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Abstract

Structure-function relationships in proteins refer to a trade-off between stability and bioactivity,
moulded by evolution of the molecule. Identifying which protein amino acid residues jeopardise
global or local stability for the benefit of bioactivity would reveal residues pivotal to this structure-
function trade-off. Demonstrated here is the use of varied-temperature **N-'H heteronuclear
single quantum coherence (HSQC) nuclear magnetic resonance (NMR) spectroscopy to probe the
microenvironment and dynamics of residues in granulocyte-colony stimulating factor (G-CSF).
This experimental approach was also used to investigate (de-) stabilising mechanisms of action
for previously studied excipients with G-CSF. Combining NMR with in silico analysis revealed
four structural clusters that are subject to localised conformational changes (some of which are
key to bioactivity) or partial unfolding prior to global unfolding at higher temperatures.
Mechanisms by which excipients influence these important structural changes and implement
their own structural clusters reflects their impact on stability and function. This approach was
leveraged for semi-rational mutant/formulation design. These mutants were tested for fitness with
respect to thermostability and functionality. The Mutants P65V and E45Q were constructed to
elicit mutation-excipient interactions, and presented the largest impact on the respective fitness.
Hence, this study proposes an approach to profile residues, thus highlighting their roles in stability
and bioactivity while exposing potential mutation-excipient interactions. This permits a semi-

rational protein engineering approach to optimise desirable protein fitness characteristics.

Impact Statement

With biotherapeutics comprising such a large proportion of pharmaceutical sales, a deeper
understanding of protein stability and structure function-relationships could provide substantial
help to bioengineering strategies. Various biophysical methods can be used to assess the stability
of proteins, including their conformational stability determined from changes in intrinsic
tryptophan fluorescence during thermal or chemical denaturation. Colloidal stability can also be
determined from aggregation onset temperatures, zeta potentials and B2, values (Roberts, Das and
Sahin, 2011; Saito et al., 2012; Thiagarajan et al., 2016). Nevertheless, a blind spot exists when
the stability of a protein is assessed simply by optical methods during thermal or chemical
denaturation. They do not acquire any information regarding the changes that individual residues
experience prior to and during denaturation or aggregation. They also ignore changes in the
distribution of conformations within the native ensemble prior to denaturation that may be
functionally relevant. Thermal fluctuations of residues within the native ensemble are also
considered to be an important aspect of the mechanisms that lead to aggregation behaviours

(Codina et al., 2019). This study will address this lack of resolution on residues to provide a semi-
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rational basis for constructing mutants and formulations. Therefore, this would provide protein
engineers with more economical approaches to creating improved biotherapeutics, which would

stimulate the biobetters market.

Furthermore, machine learning approaches have shown that the thermal dependence of
fluorescence spectra under only native conditions, are sufficient to predict their subsequent
melting temperatures (Zhang et al., 2021), highlighting the underlying importance of native
ensemble dynamics in defining the pathways to global conformational unfolding. In addition, this
underlines the predictive capabilities of in silico methods and their potential for improving protein
engineering capabilities. This study will further interrogate the predictive capabilities of in silico
methods by cross-validating conclusion from biophysical techniques with computational analysis.
These comparisons will yield information regarding structure-function mechanisms and highlight
which computational tools (or combinations thereof) best reflect experimental observations.
Moreover, the per-residue resolution from NMR and in silico modelling permits a near 1:1

comparison, providing a basis for more informed decisions regarding which residues to mutate.

Recent advancements in our understanding of protein evolution has opened up new avenues for
mutagenesis. The combination of NMR and computational modelling in this study aims to provide
a more mechanistic view for evolutional phenomena such as epistasis, thus progressing
approaches to achieve mutational additivity. Maximising the effects of each mutation is pivotal
to the biobetter market because this class of therapeutics need to be an improvement over the
original biologic. Moreover, improving the predictive capabilities of in silico modelling would
provide protein engineers with much more powerful screening techniques, thus enhancing the
potential for higher quality biotherapeutics at a lower cost. Therefore, presented in this study is a
workflow elucidating high-resolution protein characteristics to stimulate the biobetters market
and yield better predictive capabilities for protein stability and function: an important addition to

the current field of protein structure prediction.
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Definitions:

G-CSF - Granulocyte colony-stimulating factor

>'Ad - Cumulative change in chemical shift

PI — Peak intensity

90" percentile of PI - The upper 10% threshold for the total distribution of PI data.
Percentage increase in Pl - The percentage increase in Pl (typically between 295K and 305K)

Linear/non-linear “peak trajectory” - Linearity of peak maxima movement across the HSQC
spectra

Linear/non-linear “Y Ad-temperature relationship”- Linearity of Y Ad vs temperature lines

Sub-cluster — Cluster of residues from the top 15 residues for percentage increase in Pl

Structural cluster — Cluster of residues considered significant from combined > Ad, Pl and
percentage increase in Pl

SASA - Solvent accessible surface area
MD — Molecular Dynamics

NMR - Nuclear magnetic resonance
Tm - Thermal unfolding temperature
CCM - Cross-correlation matrices

Adw/AT - Temperature coefficients
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1 Introduction

1.1 Challenges Posed to the Biotherapeutic Market

Biotherapeutics account for roughly one third of all new drugs currently awaiting FDA approval
or in clinical trials. These therapeutics encompass vaccines, monoclonal antibodies, cytokines,
growth factors and other similar products (Select USA, 2019). A total of 210 biotechnology
products are reported to be on the market with 180 more in the pipeline (Mitragotri, Burke and
Langer, 2014). The birth of the biotherapeutics industry in the 1970’s saw three major research
milestones. These were the development of monoclonal antibody technologies, human genome
sequencing and recombinant DNA technologies (Pavlou, 2003). Before the advent of this
industry, small molecule drugs (SMDs) dominated the pharmaceutical market. These drugs are
mostly organic compounds such as corticosteroids. SMDs mainly differ from biologics in their
size, where they have a molecular weight of <lkDa unlike the larger size of >1kDa for
biotherapeutics. This small size of SMDs makes them highly diffusible across membranes
(Olivera, Danese and Peyrin-Biroulet, 2017). The attractive virtue of biotherapeutics is their high
specificity, potency and low toxicity in comparison to SMDs (Mitragotri, Burke and Langer,
2014). Such benefits have advanced antibodies to the most widely used and clinically successful

class of protein therapeutics in cancer (Jemal et al., 2011).

With all of this enthusiasm for biotherapeutics, it is important to remember that low stability is
an inherent disadvantage that comes with proteins. This can lead to undesirable effects such as
immunogenicity upon patient delivery and reduced shelf-life. Immunogenicity alongside
pharmacodynamic and pharmacokinetic failure can also lead to loss of patient response to
treatment. Other disadvantages of biotherapeutic proteins include poor tissue penetration (as a
result of size) and the high cost of manufacturing (Aldeghaither, Smaglo and Weiner, 2015; Ding,
Hart and De Cruz, 2016). Consequently, there is a demand for addressing these disadvantages.

1.2 Biobetters can Display Better Characteristics than their Originator Product

With biologics expected to comprise 50% of the pharmaceutical industry by 2022, it is important
to address means of relieving the economic burden of this class of therapeutics on healthcare
systems (Dixit, 2021). In turn, this could help close the gap between countries wealthy enough to
access these therapeutics and those that are not. Generic chemical drugs (i.e. copycat drugs) are
deemed identical to their originator drugs since it can be proved that the effect of both drug types
will be the same on patients. The copying and marketing of biological substances by other

manufactures gave rise to ‘biosimilars’ which, as with generics, function to lower the burden of
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drug prices. Nevertheless, the problem that biosimilars pose to the generics market is that
biologics are synthesised in living cells and since no two independently developed cell lines are
considered identical, biologics cannot be completely copied. Hence, the term biosimilar refers to
the fact that the generic version of a biologic is not exactly the same but similar (Declerck, 2007).

However, biosimilars must be amino acid sequence identical to the originator.

The EMA and FDA have approved 58 and 29 biosimilars respectively as of January 2021
(Honavar, 2021), with some reaching half the price of the innovator biologic (Gota et al., 2016;
Danese, Bonovas, and Peyrin-Biroulet, 2017). However, many factors can hinder the market
penetration of biosimilars. These include gaps in knowledge regarding biosimilars and their safety
by physicians and patients, unclear evaluations of “biosimilarity” meaning, unclear pathways of
biosimilar development and patent extension (evergreening) of innovator products (Calvo, 2021;

Dixit, 2021; I-MAK, 2021).

Biobetters aim to alleviate some of these hurdles that biosimilars face because they are highly
differentiated and display superior characteristics to the originator biologic. As a result, biobetters
do not need to wait for originator patents to expire. These therapeutics have their own hurdles to
face, such as a longer (and more expensive) process to market and establishment/demonstration
of biosuperiority (Dixit, 2021). Nevertheless, with benefits to the patient such as increased
potency, longer half-life and reduced immunogenicity, the potential of this market cannot be
overlooked (Honavar, 2021). There are many ways to engineer biotherapeutic proteins to create
biobetters. These include mutagenesis, PEGylation, antibody-drug conjugation and humanisation
(Chen and Arnold, 1993; Piedmonte, and Treuheit, 2008; Scheinfeld, 2003). Knowledge of which
approach (or combination thereof) is effective for a particular biologic requires rationality.
Mutagenesis can prove to be an enormous challenge because the number of mutational

possibilities grows exponentially with protein size.

Granulocyte colony-stimulating factor (G-CSF) is available in recombinant human (rh-) form as
a drug against severe neutropenia. RnG-CSF is marketed in 2 forms, namely filgrastim (under the
trade name Neupogen®, Amgen) which is purified from E. coli and Granocyte® which is purified
from Chinese hamster ovary cells. Neulasta®, a PEGylated version of filgrastim, is an example
of a biobetter (Molineux, 2004; Strohl, 2015). G-CSF will be used as a model protein in this study

to investigate areas significant to stability and bioactivity.

