in the two fractions, with the lean fraction
resulting in a narrow intense peak upfield of the broader dense fraction signal (Figure
5-2A). This chemical shift difference between the two fractions is consistent with the
calibration relationship established earlier (Figure 5-1A). In the dense fraction, TFE
exhibits significantly slower diffusion and faster relaxation rates (Figure 5-2D-F) than
in the lean fraction, likely as a result of increased crowding and TFE interacting with

self-associated BSA assemblies. Although the temperature dependence of molecular
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diffusion in both dense and lean fractions can be fully explained by changes in water
viscosity (Figure 5-2D), R> in the dense fraction decreases with temperature slower than
expected from viscosity alone (Figure 5-2F), suggesting additional temperature-
dependent changes in the chemical exchange regime. To investigate the rapid Rz
observed in the dense fraction further, °F Dark-state Exchange Saturation Transfer
(DEST) profiles were recorded at 20°C for the isolated fractions (Figure 5-3). DEST
NMR reports on the presence of large NMR-invisible assemblies in exchange with
NMR visible species [252, 282]. An NMR-dark state was detectable only in the dense
fraction (Figure 5-3C), revealing that in the lean fraction all TFE present is visible by
NMR, while in the dense fraction TFE broadened by the high protein concentration
exists in exchange with TFE involved in even larger assemblies which are NMR
invisible. Importantly, despite the presence of this NMR-dark state, the TFE signal in

the dense fraction is easily observable and quantifiable, making it a good reporter

signal.
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Figure 5-3. Detection and quantification of TFE in an NMR dark-state at 20°C.
DEST profiles for the isolated (A) lean and (B) dense fractions, with curves fitted to the
Bloch-McConnell model in the absence of an NMR dark-state with Rz = Ry, (C)
DEST profile for the dense fractions with curves fitted to the model for two-state
exchange between an NMR visible and an NMR dark state. R2° in lean fraction used as
R2"" in the dense fraction. Residuals plotted on bottom of all three plots. DEST profiles
were fitted with an in-house MATLAB script.

5.4.3 Tracking fast kinetics of LLPS through bulk-detection NMR
As the lean and dense fractions give rise to distinctive TFE NMR signals, we next

explored how NMR can be used to track the development of these phases during the
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course of LLPS. Here, 200 mg/mL BSA with 20 mM YClIs was subjected to
temperature jumps from 25°C to 40, 45 or 50°C, with the rate of LLPS changing
significantly with increasing temperatures. At the lower two temperatures, BSA
underwent macroscopic LLPS with complete layer separation, while at 50°C the
solution became extremely opalescent, but without subsequent layer separation,

suggesting an arrested phase transition (Figure S5-3).

For the initial faster kinetics of LLPS preceding layer separation, bulk-detection NMR
was used to observe evolution of the TFE probe signal, and thus the different phases,
throughout the sample (Figure 5-4). Following the temperature jump trigger, the initial
single peak develops into two overlapping species, a narrower upfield peak with a
broader downfield shoulder. These species are in good agreement with the TFE signals
observed in isolated fractions, with the broad shoulder originating from the dense phase,
and the narrow peak originating from the lean phase. Additionally, the chemical shifts,
widths and intensities of the species continue to evolve over time, indicating changes in

the composition of the two phases during LLPS.
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Figure 5-4. Examples of bulk-detected 1°F NMR spectra of TFE in BSA undergoing

microscopic LLPS at different temperatures following a temperature jump. Spectra at
40°C (A), 45°C (B) and 50°C (C). The representative spectra shown here are sampled at

10 minute intervals, from t=0 to 110 minutes.

To quantify the process of LLPS, TFE probe signals were deconvoluted (Figure S5-4),
revealing two emerging and evolving components, one with lower and another with
higher characteristic concentration (Figure S5-5). As TFE chemical shift is linearly
sensitive to BSA concentration (Figure 5-1A), this enabled determination of the
concentrations of the two evolving species, while the fraction of total TFE signal in
each environment reports on the apparent volumes of the two species present in the
observed sample volume (Figure 5-5). For LLPS at 40°C and 45°C, the predominant
component, the lean species, initially reflects the 200 mg/mL starting solution (Figure

5-5A&C), while the second component reflects a very highly concentrated but very low
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population species, likely an aggregated state (Figure 5-5B&D). As LLPS proceeds, the
concentration and volume of the lean species decreases due to depletion of the initial
solution, until its concentration approaches that of the final lean phase. Conversely, the
apparent volume of the dense species increases from nearly zero, while its apparent
concentration initially drops, as it becomes representative of the dense phase rather than
the aggregated state. Beyond a certain point (90 min at 40°C and 30 min at 45°C) the
apparent concentration of the dense species starts to increase, until it reaches stable
concentration characteristic of the dense phase. For the temperature jump to 50°C,
LLPS is so rapid such that the equilibrium, and dense and lean phases, are formed after

20 min, reaching the arrested state mentioned earlier (Figure S5-3B).

The rate of LLPS markedly differs with temperature, with higher temperatures resulting
in semi-equilibrium being reached faster. Additionally, the concentration of the dense
phase after 120 minutes was also higher at higher temperatures, while the lean phase
concentration was very similar at all three temperatures. Conversely, the volume of the
dense phase decreases with temperature (Figure 5-5B), such that the final mass of
protein in each phase is broadly similar at all three temperatures (Figure 5-5E-F).
Importantly, at all temperatures, the total calculated protein mass in the observed sample
volume remains largely constant and is in good agreement with the expected protein
mass (Figure 5-5G). This analysis therefore allows one to measure how the
concentration and effective volume of each phase evolves with time, in a temperature-
dependent manner, and quantitatively track the initial process of suspended phases

emerging throughout the sample (i.e. microscopic phase separation).
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Figure 5-5. Fast kinetics of BSA LLPS at different temperatures as characterised by
bulk-detected NMR. (A-B) Apparent volumes of the lean phase and high concentration,
respectively, in the observed sample volume. Volumes were calculated based on
deconvoluted integrals of the TFE signals and the known total observed volume (236.8
pL) marked by dotted lines. (C-D) Concentrations of the lean and dense phases,
respectively. Concentrations were calculated based on deconvoluted peak chemical
shifts and protein concentration calibration curve. (E-F) Mass of BSA in the lean and
dense phases, respectively, present in the observed sample volume. Masses calculated
from the apparent volumes and concentrations of each phase. (G) Total mass in the
observed volume, based on calculated mass in the lean and dense phases. Dashed line
indicates the expected total mass in the observed volume (47.36 mg). For all plots, dark
line plots are the calculated values, while the lighter shaded regions represent 95%
confidence intervals. Individual data points represent independent deconvolution results

for different time points collected at 0.5 minute intervals.
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5.4.4 Tracking slower Kinetics of layer separation by bulk-detection and
spatially-selective NMR
In some systems, LLPS may proceed beyond a suspension of dense droplets and instead
exhibit macroscopic LLPS, with the droplets settling into a lower dense layer with a
discrete boundary to an upper lean layer. Therefore, we next extended our experimental
approach to study this process of layer separation. Here, the BSA solution previously
observed undergoing LLPS at 40°C was monitored for an extended time period,
catching both fast and slow kinetics (Figure 5-6). After 145 min, the TFE probe
exhibited marked changes in behaviour, with a rapid increase in the apparent volume of
the dense phase in the observed volume (Figure 5-6A). This was accompanied by an
increase in the apparent total mass in the observed volume (Figure 5-6C), without
significant increase in dense phase concentration (Figure 5-6B). These observations
arise from layer separation resulting in a significant redistribution of protein across the
entire sample volume, with the position of the NMR observed volume mainly capturing
the dense layer towards the bottom of the tube (Figure S5-3A). Accompanying layer
separation, the TFT reference exhibited signs of magnetic field inhomogeneity resulting
from the protein solution, with altered lineshape leading to reduction in signal intensity
and increases in signal width (Figure 5-6D). Remarkably, the magnitude of the changes
in TFT lineshape are very small compared to the broader TFE signal, such that
inhomogeneity in this instance does not significantly affect interpretation of the TFE

probe signals.
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Figure 5-6. Kinetics of LLPS and layer separation of BSA at 40°C characterised by
bulk-detection NMR. (A) Apparent volume of the lean and dense phases. Dotted
horizontal line indicates the observed sample volume (236.8 uL). (B) Concentration of
the lean and dense phases. (C) Apparent mass of BSA in the NMR-observed sample
volume. Dotted horizontal line indicates the expected total mass in the observed volume
in the absence of any layer separation (47.36 mg). (D) TFT reference peak intensity
(pink, left axis) and half-width (green, right axis). Dashed vertical line at 140 minutes
on all plots indicates the onset of layer separation.

As layer separation leads to differences in phase distribution across the BSA solution,
we next investigated the use of spatially-selective NMR to examine this process in
greater detail. Spatially-selective NMR enables signals from a specific horizontal slice
of the sample to be collected. Due to non-linearity of the gradient coils required for
spatially-selective NMR, the total observable sample length (12 mm /130.1 pL) is less
than for bulk-detected NMR (22 mm / 238.6 pL) allowing observation of the central
part of the sample (Figure S5-1 & Figure S5-2).
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Figure 5-7. Slow kinetics of BSA LLPS at 40°C as characterised by spatially-selective
NMR. Deconvoluted parameters for the TFE lean phase signal intensity (A), half-width
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(B), integral (C), and chemical shift (G). Deconvoluted parameters for the TFE dense
phase signal intensity (D), half-width (E), integral (F), and chemical shift (H). (1) Total
TFE signal integral. Dashed vertical lines denote the onset of layer separation at 140

minutes, with fast initial Kinetics preceding this time, and slower kinetics after this time.

During microscopic LLPS but before layer separation, the two phases occur uniformly
across the sample, with spatially-selective NMR (Figure 5-7, first two data points) in
good agreement with bulk-detection NMR (Figure 5-5). However, after the onset of
layer separation at 140 min (dotted vertical line, as judged by bulk-detected NMR
above), the entire volume of all observed slices quickly becomes dominated by the
dense phase, which settles down from the top of the sample to fill up the observed
volume. However, a small residual volume of lean phase remains mixed in these slices,
indicating that the layer separation is incomplete and that the boundary between the two
layers is likely a moving diffuse boundary. After 500 min, lean phase is observed
increasing in the top slice (+6) until it is the only phase present in this slice after 900
min (Figure 5-7C). This indicates the boundary between the two layers shifting
downwards as further settling of the dense phase occurs. After 900 min, the boundary is
observed moving through the next slice (+5), before plateauing as the layer separation
reaches an apparent equilibrium, suggesting the formation of a sharp boundary (Figure
5-7C). Analysis of the boundary position shows that the boundary sinks at a rate of
0.154 mm/hr (Figure S5-6). Together these data show that the TFE probe allows one to
monitor the entire process of LLPS, from the onset and evolution of the phase
transition, through to layer separation and settling, revealing the kinetics and

complexities of LLPS.

5.5 Discussion

Phase transitions are seismic events, with the properties of the medium often changing
discontinuously and abruptly, and with the kinetics of this process depending on a
complex balance of parameters. The importance of LLPS in biology and biotechnology
has been recognised recently [136, 182], but further experimental techniques are needed
to characterise this elusive phenomenon. The nature of protein LLPS makes it a
challenging process to study by biophysical techniques, including solution NMR
spectroscopy. While conventional high-resolution NMR experiments may be applied

under idealised conditions preceding LLPS, or with small amounts of dense droplets
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suspended in solution, or in isolated fractions [238, 250, 333], applying such techniques
to studying the process of LLPS itself has thus far remained extremely challenging.
Here, an alternative approach, employing a fluorinated probe molecule with bulk-
detection and spatially-selective NMR analysis, is demonstrated as a unique tool to fully
characterise the whole process and kinetics of microscopic and macroscopic protein
LLPS.