1.3 G-CSF Mechanism of Action

Neutrophils are phagocytes that function to initiate and maintain inflammation at sites of infection
for anti-bacterial immunity. The principal immune-regulatory protein (cytokine) in neutrophil
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development and function is G-CSF, which is induced by inflammatory stimuli such as
interleukin-1p and tumour necrosis factor-alpha (Panopoulos and Watowich, 2008). Human G-
CSF (HG-CSF) has a molecular weight of 19.6 kDa, larger than the 18.8 kDa of murine G-CSF,
which is due to the O-glycosylation of HG-CSF at T133. Additionally, HG-CSF has 5 cysteine
residues, from which two intermolecular disulphide bridges form between 4 residues, important
to its activity, with the remaining cysteine free and partially solvent accessible (Souza et al., 1986;
Arvedson and Giffin, 2012). Substituting the free Cys-17 residue for an Alanine has exhibited
improved bioactivity (Jiang et al., 2011; Liu and Jiang, 2010). G-CSF has four alpha-helices with
a linker region formed by the peptide sequence between helices A and B. This region passes in

front of helix D and forms a 310-helix and an alpha-helix (Figure 1).

Short Helix

MTPLGPASSLPQSFLLKCLEQVRKIQGDGAALQEKLCATYKLCHPEELVLLGHSLGIPW
APLSSCPSQALQLAGCLSQLHSGLFLYQGLLQALEGISPELGPTLDTLQLDVADFATTIW
QQMEELGMAPALQPTQGAMPAFASAFQRRAGGVLVASHLQSFLEVSYRVLRHLAQP.

Figure 1. The Structure of G-CSF. PDB:2D9Q of G-CSF structure and its amino acid sequence.

The principal immune-regulatory cytokine in neutrophil development and function is
Granulocyte colony-stimulating factor (G-CSF; Panopoulos and Watowich, 2008). The multiple
cells that express G-CSF range from endothelial cells to bone marrow stromal cells, while G-
CSF receptors (G-CSFRs) are expressed on both haematopoietic and non-haematopoietic cells

(Roberts et al., 1997). G-CSF (Figure 2 in green) binds to G-CSFR (orange) in a 2:2
14



stoichiometry through cross-over interactions between the G-CSFR Ig-like domain and the
neighbouring G-CSF. G-CSFR activation is suggested to cause neutrophil mobilization by
inducing haematopoietic cells to generate secondary signals that act in trans to stimulate
neutrophil release from bone marrow (Liu, Poursine-Laurent and Link, 2000; Semerad et al.,
2002). Residues from two sites on G-CSF are involved in receptor binding. These sites are the
major site/site 11 (residues K16, G19, Q20, R22, K23, L108, D109 and D112) and the minor
site/site I11 (residues Y39, L41, E46, V48, L49, S53, F144 and R147; Tamada et al., 2006).

Figure 2. G-CSF in Complex with its Receptor. Crystal structure of two G-CSF molecules
(green) in complex two G-CSF receptors (orange)
Taken from Tamada et al., 2006.

1.4 Interactions that Guide Protein Folding

1.4.1 Proteins Fold toward a Lower Energy Native State

Proteins play significant roles in a plethora of functions; facilitating transmembrane migration
and transmission of information from DNA to RNA just to name a few. Considering this, proteins
can be described as the workhorse of cellular machinery (Keskin et al., 2008). Amino acids
polymerize via peptide bonds to form the primary (polypeptide) structure of proteins. A feature
of the peptide bond which confines the polypeptide backbone to certain conformations is its planar
structure. This feature restricts bond angles around Ca - N and C - Ca to phi and psi angles
respectively. Local folding of the polypeptide chain form a higher-order structure (HOS) known
as the protein’s secondary structure which typically consists of a-helix, B-sheet, f-turn and
random coil. These secondary structure elements assemble to comprise a second HOS called the
tertiary structure. The tertiary and primary structure of a protein endow it with signature
conformation and physicochemical properties which determine its function. A third HOS,

quaternary structure, exists and refers to the interaction within multi-subunit proteins.
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The folding of a protein to its native state is thought to follow the “funnel-shaped folding energy
landscape” where unfolded conformations are at the top of the funnel and narrowing of the funnel
signifies fewer possible folding conformations (Figure 3). Protein folding can come at an entropic
cost due to increased structural order. However, a compensating enthalpic and entropic force can
arise from the summation of weak non-covalent interactions that form via the polypeptide
backbone and amino acid side chains (Berkowitz and Houde, 2014). These interactions include
hydrogen bonding, the hydrophobic effect and van der Waals (VDW). Also stabilising the HOS
are disulphide bonds which can occur within a polypeptide chain, two different chains within the
same protein or even between different proteins. Proteins are believed to contain small modules
capable of folding quasi-independently due to local interactions guiding the protein to a folded
structure by folding in a single cooperative step. These units are called “foldons” (Panchenko,
Luthey-Schulten and Wolynes, 1996). Nevertheless, proteins can encounter states where they are
not as conformationally stable as their native state. In this case they are trapped (indicated as
smaller funnels in Figure 3) due to the activation energy needed to return them to a more stable
form. Folded proteins may not have reached their optimal fold (final native state) and so this near

optimal state is commonly referred to as ‘molten globular state’.
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Figure 3. Funnel-Shaped Folding Energy Landscape. Completely unfolded proteins begin at
the top of this funnel. They become more folded lower down the energy landscape funnel toward
the (fully folded) native state, illustrated here as the bottom of the funnel.
(Taken from Berkowitz and Houde, 2014)
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1.4.2 Protein Solvation Induces Protein Folding

Protein solvation by water plays an important role in packing and stabilisation via hydrogen bond
networks and electrostatic interaction screening (Levy and Onuchic, 2004). The latter is
particularly important to hydrophilic effects driving protein folding, where high densities of
surface charges impose a large energetic penalty for folding, which can be lowered by increasing
ionic strength (Arbely et al., 2010). Dehydration of water from hydrophobic cores can also play
a significant role in protein folding (Levy and Onuchic, 2004). Solvents surrounding protein can
be characterised as forming either the hydration shell or bulk solvent (Chen, Weber and Harrison,
2008), while individually bound water can hydrogen bond with buried polar or charged residues
(Roberts and Mancera, 2008). The hydration shell is the closest layer to the protein surface and is
divided into two non-overlapping shells (Figure 4). The first shell (red) has a radius of 2.75 A,
hydrogen bonding with the protein and the second shell (blue) has a radius of 3.65 A, forming
clathrate-like water via VDW interactions with nonpolar residues (Chen, Weber and Harrison,
2008; Parui and Jana, 2019). MD simulations suggest the hydration shell can regulate protein
dynamics through its surface interactions, permitting only low-frequency motions by adding
springs between the shell and protein surface (Majumdar, Kim and Na, 2020). Considering these
characteristics of water can reveal the behaviours that excipients exhibit in solution with protein,

as will be shown later in this study.
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Figure 4. Protein Hydration Shell Structure. Two layers of the hydration shell surrounding the
protein model. Shells are coloured as a red arc (first shell) and blue arc (second shell) and residues
are coloured as a red circle (polar) and blue circle (non-polar).

(Taken from Chen, Weber and Harrison, 2008).

1.5 Protein Instability

The stabilisation of a folded protein is only marginal considering that the weak non-covalent
interactions can be broken as a function of time (Berkowitz and Houde, 2014). The disruption of
these interactions permits the display of a conformational dynamic where, in solution, a protein

exists as an ensemble of different conformations as opposed to a single one (Bellissent-Funel et
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al., 2016). Protein instability can generally be classed as chemical or physical, where chemical
instability involves formation of new chemical entities. On the other hand, physical instability is
where the chemical status is not changed and the physical state is. There are also cases where
chemical instability can lead to physical instability. Two main types of physical instability are
denaturation and aggregation.

1.5.1 Physically-Induced Protein Instability

1.5.1.2 Denaturation

Denaturation refers to a loss of 3D structure, which both temperature and pressure are able to
induce (Manning et al., 2010). The Gibbs-Helmholtz equation describes the Gibbs free energy
change (AG) upon protein unfolding, which can occur at high temperatures and low temperatures
(cold-denaturation) (Baldwin, 1986). Thermal denaturation of proteins occurs when temperature
is raised to a point where the solvent and protein configurational entropy outweighs enthalpic
stabilisation (Bellissent-Funel et al., 2016). The primary reason for cold denaturation is solvent
penetration into the hydrophobic core of proteins (Ramirez-Sarmiento et al., 2013). Increasing
the pressure of a system decreases the system’s volume. Therefore, the main reason given to
pressure-induced protein denaturation is water penetration, where the protein becomes more
solvated by water molecules (Panick et al., 1998; Bellissent-Funel et al., 2016). Of note,
chaotropes such as urea can chemically denature proteins by binding them and reducing their

chemical potential (Manning et al., 2010).

1.5.1.3 Characteristics and Mechanisms of Aggregation

The capability of aggregation to cause adverse side effects, such as immune responses, deems it
an important problem for drug manufacturers to tackle. Another challenge for manufacturers is
being able to better predict aggregation propensities of proteins at an early stage of development
to maximize their likelihood of making it to market (Jain et al., 2017). Protein aggregates can be
classified by several characteristics of protein-protein interactions. This includes bond type (weak
noncovalent versus strong covalent interactions), reversibility, size (small soluble oligomers
versus larger insoluble oligomers) and protein conformation (predominantly native versus non-
native structure) (Mahler et al., 2009). Philo et al suggested five general aggregation mechanisms;
association of native monomers, aggregation of conformationally altered monomers, nucleation-
controlled aggregation, aggregation of chemically-modified monomers and surface-induced
aggregation (Philo and Arakawa, 2009). Identifying the cause of aggregation can therefore prove
to be a tough endeavour due to the many pathways through which it can occur. There are many
potential causes of aggregation from protein manufacture to patient delivery which can be brought
about by exposing the protein to damaging conditions such as freezing, solid-liquid interfaces and

extreme pH.
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The rate-limiting step in protein aggregation is thought to be the level of transient reactive species
that are partially unfolded but similar to the native state (shown as M* in the scheme below).
Therefore, a protein’s intrinsic conformational stability is considered to be a highly significant
factor in aggregation (Manning et al., 2010). The osmotic second virial coefficient (Bz) is a
measure of unfavourable solution behaviours that arise from two-body (protein-protein)

interactions:
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Protein molecular weight is represented here by M, intermolecular separation distance by r,
interaction potential by u(r), Boltzman constant by k and absolute temperature by T. A negative
B, value indicates attractive forces between proteins where protein-protein interactions are
favoured over protein-solvent interactions. A positive B2, value indicates the opposite. B2, can,
therefore, reflect protein colloidal stability where a more positive B, value would indicate higher
colloidal stability. VDW forces and electrostatic interactions are a major contribution to colloidal
interactions. Chi et al described aggregation as being a collective effect of colloidal and
conformational stability (measured by the free energy of unfolding: AGunf). RhG-CSF is known
to aggregate rapidly under physiological solution conditions (pH 7 phosphate-buffered saline and
37°C) unlike in conditions of pH 3.5 and low ionic strength solutions where aggregation was
minimal. At this low pH, rhG-CSF is highly positively charged which causes high colloidal
stability due to strong electrostatic repulsion between monomers (Chi et al., 2003; Israelachvili,
2011). It was also observed that the aggregation behaviour of rhG-CSF drastically varied across
the pH range of 2 to 7 (Chi et al., 2003). A similar phenomenon was seen by Chakroun et al who
observed a pH and ionic-strength dependent likelihood of the antibody fragment A33Fab to
aggregate. They suggested that conformational stability was a better predictor of aggregation
kinetics of this fragment at higher temperatures because protein aggregation would be dominated
by the unfolded state (Chakroun et al., 2016). Robinson et al also found this to be true for G-CSF
where measures of Tagg (temperature at which aggregates are first detected) was only a useful
measure when the proportion of unfolded protein was high (Robinson et al., 2018). An

aggregation mechanism put forward by Krishnan et al is depicted in the scheme below:
M — M*

2M* — M

M* + Mx — Mx+1
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In this scheme, M represents the structurally undisturbed G-CSF monomer, whereas M*
represents the structurally perturbed monomer (expanded transition state) which has a 15%
increased surface in comparison to M. M* can react irreversibly with itself, to form the dimer
represented as M, or with existing aggregates, My, to from the larger aggregates shown as My1.
Therefore, it is understandable that in solution conditions where Bj, values are low (such as
physiological conditions) and the colloidal stability is low, aggregation is rate-limited by
conformational stability (Raso et al., 2005). Elucidation of this partially unfolded state, the
exposed residues and important conformational changes, could be very valuable to protein

engineering strategies.

1.6 Chemically-Induced Protein Instability

1.6.1 Deamidation

Hydrolysis describes a chemical reaction where bonds are broken by the addition of water.
Hydrolytic reactions of concern to protein stability include deamidation, proteolysis, B
elimination and racemization. The most common of these reactions is deamidation which occurs
primarily at asparagine residues, modifying it to form aspartate, but can also affect glutamine
residues at a much lower rate. The aspartate side chain is acidic, unlike the neutral side chain of
asparagine, and will therefore change the net charge of the protein and protein sequence. In
addition, at a neutral to basic pH, a structurally isomeric ‘isoAsparagine’ residue can dominate
the population, which in turn can alter the peptide backbone by introducing an extra methyl group.
Moreover, deamidation has been shown to reduce conformational stability thus making it a
promoter of aggregation. Influencing the rate of deamidation are protein sequence, temperature
and solution pH. Faster rates have been observed in peptides where the ‘N+1’ residue (the
adjacent amino acid on the C-terminal side of asparagine or glutamine) is small. The protein HOS
also influences rates, as more rapid deamidation is seen in flexible loop regions in contrast to

structurally rigid regions (Nilsson, Driscoll and Raleigh, 2009; Topp et al., 2010).

1.6.2 p elimination and racemization

B elimination and racemization are similar reactions in their initial step which involves abstraction
of a proton from the a carbon of an amino acid. The product of racemization can be either a D or
L form of the original amino acid. On the other hand, 3 elimination can result in the expulsion of
a persulphide anion which has been implicated in intermolecular crosslink formation, thus making
this reaction more closely linked to aggregation. High temperature and pH have been reported to

increase the rate of both reactions (Volkin and Klibanov, 1987; Topp et al., 2010).
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1.6.3 Oxidation

Although oxidation can occur at several amino acid side chains, those most susceptible possess
sulphur or aromatic containing side chains. The three general oxidation pathways are metal-
catalysed oxidation (MCO), photooxidation and free-radical cascade oxidation. Binding of some
transition metals like Fe, Mn and Cu to proteins are redox-active and can confer oxidative damage
by generating reactive oxidation species (ROS). This emphasizes vigilance even more so for
manufacturers since these metals be leached from storage containers, manufacturing equipment
and also from excipients used in formulation (particularly sugars and polymers) (Topp et al.,
2010). A proposed mechanism for promotion of aggregation by oxidation is that the
hydrophobicity of buried protein cores can be significantly reduced by methionine side chain
oxidation (Uversky et al., 2002). Strategies to minimise oxidation of biopharmaceuticals includes
reducing the vial headspace or addition of chelating agents to reduce the MCO (Manning et al.,
2010).

1.7 Protein-Engineering Methods to Increase Stability

1.7.1 Formulation with Cosolvent

Formulation with cosolvents is employed to stabilise the pharmaceutical protein against many of
the aforementioned physical and chemical instability pressures. Cosolvents can range in
molecular weight, examples of which are organised in Table 1 based on the effects they have and
detailed below (Kamerzell et al., 2011).

Category of Cosolvent | Examples

Osmolytes Sucrose, trehalose, sorbitol,
glycine, proline, glutamate,
glycerol, urea

Buffers Citrate, acetate, histidine,
phosphate, Tris

Non-ionic Surfactants Polysorbate 20 and 80

Chelators and anti- EDTA, histidine, methionine ,

oxidants ethanol

Table 1. Types of Cosolvent. Shown here are the different categories of excipients with
corresponding examples represented in the right-hand column.
(Adapted from Kamerzell et al., 2011)

Osmolytes are naturally occurring small organic molecules capable of increasing thermodynamic
stability of intracellular proteins and in some cases inducing cooperative protein folding into

functional native-species (Kumar, 2009; Manning et al., 2010). The osmophobic nature of the
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protein backbone enables osmolytes to force their way into the core of folded proteins. Osmolytes
accomplish this by increasing the surface free energy of water and by being excluded from the
water-protein interface, which shifts the system towards minimization of this interface area (i.e.
towards a more folded state) (Arakawa and Timasheff, 1985).

Non-ionic surfactants primarily stabilise proteins by outcompeting and blocking them from
hydrophobic surfaces such as air-water interfaces. The exact stabilising mechanism of action by
which many non-ionic surfactants bind and stabilise proteins is not fully understood. However,
studies showing reduced adsorption of G-CSF to polyvinyl chloride by addition of HSA and
poloxamer 407 suggests that this was due to a decreased fraction of G-CSF available for surface
binding (Wang, Udeani and Johnston, 1995). Another study suggests that the ratio of polysorbate
to protein results in different protein-excipient interactions, hinting at the possibility that the

conformation of the excipient determines its interaction with protein (Deechongkit et al., 2009).

The use of buffering agents in formulation stems from the dependence of the chemical integrity
of amino acid residues on pH. They can therefore be used to optimize solution pH for
conformational and colloidal stability (Kamerzell et al., 2011). Nevertheless, this is not their sole
use because at high protein concentrations the protein can provide most of the buffering capacity
instead (Gokarn et al., 2008). Alternate stabilisation mechanisms for buffers have been reported.
These include free radical scavenging abilities (antioxidant effects), altering protein-surfactant
binding characteristics, direct binding at low buffer concentrations and optimizing electrostatic
interactions within a native protein by rejecting conformers that lead to repulsive charge-charge
conformations (Spassov, Karshikoff and Ladenstein, 1994; Min Won et al., 1998; Porasuphatana
etal., 2001).

1.7.1.1 Strength of Protein-Excipient Interaction does not Dictate Stabilising Effect of the
Excipient

Protein in solution can sometimes have higher affinity for cosolvents than for water. In this
scenario, termed “preferential interaction”, the cosolvent can overcome the hydration shell and
interact with the protein surface. The opposite scenario is “preferential exclusion”, where the
protein surface has a higher affinity for water in the hydration shell. The addition of any cosolvent
lowers the activity of water through translational and rotational perturbations (Timasheff, 2002).
Immobilisation of water or cosolvent to the protein surface also incurs translational and rotational
entropy loss (Irudayam, and Henchman, 2009). Therefore, there must be a favourable enthalpy-

entropy compensation for protein-cosolvent interaction (Du et al., 2016).

Excipients are typically added at high concentrations to protein formulations, due to their weak
binding affinity (Kheddo et al., 2016), to alleviate protein interactions and partially unfolded
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species, thus reducing aggregation (Tosstorff et al., 2019). Amino acid excipients in particular
have been shown to improve conformational stability and lower aggregation kinetics. An example
being arginine-glutamate, where an equimolar mixture of L-Arg and L-Glu reduces self-
association and improves conformational stability (Kheddo et al., 2014; Zhang et al., 2016). The
general consensus is that excipients binding to folded protein, as opposed to partially unfolded,
should be maximised to increase stability. However, discriminating between binding to folded or
unfolded conformations via experimentation can be very challenging. This is due to the weak
excipient binding affinity being outside the sensitivity of methods like surface plasmon resonance
(SPR), isothermal titration calorimetry (ITC) and fluorescence polarisation (FP) (Du et al., 2016)
as well as difficulty in determining partially unfolded structures. In addition, studies have shown
excipient binding strength to have weak negative to no correlation with thermal stability (Zalar,
Svilenov and Golovanov, 2020). This emphasises the point that no single formulation is beneficial

for all proteins.

1.7.2 Lyophilisation

Lyophilisation, also known as freeze-drying (FD), is a process used for its ability to stabilise
protein subject to temperature changes, improve long-term storage stability and ease handling
during transportation (Manning et al., 2010). Alternate drying methods can also be used such as
spray drying and foam drying (Abdul-Fattah et al., 2007). FD typically involves the stages of
freezing, primary drying and secondary drying. Freezing is where the majority of water is
removed from the protein drug and excipients (Tang and Pikal, 2004). However, this stage can
induce many destabilising stresses for protein. This includes increasing protein concentration (and
thus protein-protein interactions), changing pH due to crystallization of buffer salts, reducing
hydrophilic interactions due to dehydration caused by ice formation and formation of ice-aqueous
interfaces (Strambini and Gabellieri, 1996; Tsuruta, Ishimoto and Masuoka, 1998; Pikal-Cleland
et al., 2002). As illustrated in Figure 5, there are three states in which frozen solids can exist;
amorphous, crystalline and polycrystalline (Zhang, 2017). Amorphous solids are the common
state for materials like proteins, some sugars and polymers. They possess a short-range crystal-
like order, residual crystallinity and varying areas of density. Amorphous solids also have higher
entropy and free energy in comparison to corresponding crystals and due to this higher instability,
they are able to undergo structural relaxation or crystallization (Yu, 2001). Upon freezing, the
transition of a liquid’s viscosity, entropy, enthalpy and volume to that observed in a ‘glassy state’
is termed the ‘glass transition temperature (Ty)” (Ringe and Petsko, 2003). The equal for
crystallized solutes is the ‘eutectic temperature (T.)’ (Tang and Pikal, 2004).
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Figure 5. The Different States of Frozen Solids. The different order of molecules observed in
the frozen state are illustrated here with the following representations; A. amorphous state, B.
polycrystalline and C. crystalline. Each hollow circle represents a single molecule.