Using a fluorinated molecule which transiently interacts with protein molecules as an
NMR probe offers a number of advantages over assessing signals from proteins or other
macromolecules themselves [336]. Firstly, fluorine spectra do not suffer from
overlapping background signals from biological molecules. Secondly, small molecules
have inherently better NMR signal properties than nuclei in proteins, including
narrower lineshapes and stronger signal intensities, meaning that their signals are
detectable even under challenging conditions, such as in the dense phase, or when
recording spectra from a small slice during spatially-selective NMR. Finally, signals
from probe molecules may be recorded with a few scans, allowing observations of
kinetics at faster timescales. Other small molecules, such as sodium ions in 2Na NMR
or ammonium ions in **N NMR [337, 338], have been shown to have potential uses as

NMR probes for studying biological condensates or macromolecular assemblies.

Here, the linear sensitivity of the °F chemical shift of TFE to protein concentration is
key to detecting and studying the evolution of the phases during LLPS. However, a
significantly different chemical shift is required in the two phases, particularly for
spectral deconvolution, meaning that our experimental approach is best suited to
systems where the dense and lean phases have markedly different protein concentrations
and thus markedly different TFE *°F chemical shifts. Although TFE is known to
stabilise protein alpha helices [339, 340], the concentration employed here (0.1% v/v) is
significantly beneath that expected to perturb protein conformation and thus LLPS
behaviour. Alongside the fluorinated probe, another fluorinated molecule in a coaxial
insert acts as an excellent external reference [341], and enables observation of magnetic
field inhomogeneity without the complication of the reference solution itself undergoing
LLPS. The coaxial insert is also crucial for housing deuterated solvent for field-
frequency lock, thereby avoiding addition of ?H,O directly to the protein solution,

which is known to alter the LLPS propensity of proteins [161, 342].
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During microscopic LLPS, evolution of the TFE probe signal in bulk-detection NMR
experiments reports on evolution of the lean and dense phases throughout the sample.
Despite the presence of these two phases resulting in a heterogeneous solution,
magnetic field homogeneity, as judged by TFT signal lineshape, is remarkably
unperturbed during initial phase separation. After the onset of layer separation, field
homogeneity degrades, although in this instance, the additional broadening of the TFE
signal is very small compared to its linewidth. Spatially-selective NMR meanwhile
reports on the distribution of the phases across the sample, particularly upon layer
separation. Spatially-selective NMR detection is increasingly recognised as a powerful
approach to study a range of complex phenomenon by NMR [263, 343, 344], and is
possible in all modern NMR spectrometers with Z-gradient coils. It may also be applied
to study individual layers in a heterogeneous sample after layer separation, without the
need for further sample handling which may affect the equilibrium states. Spatially-
selective NMR has previously been used to study liquid-liquid interfaces [345, 346] and
phase separation in oil mixtures [261], but to our knowledge has not been applied to
protein LLPS.

Settling

»
>

Boundary sharpening

Nucleation and growth

Spinodal decomposition

Figure 5-8. Schematic of types of BSA phase separation observed at different
temperatures by bulk-detection and spatially-selective NMR. The initially homogenous
solution undergoes phase separation by nucleation and growth, or spinodal
decomposition. At 50°C, phase separation is arrested and a gel-like solution formed. At
lower temperatures, phase separation progresses to layer separation, with this process

and boundary sharpening characterised by spatially-selective NMR.
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In this work, BSA served as a model system for protein LLPS, undergoing the transition
with a lower critical solution temperature (LCST) in the presence of YCls. Previous
studies have examined the process of BSA LLPS by neutron/X-ray scattering [170], but
have been limited to the initial phase transition preceding layer separation. Kinetics of
phase separation have previously been widely studied in polymer and colloidal systems
[135, 347], and the BSA LLPS observed here concurs with the classical theories of
LLPS derived from these experiments (Figure 5-8). The relatively slow phase
separation observed at 40°C suggests a metastable phase transition with dense phase
evolution by nucleation and growth [134], whereas the rapid phase separation at 50°C is
consistent with spinodal decomposition. Additionally at 50°C, the arrested phase
separation concurs with previous observations of arrested phase transitions in BSA at
higher temperatures [170] and in other model proteins [348], with the TFE NMR signals
here indicating a lean state of 60 mg/mL BSA interpenetrating a glassy state of ~400

mg/mL.

5.6 Conclusion

This combination of bulk-detection and spatially-selective analysis, with a fluorinated
probe molecule, is uniquely suited to studying the dynamic processes of phase and layer
separation by NMR spectroscopy. The ability to monitor the evolution, particularly the
concentration and volume, of both phases simultaneously in situ, with temporal and
spatial resolution, makes this approach well-suited to studying the effects of different
factors on the composition of the phases and the kinetics of LLPS. Finally, in systems
undergoing layer separation, spatially-selective NMR enables tracking of the
distribution of the phases and layers throughout the solution. This method of monitoring
LLPS kinetics may also be applicable in other model systems, such as intrinsically
disordered proteins, where the effect of amino acid substitutions or inclusion of RNA

cofactors on LLPS propensity could be investigated [248, 349].
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5.8 Supporting Information
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Figure S5-1. Schematic of NMR tube and NMR detection volumes. Protein solution
(blue) with TFE probe molecule in standard 5 mm NMR tube, with reference solution
(purple) with TFT in DMSO-d6 in coaxial insert inserted into the tube. Imaging region
(12 mm length) for spatially-selective NMR in the centre of the bulk-detection region

(22 mm). Not to scale.
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Figure S5-2. Effect of slice centre position on spatially-selective NMR signal
integrals. Slice centre position relative to the centre of the gradient coils (e.g. 0 Hz
offset). 1 mm slices, centred at 0.5 mm intervals, with positive values above the coil
centre, and negative values beneath the coil centre. Area between the dotted lines
represents the region used here in spatially-selective experiments. Outside of this central
region, signal integrals falls rapidly (due to non-linearity of the gradient coils) to
beneath acceptable levels, particularly when combined with the significantly reduced

signal from the small slices.
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Figure S5-3. Appearance of phase-separated BSA solutions after incubation at 40°C
and 50°C. (A) Layer separation after incubation at 40°C. Scale from NMR tube depth
gauge (1 mm intervals visible on the right-hand side). (B) Arrested state after incubation
at 50°C. Solutions were incubated for >18 hours, with image taken at room temperature
immediately after removal from NMR spectrometer. Appearance of this arrested state

was unchanged by cooling, or prolonged refrigerated storage.