(Adapted from Zhang, 2017 and Yu, 2001)

The next step of FD, primary drying, typically consumes most of the FD cycle time and can be
used to optimize the product temperature. At this stage, the ice formed during freezing is
sublimated off the product by pulling a vacuum at low temperatures. Sublimation incorporates
heat- and mass-transfer whereby water avoids the liquid state and passes directly from solid state
to vapour state (Nireesha et al., 2013). Secondary drying follows on from primary drying and
serves to reduce the residual moisture from the amorphous product to an optimal level for stability
(typically less than 1%). Consideration of formulation is also important for FD. Bulking agents
like mannitol or glycine are used to provide mechanical stability to the cake structure produced
after FD a mixture. The idea behind this is that the amorphous phase collapses onto the surface
of the crystalline phase at temperatures between Tgand T. (Tang and Pikal, 2004; Manning et al.,
2010). A more cost effective approach for optimizing FD formulation has been done on an ultra-
scale down (USD) level using ‘design of experiments’ method (Grant et al., 2012). Therefore, a
deeper understanding of protein-excipient interactions in the lyophilised state and comparison to
the liquid state could broaden our understanding into stabilising mechanisms of excipients. More
understanding is also needed with regards to the effect of reconstitution on protein conformation
and stability (Zhang et al., 1995).

1.7.3 Attempting Rational Mutagenesis to Improve Stability

Changing the sequence of amino acids in proteins, otherwise known as mutagenesis, can also
improve stability. Many rational/semi-rational approaches have been taken to improve protein
stability via mutagenesis. This includes directed evolution, rigidifying flexible sites (RFS),
protein design automation (PDA), adding novel disulphide bonds and optimizing surface charge-
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charge interactions (Luo et al, 2002; Dombkowski, 2003; Gribenko et al, 2009; Dalby, 2011; Yu
and Huang, 2014).

Directed evolution refers to a range of molecular biology techniques that permit the evolutionary
process to be mimicked in the laboratory. This includes random mutagenesis (using error-prone
PCR), recombination of functional sequences, targeting desired residues for random mutagenesis
and rational design (i.e. implementing mutations towards consensus sequences) (Chen and
Arnold, 1993; Stemmer, 1994; Miyazaki and Arnold, 1999; Lehmann and Wyss, 2001; Dalby,
2011). Other mutagenesis approaches seek to identify and then modify regions that impact protein

stability; namely flexible regions.

1.7.3.1 ldentifying Flexible Sites
Common methods for identifying flexible regions are the B-FITTER program, computational

molecular dynamics (MD) simulations and Floppy Inclusion and Rigid Substructure Topography
(FIRST). B-FITTER is a program that calculates the flexibility for an amino acid residue by
averaging the B-factor value from the protein crystallographic data. B-factor values are used to
represent flexibility because they indicate atomic displacement parameters obtained from the
crystallographic data (Parthasarathy and Murthy, 2002). Hence, residues with higher B-factor
values are more flexible. However, this approach has some limitations, such as; fluctuations tend
to be larger in solution than in the crystal state and B-factor values may greatly differ between
proteins due to crystal quality just to name a few.

MD differs from the B-FITTER approach in that it simulates the motional properties of atoms in
a protein structure (obtained from the Protein Data Bank - PDB). Flexibility of residues is
determined from MD simulations using average root mean square fluctuation (RMSF) values.
These average RMSF values reflect the mean amplitude of each residue relative to a mean
reference position during the simulation. Therefore, higher RMSF values indicates greater
flexibility (Yu and Huang, 2014b).

1.7.3.2 Rigidifying the Identified flexible Regions

After screening for the flexible regions, approaches that can be taken to rigidify them include
iterative saturation mutagenesis (ISM), introduction of proline, addition of salt bridges, adding
novel disulphide bonds, optimising surface charge-charge interactions and structure-guided
consensus mutagenesis. ISM is an effective approach for directed evolution because it targets
flexible sites that can be identified from B-factor values and then subjects these sites to random
mutagenesis (Reetz and Carballeira, 2007). Computational programs have also been developed
for rational design of proteins with optimal surface charge-charge interactions and disulphide
bonding (Dombkowski, 2003; Gribenko et al., 2009).
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Rosetta is a computational protein design program. It takes a PDB structure and uses Monte Carlo
optimization along with simulated annealing to identify and suggest amino acid sequences that
pack well, bury their hydrophobic atoms and satisfy the hydrogen bonding potential of polar
atoms (Liu and Kuhlman, 2006). Therefore, in effect, Rosetta aims to predict stabilising
sequences. The RosettaDesign application has been employed previously by Yong Hwan Kim et
al. Here B factor values were used to identify eleven target residues for thermostabilisation in
Coprinus cinereus peroxidase (CiP). RosettaDesign was then used to create 8 mutants, two of
which showed increased thermostability as well as conserved bioactivity in comparison to the
wild-type (WT) (Kim et al., 2010). Rosetta aims to predict the change in stability (AAG) of a
monomeric protein induced by a point mutation. An increase in stability is represented by a
negative AAG, whereas a positive AAG indicates a decrease in stability (Kellogg, Leaver-Fay and
Baker, 2011). The Rosetta ddg_monomer application is able to make these calculations for each
residue within a protein, endowing it with a high throughput capability. Nevertheless, a crucial
limitation of Rosetta ddg_monomer is that it is not suitable for predicting several mutations

simultaneously.

1.7.3.3 Combining Mutations may be Required to Significantly Enhance Thermostability

Since individual mutations contribute relatively little to stabilising large proteins, multiple
simultaneous mutations are often required to achieve higher stability (Zhao and Arnold, 2002;
Goldenzweig et al., 2016). However, combining two or more mutations in the same protein brings
into question the interactions between these mutations. Interaction between mutations is known
as intragenic epistasis. Epistasis is where the fitness effect of one mutation depends on the genetic
background at another loci and is believed to be a main factor in determining short- and long-term
protein molecular evolution (Parera and Martinez, 2014). The epistatic interactions between
mutations can either be mathematically additive or non-additive. In additive epistasis, AXY = AX
+ AY where AXY (a double mutant) is the collective contribution from experimental changes

observed in single mutants X and Y.

However, mutations that independently make a positive contribution may interact in a non-
additive way when combined. This non-additivity can take the form of positive epistasis, negative
epistasis (partially additive), negative sign epistasis or reciprocal sign epistasis. Positive epistasis
occurs when AXY = AX + AY + I, where I represents interaction between mutation X and Y in
cases where the side chains of the two residues are close in contact with one another or when one
or both mutations switch the reaction mechanism. Negative epistasis acts in a way that makes the
fitness of the double mutant not as bad as either single mutant alone, where AXY < AX + AY.

Hence, only partial additivity in the double mutant is observed (the double mutant phenotype is
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smaller than expected under additivity). In negative sign epistasis, AXY < AX or AY and in
reciprocal sign epistasis AXY < 0 (Reetz, 2013; Starr and Thornton, 2016; Yu and Dalby, 2018a).

Therefore, achieving additivity in mutagenesis could be an effective approach in biobetter
manufacture owing to its capability of making mutants that elicit optimal combined effects of the
individual mutations within the protein. This additivity most likely occurs when the structural
regions of mutated residues do not substantially overlap (Yu and Dalby, 2018a). Epistasis between
spatially distant residues is believed to be mediated through a communicating amino acid network
of interactions. Although explanations for what mediates this long-range communication network
of interactions remain parsimonious, protein dynamical and thermodynamic properties has been
suggested to be an influence (Whitley and Lee, 2009; Posfai et al., 2018).

1.8 Experimental Methods for Analysing Protein Stability and Bioactivity

There are many biophysical approaches to probe a protein’s HOS, dynamics and aggregation.
Table 2 classifies various commonly used techniques methods and part Figure 6 accompanies this
by ordering them in terms of resolution. Means of testing G-CSF bioactivity are not so plentiful
but still serve as a good way to determine structure-function relationships. NFS-60 cell bioassays
are a common way to probe bioactivity by monitoring the proliferation of cells (Weinstein et al.,
1986). An enzyme immunoassay approach has also been shown to be a good way to measure G-
CSF activity (Motojima, et al., 1989).

Interrogation of a protein’s quaternary structure (aggregation), size, shape and mass can be done
by studying its hydrodynamic properties (i.e. its global shape). Hydrodynamics is assessed by
monitoring protein movement through a liquid medium in response to driving forces such as
thermal kinetic energy of the protein (exploited in SEC) or a high centrifugal field as exploited in
sedimentation velocity AUC (SV-AUC). These techniques yield important information about

unique sample characteristics like the heterogeneity of protein conformers (e.g. aggregates).

Electrophoretic methods include SDS-PAGE and native gels. SDS-PAGE can be used to elucidate
the covalent nature of aggregates whereas native gels are able to reveal molecular shape, weight
and intrinsic charge due to the nondenaturing conditions of the gel. Therefore, SDS-PAGE is

useful for aggregation studies but not on studies of HOS.
Thermodynamic techniques study the HOS by monitoring the flow of heat as the protein is
exposed to increasing temperatures. The theory behind this is that changes in the energy

associated with the conformational changes translate into changes in the heat flow. Two common
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techniques that accomplish this are ITC and DSC. A fairly complementary technique that

monitors the change in HOS is Spectroscopy.

Spectroscopy exploits the presence of chromophore and fluorophore entities within protein that
can absorb electromagnetic radiation. The output spectra, therefore, will change as the
microenvironments of the fluorophores and chromophores change as a result of HOS
perturbations.

1.8.1 Nuclear Magnetic Resonance Spectroscopy is Information-rich

Nuclear magnetic resonance (NMR) is also a spectroscopic method and is shown to be in the
highest tier in Figure 6 because it gives the highest resolution of HOS. It is capable of mapping
the position of the amino acid residues and investigating local structural environment and
dynamics. This made possible by the exploitation of the magnetic properties of certain atomic
nuclei such as *H, N and C (Levitt, 2013). When these nuclei are incorporated into proteins
and introduced to an external magnetic field (Bo), the rotation of these nuclei will align with this
field. Another magnetic field applied perpendicular to the B, field causes rotation to transverse
into another plane before precession back to Bo. The rate of this precession varies based on local
magnetic environment, which is influenced by local protein structure and solvent (Kleckner and
Foster, 2011).

NMR has also proven to be a robust method for comparing the HOS of filgrastim biosimilars. MS
(hydrogen/deuterium exchange in particular) can be a complementary tool to NMR as it can
elucidate the physicochemical environment of amino acids, thus providing information on
conformation, dynamics and protein-protein interactions. (Houde and Berkowitz, 2014; Ghasriani
et al., 2016). Solid state (ss-) NMR and ssHDX-MS are also useful for assessing dynamics and
conformation in the lyophilised (solid) state. However, in this study, NMR will be combined with
a thermal melt. Combining NMR with a changing variable is a valuable method because it can
probe the structural and dynamic sensitivity of protein regions to these environmental changes
(Trainor et al., 2020; Aubin et al., 2015).
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NMR

Pros: High resolution, yields diverse information from dynamics to structure on a
residue level, can analyse a range of compounds. Cons: Requires a high sample
concentration, time-consuming, limited by sample homogeneity and compounds
cannot exceed ~35 kDa.

H/DX MS, Cryo-EM and SAXS/SANS/WAXS

Pros: Can probe dynamics of regions, determine structure and morphological
information. Cons: Limited by sample homogeneity, complex data analysis and lacks
residue-level information.

DSC, ITC, AUC, CD, SLS/DLS and FTIR

Pros: Inexpensive, easy to operate, high sample concentrations not needed and can
determine melting points and oligomerisation states. Cons: yields moderate to low
conformational or dynamics information and limited throughput in the case of AUC.

UV, Fluorescence, SDS-gel, SEC, and particle analysis

Pros: Inexpensive, easy to operate, high sample concentrations not needed, little to
no data analysis needed. Cons: Very limited sample information other than
determining its presence.

Figure 6. Hierarchy of Biophysical Tools. Hierarchy depicting the biophysical tools in their
order of resolution, where the higher resolution tools are towards the top. The collective pros and
cons of the techniques in each tier are also detailed in italics.

(Adapted from Houde and Berkowitz, 2014)
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Category of technique Biophysical tool

Spectroscopy Far-ultraviolet (UV), circular
dichroism (CD), fourier
transform infrared
spectroscopy (FTIR), nuclear

magnetic resonance (NMR)

Thermodynamic Differential scanning
calorimetry (DSC), isothermal

titration calorimetry (ITC)

Hydrodynamic Analytical ultracentrifugation
(AUCQC), size exclusion
chromatography (SEC),
asymmetric flow field flow
fractionation (AF4), static light
scattering (SLS). dynamic
light scattering (DLS), small
angle x-ray scattering (SAXS)

Electrophoresis Native gel, sodium dodecyl
sulphate (SDS)-gel

Mass Spectrometry Hydrogen/deuterium exchange
(H/DX)-mass spectrometry
(MS), Covalent labelling

Imaging X-ray crystallography,
electron microscopy (cryo-
EM). solution scattering;
SAXS, wide angle x-ray
scattering (WAXS), small
angle neutron scattering

(SANS).

Table 2. Characterisation Tools. Biophysical tools corresponding to the type of technique to

which they belong.

1.9 Project Aims and Objectives

This project aims to identify regions in G-CSF important to structural resilience and function, and
determine how excipients exhibit their mechanism of action on these significant regions. To this
end, varied-temperature NMR will be used to probe regions that experience significant
environmental and dynamic changes. These observations will be cross-referenced with in silico
modelling to validate and illustrate structural and functional mechanisms. Mutations will also be
constructed in these regions of interest to evaluate their effect on molecule stability and
functionality. Varied-temperature NMR will also probe the mechanisms of action exhibited by
excipients and mutational analysis used to confirm these mechanisms as well as the significance

of the regions they act upon.
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2. Materials and Method

All sterile filtration was performed with Millex-GP 0.2 uM, 33 mm, polyethersulfone (PES)
sterile syringe filters (Millipore, Hertfordshire, UK)

2.1 Molecular biology

2.1.1 DNA Purification and Site-directed Mutagenesis

The pET21a plasmid with the WT human granulocyte colony stimulating factor (G-CSF) gene
was provided by Dr Adrian Bristow (NIBSC; Bristow et al., 2012) in BL21 (DE3) Escherichia
coli cells. Plasmid extraction was performed with a QIAprep Spin Miniprep Kit and procedure
(QIAGEN Ltd, West Sussex, UK). Overnight 10 mL cultures of BL21 (DE3) E. coli cells were
grown at 37°C with 250 rpm agitation in Luria Bertani (LB) media containing 1 mM ampicillin
(Amp). The final elution step was altered so that the elution buffer stayed on the column for five
minutes and the final elution volume was 20 pL. This ensured that the final DNA concentration,
measured using NanoDrop A260 values (Thermo Fisher Scientific Inc., Wilmington, USA), was

high enough for sequencing (section 2.1.3).

Primers (Figure S.17) for site-directed mutagenesis were codon optimized using the
OpenWetWare site (https://openwetware.org/wiki/Escherichia_coli/Codon_usage) and designed
with the .py script in Figure S.16 so that their melting temperature was between 65°C and 75°C
and there was no GC clamping. Invitrogen (Massachusetts, USA) conducted primer synthesis.
Site-directed mutagenesis was performed using a QuikChange Lightning site-directed
mutagenesis kit (Agilent Technologies, Inc., Santa Clara, CA, USA), as per instructions, and
polymerase chain reaction (PCR) for mutant strand synthesis. PCR was performed with a C1000
Touch™ Thermal Cycler (Bio-Rad, Hercules, CA, USA). Each PCR reaction was set up with 125
ng of oligonucleotide primers, 50 ng of WT G-CSF plasmid template and a three-minute extension
time. Parental (non-mutated) DNA was digested post-PCR reaction with Dpn | restriction

enzyme.

2.1.2 DNA gel Electrophoresis

Successful mutant plasmid amplification was confirmed with a restriction digest using EcoRI-HF
restriction enzyme and 1X NEBuffer (New England BioLabs Inc, Ipswich, USA). Digest samples
were then incubated at 37°C for 1 hr before being mixed with 1X loading dye (New England
BioLabs Inc, Ipswich, USA). DNA gels were prepared with 1% (w/v) agarose and 1X Invitrogen
SYBR Safe staining reagent (Thermo Fisher Scientific Inc., Massachusetts, USA). Digest samples
were loaded into the gel wells along with a 1 kb DNA ladder (New England BioLabs Inc, Ipswich,
USA) and electrophoresis was performed at a constant voltage of 80 V for 1 hr in 1X TAE
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(Thermo Fisher Scientific Inc., Massachusetts, USA) running buffer. A single band at ~5.9 Kbp,
observed with a Geldoc 2000 (Bio-Rad, Hercules, CA, USA), confirmed successful plasmid
amplification.

2.1.3 Mutant Plasmid Transformation and Sequencing

Following confirmation of successful PCR, 2 pL of Dpn | treated mutant plasmid sample was
transformed into 45 puL of XL10-Gold ultracompetent cells that came with the QuikChange
Lightning kit (section 2.1.1). To aid cell recovery, each transformation reaction was mixed with
NZY+ broth. Subsequently, 50 pL of transformed cells were plated onto LB/Amp agar plates
containing 80 pg/ml X-gal and 20 mM IPTG (Generon Ltd, Maidenhead, UK), and then incubated
at 37 °C overnight. A single colony for each mutant could then be picked and the DNA purified,
as described in section 2.1.1, and aliquoted for sequencing and later transformation (section 2.1.4).
Plasmid sequencing was conducted by Source BioScience (Nottingham, UK) for WT and
mutants, using their stock T7F primers, confirming that the correct mutation had been made.
NZY+ broth and LB/AMP agar plates were prepared according to the QuikChange Lightning kit

manual.

2.1.4 Glycerol Stocks

After confirming from sequencing that mutagenesis was successful, 250 ng of the purified mutant
DNA was transformed into E. coli BL21 (DE3) competent cells (New England BiolLabs Inc,
Massachusetts, USA). Cell recovery was aided by SOC outgrowth medium, also provided by New
England BioLabs, followed by plating on LB/Amp agar plates and storage at 37 °C overnight. A
single colony for each mutant was then picked, grown in 10 mL of LB/Amp media overnight (37
°C and 250 rpm) and mixed with 50% (v/v) of sterile filtered glycerol solution at a 1:1 ratio before
storage at -80°C.

2.2 Cell Culture

Media for WT and mutant cultures were autoclaved for 20 minutes at 120°C and all subsequent
additions filter sterilized. Moreover, any transfer of media or components was performed in a
safety cabinet. Seed cultures of 10 mL Terrific Broth (TB/Amp) in 50 mL falcon tubes were
prepared from glycerol stocks and incubated at 37°C, 250 rpm overnight. Sterile 500 mL TB/Amp
media in 2 L baffled flasks were inoculated with seed cultures and further incubated at 37°C, 250
rpm. Expression was induced at an OD600 of 0.6 by spiking in Isopropyl B-D-1-

thiogalactopyranoside (IPTG) to a final concentration of 1 mM.
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Minimal media was prepared for NMR using 15N labelled (NH4)2S04, PO4/NaCl, Na2SO4,
EDTA trace elements, MgSO4, CaCl2, d-Biotin, Thiamine and d-Glucose. PO4/NaCl, Na2S04,
EDTA trace elements were autoclaved at 120°C for 20 minutes. The remaining components,
along with Amp, were filter sterilised. A 100 mL seed culture of transformed E. coli BL21 (DE3)
competent cells (New England BioLabs Inc, Ipswich, USA) in minimal media/Amp was
incubated overnight at 37°C with shaking at 250 rpm. This seed culture was then transferred to 2
L of minimal media/Amp in baffled flasks (i.e. two 5 L flasks with 1 L of media) and incubated
(37°C with shaking at 180 rpm) overnight. Expression was induced at an OD600 of 0.6, by spiking
with IPTG to a final concentration of 1 mM. The culture was incubated overnight at 37°C with
shaking at 180 rpm.