A B c
NN 1 min 10 min 20 min
I 1 1 1 1 I 1 1 1 1 I Ll I Ll 1
-75 -76 77 -78 79 75 76 77 78 79 .75 -76 77 -78 79
3 “F (ppm) & “F (ppm) 3 “F (ppm)
D E F
30 min 40 min 50 min
I 1 1 Ll 1 I 1 1 1 1 I Ll I Ll 1
-75 -76 77 -78 79 -75 76 77 78 79 75 -76 77 78 79
8 “F (ppm) & “F (ppm) & “F (ppm)
| gan fit s Dense fit == Combined fit === Experimental data

Figure S5-4. Examples of spectral deconvolution of the TFE °F NMR signal
following LLPS at 45°C. Deconvoluted bulk-detected '°F NMR spectra of TFE in BSA
at (A) 1 min, (B), 10 min, (C) 20 min, (D) 30 min, (E) 40 min, and (F) 50 min after the
temperature jump triggering LLPS. Experimental data (pink) fitted to two Lorentzian
lineshapes representing the lean (teal) and dense (orange) phases, with the sum of these

two lineshapes as the total combined fit (purple).
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Figure S5-5. Time dependence of deconvoluted TFE signal parameters from BSA
LLPS at different temperatures. Left and right columns correspond to lean and dense
phases, respectively. (A-B) TFE signal intensity. (C-D) Signal half-width. (E-F) Signal
integral. (G-H) Signal chemical shift. For all plots, line plots are the calculated values,

while the shaded regions represent 95% confidence intervals.
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Figure S5-6. Determination of boundary position and sedimentation rate by spatially-
selective NMR. Following entry of the lean layer into the spatially-selective detection
volume after 500 min, the vertical position of the boundary between the two layers
(Zboundary) can be determined based on the fraction of dense phase (Fractionpense) in each
slice: Zpoundary = Zstice bottom + (Fractionpeyge x 1), Where Zsiice bottom is the
position of the bottom of each slice, and 1 is the height of each slice (in mm). Linear fit
to time dependence of the boundary position within slices #+6 and #+5 (solid line fitted
to dark-coloured points) gives a sedimentation rate of 0.154 mm/hr, with light orange

points representing the settled boundary position at +4.6 mm in slice #+5.
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6.1 Abstract

Liquid-liquid phase separation (LLPS) is an increasingly observed phenomenon in
antibody biopharmaceuticals. Biopharmaceutical LLPS may be an unwanted instability
or present an alternative means to concentrate protein solutions. We have recently
demonstrated a novel approach to study protein LLPS using a fluorinated probe
molecule in combination with spatially-selective and conventional bulk detection NMR.
Here, we show that this approach is also applicable to characterising the process of
LLPS in a biopharmaceutical monoclonal antibody (mAb). Adaptation of the
experimental process enables bulk-detection NMR to capture the rapid mAb LLPS,
while diffusion and relaxation measurements report on the properties of the isolated lean
and dense fractions. Antibody LLPS displays particularly complex behaviour, with the
appearance of a transient intermediate species during the initial phase separation.
Further characterising the pathway of mAb LLPS may provide insights into how to

control mAb phase separation behaviour.

6.2 Introduction

The advancement of high concentration biopharmaceutical formulations (>100 mg/mL)
for subcutaneous injection has resulted in increased observations of instabilities arising
from protein self-association, including increased viscosity and liquid-liquid phase
separation (LLPS) [76, 136, 140]. During LLPS, a medium concentration solutions
separates into two distinct phases, a high concentration dense phase and a low
concentration lean phase. This may occur as dense droplets suspended throughout a lean
phase (microscopic phase separation) [141, 143, 155], or proceed to macroscopic phase
separation with a dense layer beneath a lean layer [140, 143, 144, 146]. LLPS is also an
increasingly recognised phenomenon in cell biology, where it is associated with both

regular and aberrant cellular processes [183, 323, 350].

In biopharmaceuticals, LLPS is typically considered as an unwanted physical
instability, with a number of strategies in development to prevent its occurrence,
including addition of excipients to formulations [59, 147, 155, 351] and protein
engineering approaches [157, 194, 352]. However, LLPS may also represent an
alternative method to concentrate protein solutions and achieve the required higher

concentrations (i.e. for subcutaneous administration of a reduced volume) [136].
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Therefore, a deeper understanding of the process and behaviour of antibody phase

separation is needed.

We have recently demonstrated a new approach to characterise the process of LLPS in
proteins using a fluorinated probe molecule, trifluoroethanol (TFE), and °F nuclear
magnetic resonance (NMR) spectroscopy. The probe molecule is sensitive to local
protein concentration and its °F NMR signal reports on the evolution of the lean and
dense phases during LLPS. Meanwhile, a coaxial insert with trifluorotoluene (TFT) in
deuterated solvent acts as an external reference and field frequency lock, without

adulteration of the protein solution.