2.3 Primary Separations

Cells were harvested with centrifugation at 7080 x g for 20 minutes (4°C) using an Avanti J-20
XPI (Beckman Coulter, Inc). Cell pellets were then washed in 40 mL of 10 mM phosphate buffer
saline (PBS) and centrifuged at 7728 x g for 30 minutes (4°C) into ~4 g pellets in 50 mL falcon
tubes. To help with cell lysis, these pellets were stored at -20 °C. Each cell pellet was defrosted
by leaving to stand for 30 minutes at room temperature (RT) and then resuspended in 40 mL 10
mM PBS. Cell lysis was carried out by giving the resuspended pellets a single pass through a
APV LABA40 high pressure homogeniser at 1000 Bar and storing them on ice. Cell lysis was also
aided by adding sodium deoxycholate at 1 mg/mL and rolling at room temperature for 15 minutes.
The high viscosity of the lysate from DNA release was reduced by addition of 20 uL Benzonase
nuclease (25 U/mL; Merck Millipore) and rolling continued for 15 minutes. The lysate was
centrifuged at 17,700 x g, 30 min, 4°C (Avanti J20 XPI; Beckman Coulter, Inc., Fullerton, CA,
USA) to pellet the GCSF inclusion bodies (IB). After removal of the supernatant, the 1B pellet
was washed twice to remove host cell impurities. In all steps, the pellets were resuspended at 1:40
(w/v) in wash buffer using a homogeniser 850 (Thermo Fisher Scientific Inc., Wilmington, USA)
and repelleted via centrifugation at 17,700 x g for 30 minutes (4°C). Wash A contained 50 mM
Tris pH 8, 5mM EDTA and 2% Triton X-100 (w/v), wash B contained 50 mM Tris pH 8, 5 mM
EDTA and 1 M NaCl.

Pellet solubilisation was achieved using a pH shift procedure, which included re-suspension in 10
mL of 4 M urea and pH adjustment to pH 12 using strong NaOH, followed by rolling for 30 min
at RT. Refold was achieved by diluting this solution dropwise by 20X into 1 M Arginine.HCI
buffer pH 8.25, followed by rolling for > 12 h at RT. Refolding was quenched by pH adjustment
to 4.25 using strong glacial acetic acid followed by rolling at RT for 2.5 hours. The refold was
clarified by centrifugation at 17,700 x g, 20 min, 4°C, (Avanti J-20 XPI; Beckman Coulter, Inc.,

Fullerton, CA, USA), the supernatant retained and concentrated to a final volume of 10 mL using
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an Amicon stirred cell (with 10 kDa, 29.7 mm diameter ultra-centrifugal filter units; Merck
Millipore). Concentration was continued with Amicon Ultra-15 10 kDa cut off membrane
centrifugal filters (Merck Millipore, Billerica, Massachusetts, USA) at 1,389 x g and 4 °C.

2.4 Purification and Concentration

The 10 mL concentrated sample was purified by size exclusion chromatography (SEC) on an
AKTA™ Explorer (GE Healthcare Life Sciences, Germany) using a HiLoad® 26/60 Superdex®
200 prep grade column (GE Healthcare Life Sciences, Germany; 2.6 cm internal diameter; i.d.,
60 cm bed height, 320 mL column volume; CV). A 10 mL injection loop was used to load the
sample onto the column whilst eluted was performed isocratically in 50 mM Sodium Acetate pH
4.25 at 2.5 mL/min. Fractions with > 0.1 mg/mL concentration were pooled and concentrated to
a final stock concentrations using Amicon Ultra-15 10 kDa cut off membrane centrifugal filters
at 1890 x g and 4°C. These concentrations were 1.7 mg/mL (0.09 mM) for NMR samples and
0.3-0.5 mg/mL for non-NMR samples.

2.5 Formulation with Excipients

When formulated with excipients, mutant and WT samples were mixed at a 1:1 ratio (protein to
excipient) to a final protein concentration of 0.15 mg/mL (pH 4.25, 50 mM sodium acetate) and
1X excipient concentration (from a 2X stock). Excipient solutions were prepared by mixing the
solid excipient with 50 mM sodium acetate at pH 4.25 so that protein buffer was not diluted.
These formulations were used in lyophilisation (section 2.10), bioactivity assays (section 2.7) and
thermal degradation studies (section 2.8). Isotopocally labelled WT-GCSF samples for NMR
were mixed with excipients at a 9:1 ratio (protein to excipient) to achieve a protein concentration

of 1.53 mg/mL (0.08 mM) and 1X excipient concentration from 10X stock.

2.6 Protein Quantification

Quantification of protein content in sample was performed by measuring absorbance at Asso with
a NanoDrop (Thermo Fisher Scientific Inc., Wilmington, USA). The concentration was calculated
using the Beer-Lambert Law (Egn.2), where c is the concentration, A is absorbance, L is the path
length and ¢ is the extinction coefficient of 0.86 (Herman, Boone and Lu, 2002). Extinction
coefficients for mutants were calculated from the number (n) of tyrosine (), tryptophan (W) and
cysteine (C) residues using Eqn.3 (Edelhoch, 1967; Gill and VVon Hippel, 1989). Here eW is 5690
M-tcm?, €Y is 1280 M*cm™ and £C is 120 M-icm™
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c=— Eqn

Emutant = MW.eW +nY.eY + nC.eC Eqn. 3

2.7 Bioactivity

To quantify units of functionality for the purified G-CSF variants (at various formulations),
CellTiTer 96Aqueous One Solution Cell Proliferation Assays (Promega) were performed with
murine GNFS-60 cells; A bioassay developed by Wadhwa et al., 2011. This assay also consisted
of 96-well sterile, clear, TC-treated polystyrene microplates (Falcon) and RPMI-1640 medium
(Sigma-Aldrich, Missouri, USA). Components of RPMI-1640 (assay) medium were 0.5% (v/v)
Penicillin-Streptomycin solution (stock: 10,000 units/mL penicillin and 10 mg/mL streptomycin),
1% (v/v) 200mM L-glutamine (Sigma-Aldrich, Missouri, USA) and 5% (v/v) Fetal Bovine Serum
(FBS). All solutions were warmed to 37°C, dilutions and cell culture manipulations were
performed in a safety cabinet and incubation was done at 37°C, 5% CO; in a humidified incubator

unless otherwise stated.

Before performing the assay, the GNFS-60 cells, stored in a liquid nitrogen freezer (in 1mL
cryogenic vials), were thawed and fed for at least a week. Thawing consited of immediate
warming in a bench top 37°C waterbath. For cell feeding, the cells were suspended and grown in
50 mL of growth medium (assay medium containing 2 ng/mL of r-HuG-CSF; Amgen, Uxbridge,
UK) in T-75 flasks (sterile plastic and vented cap). Flasks were split to ~10° cells/mL every 2-3

days, depending on cell concentration, and were cultered upright in the incubator.

Once ready for the assay, these GNFS-60 cells were washed to remove residual GCSF. This
washing procedure consisted of centrifugation (for 10 minutes at 1,300 x g) in 50 mL sterile
plastic falcon tubes followed by resuspension of the pellet in 40 mL of assay medium. Washing
was repeated for a total of four washes and the final pellet was resuspended in 10 mL of assay
media. Cells were then counted with a Countess Automated Cell Counter (Invitrogen, Life
Technologies Corp, Paisley, UK) after adding 11 uL of Trypan blue viability stain (Sigma-
Aldrich, Missouri, USA) to 11 uL of cells and pipetting 10 uL of this to each chamber of the cell
counter slide. The cells were diluted to a final concentration of 2 x 10° cells/mL. All G-CSF
formulation samples to be tested and the NIBSC 2" international reference standard were diluted
to 2 ng/mL in assay media and 100 pL added to the first wells of the microplates. The reference
standard and a negative control of just assay media were added so that they flanked the G-CSF
variant samples. To the wells following the first row was added 50 pL of assay media. Serial

dilutions down the plate were conducted using 50 uL from the first row, followed by the addition
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of 50 uL of cells (at 2 x 10° cells/mL) to each well. Therefore, the protein concentration ranged
from 1 ng/mL to 0.008 ng/mL across the plate. These plates were then covered and incubated for
48 hours.

Analysis of the cell response was measured by adding 20 uL of Cell Counting Kit-8 (CCK-8;
Stratech, Ely, UK) to each well, incubating the plates for a further 3-4 hours and then measuring
the absorbance of the wells at 450 nm. Absorbance was measured using a Spectramax 340PC
(Molecular Devices LLC, Wokingham, UK) with five seconds of plate shaking before the reading.

2.8 Accelerated Thermal Degradation

Thermostability of G-CSF mutants compared to WT was assessed using thermal unfolding
temperature (Tm) values, i.e. the point at which 50% of the protein population was unfolded,
obtained from the Unit/UNcle (Unchained Laboratories, UK). Tr values were determined from
the barycentric mean (BCM) of the protein intrinsic fluorescence spectra at 280-460 nm (266 nm
excitation) at each temperature along the thermal ramp by fitting BCM to the van’t Hoff equation
(egn.4). In this equation, It represents the observed signal, Iy and Ip are the native and denatured
baseline intercepts, a and b are the native and denatured baseline slopes, T is the temperature,
AHyy is the van’t Hoff enthalpy and R is the gas constant (Consalvi et al., 2000). The thermal
ramp was conducted using linear heating from 20°C to 90°C at 1°C/minute and a 30 second
starting incubation. Mutants and WT samples formulated to a final concentration of 0.5 mg/mL
(or 0.3 mg/mL for the P56V mutant and comparative WT sample), as mentioned in section 5.1.4,
were run on the Unit/Uncle in quadruplicates. Variants formulated with excipients were run in
triplicate. Each well of the Uni cuvette was loaded with 9 uL samples and loaded onto the
Unit/Uncle.

_ (IN+aT)+(ID+bT)eXp[M;I?—”h (L_ l)]

T T e )

2.9 Mass Spec

Molecular weight of purified G-CSF variants were determined with liquid chromatography mass
spectrometry (LC-MS) using a Agilent 6510 QTOF system. Samples were prepared at 0.3 mg/mL,
50 mM sodium acetate pH 4.25 and 10 pL loaded onto a PLRP-S, 1000A, 8 uM, 150 mm x 2.1
mm column maintained at 60°C. Separation was achieved using a gradient elution at 0.3 mL/min

with mobile phase A (water with 0.1% formic acid) and B (acetonitrile, with 0.1% formic acid).
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2.10 Lyophilisation

Lyophilisation of G-CSF variant formulations was conducted by loading 100 pL in TC-treated
polystyrene 96-well flat-bottom plates (Greiner Bio-one Ltd, Gloucestershire, UK). The plate
skirts were removed so that the bottom of the wells made contact with the Virtis Genesis 25EL
freeze-drier shelf. The lyophilisation cycle used (Table 3) contained an anneal step because

mannitol was used in formulation.

Step | Stage Temp | Vacuum Time
°C) (mTorr) (Hr:Min)

1 Temp Hold 20 150 00:10

2 Freezing -50 150 01:30

3 Freezing Hold/ -50 20 00:30
Chamber Vacuum

4 Primary drying -40 20 00:30
Primary drying -40 20 10:00
Hold

5 Secondary drying | 30 20 02:00
Secondary diying | 30 20 03:00
Hold

Table 3. Lyophilisation Cycle. Freezing hold and application of the chamber vacuum was

conducted simultaneously.

2.11 Non-reduced SDS-PAGE

Protein purity was examined during expression and purification using non-reduced sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Samples from stages
preceding protein refolding were prepared so that 500 puL was centrifuged for 5 minutes at 13,523
x g and the supernatant decanted before resuspending the pellet in 200 pL of 1X Novex NuPage
LDS (Thermo Fisher Scientific Inc., Wilmington, USA). For post-refold analysis, samples were

mixed with Milli-Q water and LDS to achieve 0.1 mg/mL protein concentration and 1X LDS.

Samples were heated at 90°C for 5 minutes before being loaded at 10 pL into Novex NuPage 15-
well 4-12% Bis-Tris precast gels with 1X NuPage MES running buffer (Thermo Fisher Scientific
Inc., Wilmington, USA). Pre-refold samples were centrifuged at 13,523 x g for 5 minutes and 10
uL of supernatant loaded following this heat treatment step. A PageRuler Prestained Protein
(Thermo Fisher Scientific Inc., Wilmington, USA) with molecular weight markers ranging from
10 to 180 kDa was loaded at 6 pL into the first lane on every gel. Electrophoresis was conducted

at a constant voltage of 200 V for 35 minutes. Gels were imaged with an Amersham Imager 600
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(GE Healthcare Bio-Sciences, PA, USA) by staining with InstantBlue (Expedieon Ltd,

Cambridgeshire, UK) for >1 hour and destaining with distilled water overnight.

2.12 Nuclear magnetic resonance (NMR) Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy was performed using a 700 MHz Bruker
Avance NEO spectrometer fitted with a Bruker AEON refrigerated magnet and QCI-F cryoprobe.
The ™N-'H HSQC spectroscopy experiments were performed using the hsqcetfpf3gpsi pulse
sequence, while *H NMR spectra were collected using the zgesgp pulse sequence. Spectra were
recorded in the temperature range 295 K to 323 K, at incremental steps of 2 K. To control for
thermal drift of signals, 5 pL of trimethylsilylpropionic acid (TSP) was added to the protein
sample. While TSP is not expected to affect chemical shifts or display any behavior similar to the

excipients in this study, it was added to all samples to control for any changes it may induce.

2.12.1 Processing of NMR Spectra and Further Analysis

Both *H and *N-'H HSQC experiments were processed in Topspin 4.0.8 (Bruker, Coventry UK).
Signals from experiments at each temperature point were zeroed to the TSP signal. CcpNmr
Analysis 2.4.2 (Vranken et al., 2005) was then used for further analysis in order to calculate Ad
and peak intensity.

2.13 Equations for NMR Observable Interpretations

The NMR observables & and Pl were scrutinized to give Y AS, percentage change in PI, 90"

percentiles of both observables and also residue correlation for both observables.

2.13.1 Y46

Calculation of > Ad is illustrated in Figure S.1. Y'Ad at each temperature is the cumulative change
in microenvironment at that temperature, for example >’ Ad at 297 K = AS from 295 K to 297
Kand > Ad at 301 K = (Ad from 295 K to 297 K) + (Ad from 297 K to 299 K) + (A3 from
299 K to 301 K).

2.13.2 90"/95" Percentile for Y48

The 90" and 95" percentile for ’AS was calculated at each temperature point along the thermall
melt. The normal distribution of the Y’ A data set at each temperature was calculated and residues
with a A8 above the 90"/95" percentile threshold of this distribution were considered to be in

the 90" and 95" percentile respectively. The normal distribution equation is given as:
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Where p is the distribution mean, ¢ is the variance and x is the independent variable.

2.13.3 90" Percentile for Pl

The same normal distribution equation was used to calculate the 90" percentiles for P1. Here, the
normal distribution was calculated for all data points across the thermal melt and residues with a
PI value above the 90" percentile threshold of this distribution were determined to be 90%

percentile.

2.13.4 Percentage Change
The percentage change in Pl was calculated between the Pl value at the start of the melt and

maximum point of the melt for respective residues:

Maximum PI-Start PI

Percentage Change = T Eqn. 6

2.13.5 Cross Correlation for 46and PI
Spearman’s correlation (p) was used to calculate the correlation between residues. Coefficients
were derived using ¢ and PI values at consecutive temperature points along the thermal melt. The

Spearman’s equation used was as follows:

6xd?

———)—— X Eqn.7
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p=1

Where d; is the difference between a pair of ranks and n is the number of observations.

2.14 Molecular Dynamics

2.14.1 Rosetta

The Cartesian_ddg application within the Rosetta software suite was used to relax PDB:2D9Q.
Gromacs was used to clean PDB:2D9Q with the “grep -v HOH” command and then renumbered
so that residue 7 was residue 1. This renumbered PDB was then relaxed and the lowest energy
PDB was taken for another relaxation step. The lowest energy PDB from the second relaxation

step was then used as the relaxed structure in this study. This structure was also carried forward
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to the following step where the ddg score (ddg = AGmutant — AGwild-ype) fOr all possible single
mutants (3192) was calculated using the .py file detailed in Figure S.15.

2.14.2 Calculating Solvent Accessible Surface Area
Solvent accessible surface area (SASA) was calculated using the lowest energy PDB from Rosetta
on the online server ProtSA (Estrada et al., 2009). A probe radius of 0.14 nm was used to perform

this calculation.

2.14.3 APR Software

Consensus APRs were determined using AmylPred 2 (Tsolis et al., 2013) based on 10 APR
scanning software: namely AGGRESCAN, Amyloidogenic Pattern, Average Packing Density,
Beta-strand contiguity, Hexapeptide Conf. Energy, NetCSSP, Pafig, SecStr, TANGO and
WALTZ. The APR scanning software used in this study that was not part of this consensus is
PASTA 2.0 (Walsh et al., 2014).

2.14.4 Protein in Water

Simulation of G-CSF (Protein Data Bank ID code 2D9Q) was performed with the molecular
dynamics (MD) software Gromacs version 2019. The pH of PDB structures was altered using the
online server PDB2PQR Version 2.1.1 (Dolinsky, et al., 2007) with the CHARMMZ27 force field
(ff). Molecular topology was generated with the program gmx pdb2gmx using the CHARMM27
ff and TIP3P water model. A cube (-bt cubic) defined the box type in which the protein was
centered with at least 1.0 nm from the box edge (defined by -d 1.0). Sufficient Na* or Cl-ions
were added to neutralise in the system, which was energy minimised using the steepest descent
method by submitting the jobs to the UCL high performance computing facility: Myriad. 100 ps
position-restricted simulations were conducted under an NVT (with a constant number of
particles, volume and temperature) and NPT ensemble (with a constant number of particles,
pressure and temperature). All bond lengths were constrained using the LINCS algorithm and the
time step of simulation was set to 2 fs. Each MD simulation was performed for a minimum of
100 ns.

Running coarse-grained (CG-) MD with the SIRAH 2.0 ff (Machado et al., 2019) required the
use of the AMBER ff when setting the protonation state with the PDB2PQR server. The SIRAH

ff, tools and relevant molecular structures were downloaded from www.sirahff.com. The atomistic

structure of PDB:2D9Q was mapped to its CG representation using the cgconv tool. Subsequent
steps to prepare the molecule for simulation were conducted in Gromacs version 2019 as
described above, however, system solvation and neutralisation were performed with WT4 and
NaW/CIW molecules respectively (Machado et al., 2019).
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2.14.5 Protein in Buffer and Excipient

Parameterisation of excipient and buffer was conducted by uploading respective .mol2 files to
CGenff (https://cgenff.umaryland.edu/initguess/) and downloading the output .str file, provided
the penalty score was below 50. The CHARMM .py script “cgenff charmm2gmx_py3.py” was
downloaded (http://mackerell.umaryland.edu/charmm_ff.shtml#gromacs) and used along with
the CHARMMS36 ff (http://mackerell.umaryland.edu/charmm_ff.shtml) to build the topology of

excipient and buffer files using their .mol2 and .str files:

python cgenff charmm2gmx py3.py SOR Sorbitol.mol2 Sorb.str
charmm36-mar2019.ff

To complete this step, numpy and networkx (v 1.11) were installed. Topology of the protein was
constructed as described above (using the CHARMMZ36 ff). The position restraints for buffer and
excipient, generated using the gmx genrestr command, could then be added to the protein .itp file.
Following this, the protein was centered in a dodecahedron box with at least 1.0 nm from the box
edge, and excipient and buffer molecules were added using the gmx insert-molecules command.
The number of molecules to insert was calculate based on the volume of the system using the

equation:

Moles = Concentration (M) X Volume (L)

Number of molecules

Moles =
ores Avagadro’s number

Number of molecules = Concentration (M) X Volume (L) X
Avagadro's Number Eqn. 8

Therefore, the final system topology was adjusted to reflect the addition of buffer and excipient

by adding the following:

; Include Sorbitol/ACE Topology
#include "SOR/ACE.itp"

#ifdef POSRES SOR/ACE

#include "POSRES SOR/ACE.itp"
#endif

; Include Sorbitol/ACE parameters
#include "sor/ACE.prm"

[ molecules ]

; Compound #mols
Protein chain A 1
ACE 2
SOR 8
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10mM sodium acetate was used for all simulations. System solvation and the following steps were

conducted as previously described.

2.14.6 MD Analysis

2.14.6.1 Dynamics

Periodicity was accounted for after the MD run using the gmx trjconv command. Radius of
gyration (Rg) and root-mean-square-deviation/—fluctuation (RMSD/RMSF) were calculated
using gmx gyrate, rms and rmsf commands respectively. All analysis was done using the protein

backbone.