Here, we demonstrate that this NMR approach is applicable to a model
biopharmaceutical mAb, and can be used to characterise its LLPS in detail. We show
that TFE is sensitive to the local protein concentration of the mAb, COE-13, which
undergoes LLPS at refrigerated temperatures in the presence of NaCl at pH 5.5 [147].
Tracking of the kinetics of mAb LLPS at different temperatures reveals complex
solution behaviour, with the presence of transient intermediate states during LLPS at 8
and 4°C. Additionally, we show that our approach can be optimised for cases when
LLPS occurs rapidly upon a temperature jump, with the TFT external reference
enabling correction for these temperature changes. This greater understanding of the
behaviour of mAb LLPS may benefit efforts to understand how to control mAb LLPS.

6.3 Materials and Methods

6.3.1 Sample preparation

A mAb, COE-13 (MW 149 kDa, pl 8.1 — 8.6), known to be prone to LLPS under
specific conditions [147], was supplied by AstraZeneca. 20 mM acetate buffer (sodium
acetate trihydrate (Sigma-Aldrich) and glacial acetic acid (Fisher Chemical)), pH 5.5,
was prepared fresh as required. Concentrated NaCl (Fisher) was also prepared in buffer.
Solutions were filtered with 0.2 um syringe filters (Minisart SFCA, Sartorius) or 0.22
pm membrane filters (GSWP, Merck Millipore). Protein concentrations were
determined by absorbance at 280 nm using a NanoDrop One (Thermo Scientific).
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COE-13 was dialysed into acetate buffer using GeBAflex-Maxi dialysis tubes (3 ml, 30
kDa MWCO, Generon), and concentrated using a centrifugal concentrator (30 kDa
MWCO, Amicon). For LLPS experiments, 80 mg/mL COE-13 in 20 mM acetate buffer,
pH 5.5, was supplemented with 75 mM NaCl and 10 mM TFE (Sigma-Aldrich). For
NMR experiments examining LLPS in situ, 480 pL solution was pipetted into an NMR
tube, with the coaxial insert inserted prior to LLPS. For NMR experiments involving
bulk assessment of the individual layers, 1 mL protein solution was pipetted into an
NMR tube, with LLPS and layer separation triggered in the tube by incubation at 4°C
for 48 hours. After centrifugation with a hand crank tube centrifuge, the lean layer was
then transferred to another tube. Finally, the residual lean layer and a small volume of

the dense layer was discarded. Coaxial inserts were then inserted into the NMR tubes.

6.3.2 NMR spectroscopy

NMR experiments were conducted using a Bruker 500 MHz (470 MHz for 1°F) Avance
I11 spectrometer with a QCI-F cryoprobe with cooled *H and °F channels, sample
temperature control unit, and Z-gradient coils. Solutions containing 10 mM TFE probe
(Sigma-Aldrich) were placed in standard 5 mm O.D. NMR tubes (Wilmad), with
coaxial inserts (50 mm stem length, Wilmad) containing deuterated methanol
(methanol-ds) (99.8%, Sigma-Aldrich) for lock and 100 mM a,a,0-trifluorotoluene
(TFT) (Sigma-Aldrich) as an external reference. For all experiments, NMR tubes were
positioned so that the centre of the sample volume aligned with the centre of the NMR
probe coil region. Magnetic field shimming was performed on the initial homogenous

sample, with no further shimming during kinetics experiments.

1D °F NMR spectra were recorded with *H decoupling, using the zgig Bruker pulse
sequence. 1°F NMR kinetic experiments were acquired in a pseudo-2D fashion, with the
zg2d Bruker pulse sequence adapted to include *H decoupling. Kinetics experiments
were recorded with a single scan and no dummy scans to minimise experimental dead
time. All NMR spectra were initially processed in Topspin 4.0.8 (Bruker) with spectra
plotted in Prism 8 (GraphPad). When required, peak deconvolution was performed
using in-house MATLAB scripts with nonlinear least-squares fitting. TFT peaks were
fitted to a single Lorentzian lineshape. TFE signals were fitted to two or three mixed

Gaussian-Lorentzian lineshapes (1:1 Gaussian:Lorentzian mixture).
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6.3.3 Relaxation and diffusion

9F transverse relaxation times (T2) were measured with a version of the Bruker Carr-
Purcell-Meiboom-Gill (CPMG) sequence with perfect echo. CPMG echo time and
repeats were altered to suit individual experimental conditions. Translational diffusion
coefficients (D) were determined by diffusion ordered spectroscopy (DOSY) using the
simulated echo pulse-field gradient (PFG) pulse sequence stebpgpls. DOSY delays
were optimised for each experimental condition, with diffusion times of 1200 and 1700
ms, and gradient lengths of 0.8 and 0.6 ms for the lean and dense fractions, respectively.

T, and D were calculated in Dynamics Center 2.5 (Bruker).

6.4 Results

6.4.1 TFE is sensitive to local mAb concentration

We have previously observed that the *°F NMR signal of TFE is sensitive to local
protein concentration in bovine serum albumin (BSA), displaying increased linewidth
and linear chemical shift perturbations with increasing protein concentration. To
determine if this is also the case for the mAb COE-13, a calibration series with
increasing protein concentration was performed (Figure 6-1). TFE exhibited linear
chemical shift perturbations with increasing COE-13 concentration (Figure 6-1A),
although the magnitude of the perturbation was smaller than previously observed for
BSA. Furthermore, TFE line width was narrow in COE-13 and constant (within
experimental error) with increasing concentration. While these observations indicate
that the apparent interaction between TFE and the mAb is weaker than that previously
observed between TFE and BSA, TFE may still be suitable as a probe molecule for
monitoring the changes in local concentrations of COE-13, and hence for studies of its
LLPS.

134



5_
4-
= 27 ° °
Q00 (o] o]
1_
I~
<
T T T 1 0 T T 1
~0 40 80 120 0 40 80 120
[COE-13] (mg/mL) [COE-13] (mg/mL)

Figure 6-1. Effect of increasing mAb concentration on TFE *°F NMR signal. (A)
TFE °F NMR chemical shift, with linear fit. (B) TFE signal line width. Parameters
recorded with H decoupling. Acquired at 4°C in acetate buffer, pH 5.5 without NaCl.

6.4.2 TFE behaviour in isolated lean and dense fractions

To ascertain if the dense and lean fractions of COE-13 give rise to distinct TFE °F
NMR signals, LLPS was triggered in 80 mg/mL COE-13 with 10 mM TFE by addition
of 75 mM NaCl and incubation at 4°C for 48 hours. The resulting dense (170 mg/mL)
and lean (10 mg/mL) layers were separated and each isolated fraction examined by
bulk-detection NMR (Figure 6-2).

The TFE '°F NMR signals in the lean and dense fractions are distinct, with the lean
fraction signal appearing upfield of the dense fraction signal (Figure 6-2A). This
chemical shift separation is constant at all temperatures tested (Figure 6-2B), and is
consistent with the calibration curve established previously (Figure 6-1A). TFE line
width is very similar in both fractions (Figure 6-2C), again in agreement with

observations from the calibration curve.

The transverse relaxation rate (Rz) and translational diffusion coefficient (D) of the
probe molecule provides insights into the solution properties of the two fractions. Here,
TFE Rz is higher in the dense fraction than in the lean fraction, although generally still
relatively slow, while TFE D is slower in the dense fraction. This indicates that self-
association and viscosity are higher in the dense fraction, as expected. Despite this
increased viscosity, the probe molecule yields a sharp and easily-detected signal,

enabling assessment of highly-concentrated solution even at low temperatures. The
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changes in R> and D with increasing temperatures are expected and are explained by

decreasing water viscosity (Figure 6-2E&F).

A B ™N_
Lean -
Dense '
PR
M~
g
3 -
&L
o K]
[Te]
I T 1 1 N~ T T T T T T
-77.1 -17.2, -77.3 774 0 4 8 12 16 20 24
o F (ppm) Temperature (°C)
C 8- D
- ﬁh&h—:‘ 3 r\“:.\‘\::!q
. =
N S
< 4- B 2]
= g
£ 14
0 T T T T 1 0 T T T T 1
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Temperature (°C) Temperature (°C)
E1.54 F1.5-
A N
1.0- +21.04 e
R A A £ °
L A ? ° ° A
& A 2 ° A
0.5- Zo54 ® , a A
a A
© % 5 0 o
OG 1 1 1 1 I 1 OO 1 1 1 1 I 1
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Temperature (°C) Temperature (°C)
@ Lean fraction A Dense fraction

Figure 6-2. Behaviour of the isolated dense and lean fractions as a function of
temperature. (A) °F NMR spectra of TFE in the isolated fractions at 24°C. TFE °F
chemical shift (B), half-width (C) and integral (D) as function of temperature. TFE
transverse relaxation rate (R2) (E) and translational diffusion coefficient (D.) (F) as a

function of temperature.

In COE-13, no NMR dark-states were detected by *°F Dark-state Exchange Saturation
Transfer (DEST) in either fraction (data not shown), in line with the slow R2 and

apparent lack of significantly strong interaction between TFE and the mAb. However,
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this does not entirely preclude the existence of large NMR-invisible mAb species,

which may exist in an exchange regime inaccessible to TFE and °F DEST.

6.4.3 Kinetics of COE-13 LLPS
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Figure 6-3. Behaviour of the TFT external reference following temperature jumps.
(A) Chemical shift of the TFT °F NMR signal. (B) Actual temperature of the sample
determined from the TFT °F chemical shift. Intensity (C) and half-width (D) of a single
Lorentzian fitted to the TFT *°F signal. (E) Goodness of fit (normalised root-mean-
square error) for the Lorentzian fitted to the TFT signal. Dotted line at 120 s indicates

point of actual temperature equilibration to the set temperatures.

Having established that the TFE probe has distinct characteristic °F NMR signals in the
dense and lean fractions, we next characterised the kinetics of COE-13 phase separation
by conventional bulk-detection NMR following temperature jumps from 16°C to 12, 8,
and 4°C. Here, COE-13 LLPS was significantly faster than BSA LLPS studied
previously, requiring an adapted experimental approach. 1D NMR spectra were
collected in a single scan at 5 s intervals, with data acquisition started immediately after
the initiation of the temperature jump, and with no dummy scans to minimise
experimental dead time. To account for the effect of temperature on TFE chemical shift
during the initial temperature equilibration, the chemical shift of the external reference
molecule TFT was used to determine the actual sample temperature (Figure 6-3A&B)
based on the calibration curve (Figure S6-1). At all three set temperatures, sample
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temperature equilibration was achieved within 120 s. The TFT °F NMR signal also acts
as indicator of magnetic field homogeneity (Figure 6-3C-E). Significant inhomogeneity
in the protein solution, such as the formation of two distinct layers, results in magnetic
field inhomogeneity and distortion of the TFT reference signal lineshape. At all three
temperatures, field homogeneity was relatively unperturbed within the first 300 s,
before showing greater perturbations beyond this point, with the onset of these

perturbations indicating the initiation of layer separation.

Examining the response of the TFE probe NMR signal to the temperature jumps reveals
the complex behaviour of the mAb during the initial stages of LLPS (Figure 6-4). Here,
TFE *°F chemical shifts were corrected to account for the effect of temperature during
the initial temperature equilibration based on the determined sample temperature
(Figure 6-3B) and calibration curves (Figure S6-1). At 12°C, the TFE reporter signal
initially evolves into two apparent distinct species, a downfield high concentration
species and an upfield low concentration species. Meanwhile, at 8 and 4°C (Figure
6-4B&C), TFE signal behaviour is more complex with the appearance of two upfield
signals characteristic of two distinct lower concentration species. Notably, these
multiple species are present before field homogeneity deteriorates, meaning they are not
artefacts of field inhomogeneity. Furthermore, at lower temperatures, the rate of the
evolution of the TFE signals is faster.
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Figure 6-4. Examples of bulk-detected 1°F NMR spectra of TFE in COE-13 during

the initial process of phase separation. Spectra at set temperatures of 12°C (A), 8°C

(B) and 4°C (C). The representative spectra shown here are sampled at 25 s intervals
from t=2.5 to 227.5 s. Chemical shifts corrected based on expected TFE chemical shift

at the measured sample temperature.

To understand the behaviour of the mAb solution further, TFE signals were
deconvoluted to two or three mixed Lorentzian-Gaussian lineshapes. However, given

the magnitude of the magnetic field distortions observed above (Figure 6-3) and the
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inherently narrow TFE signal in the mAb solutions, complete deconvolution without
artefacts arising from field inhomogeneity was not possible, and reliable individual
signal intensities could not be obtained. Therefore, only the chemical shifts of the
different TFE species are reported here. At 12°C, mAb LLPS preceded via two states, a
lower concentration species which evolves into the final lean phase, and a higher

concentration species which evolves into the final dense species (Figure 6-5A).
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Figure 6-5. Kinetics of COE-13 phase separation as determined by bulk-detection
NMR. Deconvoluted species corrected chemical shifts at 12°C (A), 8°C (B), and 4°C
(C). At 12°C, spectra were fitted to two states. At 8°C and 4°C, spectra were initially
fitted to three states (before dashed vertical line), then two states as the lean species and
intermediate converged. Positive chemical shifts indicate an apparent greater mAb

concentration.

Conversely at 8°C and 4°C, mAb LLPS evolved through three species, a single higher
concentration species and two lower concentration species (Figure 6-5B&C). One of the
lower concentration species appears similar to the evolution of the lean species at 12°C,
while the other appears to be a transient intermediate species. The chemical shift and
apparent signal linewidth of this transient species is not immediately explainable, but it
may arise from a protein and NaCl depleted state undergoing some form of intermediate
exchange. The two lower concentration species converge to the final lean species, with
this occurring faster at 8°C than at 4°C. Additionally, the chemical shift difference
between the final dense and lean species is greater at lower temperatures, indicating
greater mAD self-association and a greater difference in concentrations between the

fractions at lower temperatures.
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6.5 Discussion

Characterising the process and kinetics of phase separation in protein solutions is
important to understanding how and why LLPS occurs, and to develop strategies to
control its occurrence [136]. In this study, we show that the fluorinated probe molecule
TFE in conjunction with bulk-detected NMR spectroscopy can be used to study LLPS

of a biopharmaceutical mAb.

Here, the behaviour of the TFE probe NMR signal in COE-13 was slightly different to
that observed previously in BSA. While TFE displayed linear chemical shift
perturbations with increasing protein concentration for both proteins, the effect was
smaller in COE-13 (Figure 6-1). Additionally, the linewidth of TFE in COE-13 was
fairly insensitive to protein concentration, with the isolated lean and dense fractions
producing similar relatively narrow TFE signals. These observations suggest that the
TFE-protein interaction is weaker for COE-13 than for BSA, and may explain the lack
of dark-state detected in the dense fraction by °F DEST NMR. However, the chemical
shift sensitivity is sufficient to enable spectral deconvolution and characterisation of the
process of COE-13 LLPS by bulk-detection NMR. This suggests that this NMR
approach may be applicable to a wide range of proteins, but highlights that the probe
behaviour should be well characterised in each individual system, and concentration

calibration curves obtained.

COE-13 LLPS was also significantly faster than BSA LLPS previously studied using
this NMR approach. However, adaptation of the experimental procedure, such as
acquiring single-scan *°F NMR spectra in a series, enabled us to capture the faster
kinetics of mAb LLPS on a second-time scale. The TFT reference is also critical here as
it enables actual sample temperature determination during temperature equilibration
(Figure 6-3), and thus enables the rapid transition of the TFE to two/three states during
temperature jumps to set temperatures of 8 and 4°C to be understood (Figure 6-5). The
approach may potentially be extended further through the use of reference
deconvolution to reduce the effects of magnetic field inhomogeneity arising from layer

separation [353].

The kinetics of biopharmaceutical mAb LLPS have previously been studied using a

temperature controlled capillary tube and dark-field microscopy [354], with COE-13
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LLPS here occurring on similar time scales (within 10 minutes). However, COE-13 did
not display an arrested phase transition or gel state during our studies, although this may
occur at lower temperatures, potentially beneath the freezing point. Additionally, the
detection of the third transient intermediate state by °F NMR is unexpected, and the

identity and nature of this third TFE species requires further investigation.

6.6 Conclusion

In this preliminary study, we have demonstrated that our NMR approach with a
fluorinated probe molecule can be used to study mAb LLPS, with the potential to
characterise the kinetics and intermediates of phase separation in great detail.
Adaptation of our approach enables kinetics to be studied on a faster time scale, which

may be particularly beneficial during studies of other protein systems.
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7 General conclusions and future outlook

Self-association and particularly LLPS are generally challenging to study, especially in
large unlabelled proteins such as mAbs. Therefore, the main aim of this Thesis was to
develop new NMR approaches to study the stability and LLPS of antibody
biopharmaceuticals by NMR spectroscopy. We initially focused on using *H NMR to
assess mAbs formulations, before developing °F NMR methods to characterise self-

association and LLPS in mAbs and a model protein (BSA).

In Chapter 2, we demonstrated that *H NMR spectroscopy can be used to study the
degradation of both the protein and small molecule components of mAb formulations in
situ at high concentration. Stability of both components is critical to the overall efficacy
and safety of a biopharmaceutical product, but characterising protein stability typically
requires sample manipulation, such as dilution or salt removal, which may perturb
protein structure and behaviour. Furthermore, stability of small molecule components is
an often overlooked factor during formulation studies. Here, we show that changes in
NMR signal intensities and transverse relaxation rates in mAb spectral regions can be
used to detect protein degradation, with T particularly sensitive to mAb fragmentation.
Degradation of small molecule formulation components, including sucrose and
histidine, was also detected as changes in NMR spectra, including appearance of new
signals, chemical shift perturbations, and changes in signal intensities. *H NMR
spectroscopy is particularly well suited to studying small molecules in formulations due
to their fast tumbling and generally high concentrations resulting in narrow intense
NMR signals. This approach may be especially applicable to study so called ‘sacrificial’
excipients, such as antioxidants like methionine, which are believed to undergo

degradation in order to prevent mAb degradation.

In Chapter 3, we investigated how LLPS can be used as an alternative method to
concentrate mAb solutions. Filtration techniques with membranes are typically used to
concentrate protein solutions, but achievable protein concentrations may be limited by
high viscosity causing membrane fouling and reduced filtration. While LLPS has
previously been suggested as a method to concentrate protein solutions, questions
remained about the stability of, and self-association present in the resulting high-

concentration solutions. Here, we employed a typical model formulation approach,
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namely addition of an excipient (Arg-Glu) to the phase separated dense fraction, as a
strategy to improve the properties of a protein solution concentrated by LLPS. The
protein concentration achieved in the dense fraction (170 mg/mL) was in principle
sufficient for a high-concentration protein formulation, and it may be possible to reach
even higher concentrations by optimisation of the LLPS conditions. Importantly,
Arg-Glu reduced viscosity of the dense fraction, prevented further LLPS from
occurring, and reduced mAb degradation, particularly aggregation. This suggests that a
conventional formulation screening approach could be used to identify excipients to

optimise the behaviour and properties of the dense fraction further.

In the second half of the thesis, we demonstrated the potential of 1°F NMR spectroscopy
to study protein self-association and LLPS. In Chapter 4, we demonstrated the use of
the Dark-state Exchange Saturation Transfer (DEST) NMR technique to study protein
clustering in a mixture of mAbs covalently labelled with °F tags. When protein self-
association or clustering results in an NMR invisible dark state, DEST enables detection
and quantification of this state. This is particularly applicable in large proteins, such as
mADbs, where slow tumbling results in rapid relaxation and broad signals even for
monomeric species. Additionally, due to the different tags on each mAb in the mixture,
the specific clustering of each mAb and its response to changes in solution conditions,
such as the addition of excipients or salts, was observed. While it is difficult to study
mixtures of proteins by conventional biophysical techniques, there is increasing interest
in the co-formulation of multiple mAbs, and approaches similar to the one employed

here may be used in the future to characterise such systems.

In Chapter 5, we developed a novel experimental approach to study LLPS in protein
solutions using a fluorinated probe molecule (TFE) alongside bulk-detection and
spatially-selective NMR. Using a small molecule as a probe which transiently interacts
with the protein enabled rapid acquisition of informative signals, even from the highly
viscous dense phase. Critically for our approach, TFE chemical shift and linewidth are
sensitive to protein concentration, resulting in the lean and dense phases producing
different NMR signals. By monitoring these different signals simultaneously, the
evolution of the lean and dense phases can be observed and characterised. Here,
conventional bulk-detected NMR was well suited to observing the initial faster phase

transition, while spatially-selective NMR uniquely allowed NMR to study layer
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separation and the distribution of the different phases throughout the sample. This
enabled NMR to characterise the entire process of LLPS, from the initial rapid phase
transition, i.e., microscopic phase separation, to the slow settling of the layers during
layer separation, i.e, macroscopic phase separation. Spatially-selective NMR may be
incorporated into conventional multidimensional protein NMR experiments, allowing
these approaches to be used to assess individual layers, without sample manipulation

and potential perturbation of equilibrium dynamics.

In Chapter 6, we showed that our new experimental approach can also be applied to
study LLPS of mAbs. Here, mAb LLPS was significantly faster than BSA LLPS
observed in Chapter 5, suggesting mAb LLPS occurred by spinodal decomposition.
Additionally, the faster kinetics and reduced broadening of the TFE signal by the mAb
required alterations to our experimental approach, including *H decoupling and rapid
acquisition of kinetic data with a single scan. Furthermore, field inhomogeneity
resulting from LLPS was a larger problem for the narrow TFE signals in the mAb
solutions, yet TFE chemical shift still reported on the evolution of the concentration of
the phases during LLPS. The distortions arising from field inhomogeneity may
potentially be alleviated in future by application of reference deconvolution of NMR
signals during processing [353]. Here, the mAb exhibited complex transient phase
behaviour, particularly at 4 and 8°C with the initial presence of three distinct TFE
signals, reflecting three distinct mAb species with different characteristic concentration,
which further evolved into two species, dense and lean. The nature of the third transient
species discovered in these mAD solutions remains to be characterised, but it may reflect
a kinetic intermediate present for these complex molecules. Understanding the nature of
this intermediate may enable better control of LLPS, to either prevent LLPS to achieve

enhanced formulation stability, or to promote LLPS as means to concentrate mAbs.

In conclusion, we have detailed a number of approaches in this Thesis which enable
NMR spectroscopy to investigate a range of phenomena in mAb and protein solutions.
'H NMR can be used to study degradation in mAb formulations, while °F DEST can be
used to characterise protein clustering and self-association. Whilst NMR is currently
underutilised in the biopharmaceutical industry, these approaches, along with other
NMR techniques, such as spectral fingerprinting [278] and methods to identify chemical

modifications [226, 228], may encourage greater adoption of the technique in industry.
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The range of further possible NMR experiments mean that it may be used to study a
magnitude of common biopharmaceutical development problems, all the way from lead
identification and characterisation, to manufacturing of the final product. Finally, we
demonstrated that a fluorinated probe along with bulk-detection and spatially-selective
NMR is uniquely suited to characterise protein phase and layer separation. In
combination with conventional high-resolution protein NMR, this approach enables all
aspects of LLPS to be comprehensively characterised by NMR spectroscopy, and may

be employed in the flourishing field studying phase separation in cell biology.
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