2.14.6.2 Bio3D

Converting the .xtc simulation file to a .dcd file permitted the analysis of simulations in Bio3D.
This conversion was performed by executing the catdcd file
(http://www.ks.uiuc.edu/Development/MDT ools/catdcd/license.cgi?files/catdcd-4.0b.tar.gz

) and using the stride command to record every 100 frames (nanosecond) of the original
simulation so that the file size was not too large. These frames were superimposed onto the a-

carbon positions of the PDB:2D9Q using the commands:

ca.inds <- atom.select (pdb, elety="CA")
xyz <- fit.xyz (fixed=pdb$xyz,
mobile=dcd,
fixed.inds=ca.inds$xyz,
mobile.inds=ca.inds$xyz)
Dynamic cross-correlation maps (DCCMs) were produced from this superposition using the

commands:

cij<-dccm(xyz[,ca.inds$xyz])
plot (cij)
Principal component analysis (PCA) was also conducted using this superposition with the

following commands:

pc <- pca.xyz(xyz[,ca.indsS$xyz])

plot (pc, col=bwr.colors (nrow(xyz)) )

Normal mode analysis (NMA) was performed by executing the nma command (setting rm.gaps
to false) after superimposing the frames 10 and 90 with the pdbaln command. Contact mapping
did not require superposition and instead, after the a-carbon selection step, the cmap command

was executed. The torsion.pdb command calculated torsion angles.
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2.14.6.3 iIGEMDOCK

After setting the protonation state for PDB:2D9Q and paramterising the excipient, molecular
docking was run with iIGEMDOCK. Docking was set to accurate with a population size of 800
for 80 generations and 10 solutions (YYang and Shen, 2005).

2.14.6.4 Coevolution

The CoeViz (Baker and Porollo, 2016) application in POLYVIEW-2D, accessed via the SABLE
server, calculated coevolution for G-CSF residues. These coevolution scores were computed from
the multiple sequence alignment using Pearson correlation, which was weighted by phylogeny
background (described in Baker and Porollo, 2016).

2.14.6.5 Calculations for Excipient Analysis

Radial Distribution Frequency (RDF) was calculated by creating an index file, selecting the
oxygen atoms of all water molecules, which was used to reference the hydration shells in with the
gmx rdf command. Distance distribution between protein and excipient was determined by
calculating the minimal distances between residues and excipient molecules over the simulation
using the gmx pairdist command. Residue interaction probabilities was then derived by counting
(with the Excel 2016 countif function) the number of distances below 0.35 nm (for hydrogen
bonding) and 0.6 nm (for VDW interactions) and dividing this by the total number of distance

data points for each residue.
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Chapter 3: NMR Reveals Thermally-induced Changes Pivotal
to the G-CSF Structural-function Relationship

Little is reported on major conformational changes in G-CSF that are significant to bioactivity or
stability/aggregation. However, a G-CSF aggregation mechanism has been proposed in which a
highly reactive and structurally perturbed monomer functions as an aggregation seed (Krishnan
et al., 2002). This perturbation was suggested to be in loop AB of G-CSF by Raso et al., based
on a change in intrinsic fluorescence and the location of tryptophan residue W58. The aggregation
of G-CSF is potentially rate-limited by conformational stability (Raso et al., 2005; Robinson et
al., 2018) consistent with such an aggregation-prone intermediate state. Peptide-level hydrogen-
deuterium exchange mass spectrometry (HDX-MS) recently also confirmed the sensitivity of
aggregation rates and thermal stability upon mutation or formulation, to changes the exchange
rates of residues within loop AB, loop CD, and the beginning of loop BC (Wood et al., 2020;
Wood et al., 2022). Identifying specific residues that instigate or are directly affected by
significant structural changes like this, in response to mutations or thermal perturbations, could
reveal important structural features and mechanisms that affect function and stability, and thus

also guide future rational/semi-rational protein engineering.

High-resolution insights on the residue-level dynamics over a range of native temperatures would
provide valuable insights into key structural changes within the native ensemble that may be
relevant to both function and the propensity to denature or aggregate. An NMR HSQC maps the
microchemical environment of protein residues with chemical shift peaks. Therefore, changes in
these peak positions signify changes in residue microchemical environment. Observing residue-
level NMR chemical shift and peak intensity changes over a range of temperatures from 295 K to
323 K, this chapter explores the changes that individual residues in G-CSF experience through
the early stages of thermal denaturation prior to the global transition. The peak intensity of signals
in NMR typically represent the population of a species in the solution, e.g. the more G-CSF
molecules are in a particular conformation, the higher the observed peak intensities (Kleckner and
Foster, 2011; Dong et al., 2017). Additionally, dynamics can influence peak intensity and there
exists a plethora of NMR experiments to probe protein dynamics (Igumenova, Frederick and
Wand, 2006; Lakomek et al., 2008; Zeeb and Balbach, 2004). Higher residue mobility decreases
R, (1/T,) relaxation rates and increases peak intensity (Caulkins et al., 2018; Palmer 111, 1997;
Viles et al., 2001). This chapter attempts to identify dynamic residues in G-CSF by collectively

accounting for their change in microchemical environment and peak intensities.

Using this approach, it was possible to resolve key events during the earlier thermal ramping

towards the global transition temperature. This identified high-priority residues as potential
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targets for mutagenesis based on the significant changes they experience both locally and far in
space. Structural changes were also identified within loop AB that supports previous observations
that this loop can conformationally rearrange to form an aggregation-prone state (Raso et al.,
2005; Wood et al., 2020; Wood et al., 2022). Finally, subtle conformational changes were
revealed in binding site 111 residues that may be significant in pre-organising the active site for
receptor binding. Involvement of a key histidine residue suggests a pH-dependence that may adapt
G-CSF activity within the lower-pH long bone marrow where it acts in vivo (Nikolaeva, 2018).

3.1 Results

3.1.1 Assigning G-CSF 2D *N-'H HSQC Spectra at Different Temperatures

From the 2D *N-'H HSQC spectra of 0.09 mM wild-type G-CSF in 50 mM sodium acetate, pH
4.25 (Figure 7b), 1 was able to assign a maximum of 115 peaks out of the 160 assignable peaks
published by Zink et al using CcpNmr Analysis 2.4.2 (Vranken et al., 2005; Zink et al., 1994). |
applied a thermal ramp from 295 K to 323 K, which was just below the thermal melting transition
temperature, and recorded spectra at every 2 K to track the movement of peaks by measuring the
changes in their chemical shift positions (A38). This allowed us to monitor residue environmental
changes (including partial unfolding events and conformational transitions) up until the point of
global unfolding. The number of assignable peaks decreased from 115 at 295 K, to 106 at the
final temperature of 323 K, where some peaks became co-incident with others while others
disappeared altogether. All NMR experiments in this study were conducted in singlicate, which
can limit the conclusions to be made solely from NMR data. However, as this study will show,
significant conformational changes are consistent across different formulations (Figure 17, 21 and
29). A sequence map of G-CSF with significant residues referenced throughout the study is
highlighted in Figure 7a.
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Figure 7. G-CSF Sequence and Assigned **N-*H HSQC. A. The colour-coded bars (legend is
below the sequence) indicate which residues belong to the respective category. B. The ®N-tH
HSQC spectrum of 0.09 mM WT G-CSF (pH 4.25, 50 mM sodium acetate) collected at 303 K
(all residue numbers are shifted by +1) and assigned in CcpNmr Analysis 2.4.2 (Vranken et al.,
2005).

The chemical-shift distances travelled by peaks during the thermal melt were measured and the
trajectories characterised as linear or non-linear (defined in Table S.1). A typical example of a
linear peak maxima trajectory during the thermal melt (295K to 305K) is shown in Figure 8a for
residue Q134. In total, 68 residues had linear trajectories. By comparison, 44 residues had non-
linear peak trajectories over the thermal melt such as that in Figure 8b, which indicated a more
complex pathway in their change in microenvironment, with intermediate conformations being

populated. There is a concentration of some of the most non-linear trajectories around the C-
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terminus of helix D (V163, R166, H170) and the proximal loop AB residues S62 and G73, the
significance of which is later discussed. Some signals could not be assigned throughout the entire
temperature range. For example, the peak from residue E45 disappeared at 303 K and above. The
signals from other residues, namely Q67, M126, E93, G87 and S155, were lost after appearing in
the same position as a signal for another residue experiencing the same microchemical
environment at that temperature. Residues with more than three temperature points missing were

not included in further analysis.
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Figure 8. Residue Peak Migration Over the Thermal Melt. Each cross in A. and B. represents

the maxima from the peaks for residues Q134 and F160, respectively, from 295 K (represented
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with the black cross) to 305 K (represented with the pink cross). The red arrows indicate the

trajectory of these maxima during the thermal melt.

3.1.2 Tracking the Cumulative Change in Residue Microchemical Environment

The peaks from different residues also moved at various rates and to varied extents, as shown
with examples in Figure 8. To highlight this, a cumulative change in chemical shift (3Ad) was
calculated for each residue as a function of temperature, starting from > A6 = 0 Ad at 295 K, as

shown in Figure S.1.

The vast majority of residues had a linear Y Ad—temperature relationship” for the entire thermal
ramp (Figure S.2), indicating a gradual rise in thermally-induced mobility throughout the
structure, but with no clear conformational changes in local structure. Their > Ad values were
normally distributed (Figure 16), where the distribution broadened with increasing temperature,
although the majority of residues remained with a total Y Ad of <0.2 Appm even at 323 K. This
indicates that the changes in microenvironment across the majority of the residues were mostly
related to gradually increasing mobility in the native ensemble, with increasing temperature. On
the other hand, a few key residues underwent significantly larger changes, surpassing the
threshold of YAé (at 323K) = 0.2 Appm by at least 50%, indicative of residues with

microenvironments much more susceptible to temperature than the majority.

Table 4a highlights residues ranked in the 90" percentile according to their A8 at each
temperature. Residue Q70 (the top grey line in Figure S.2) clearly ranked highest by > Ad over
the whole thermal melt except at 297 K. The relationship between residue-level > A and location
in the crystal structure of G-CSF (Protein Data Bank ID code 2D9Q: Tamada et al., 2006) was
also visualised by highlighting residues in the 90" percentile in Figure 9a. A more detailed colour-
mapping of >’ Ad values for all residues, and at each temperature is available in the supplementary
information (Figure S.3). This shows the gradual increase in > Ad for most residues as temperature
increases, but also highlights the positions of the residues that had stronger responses to

temperature, which can be easily seen as early as 307 K.

Residues in the 90" percentile were mainly in loop AB, aside from residues H156, A37, L89, L78,
F144 and EA45, found in structural clusters formed from parts of helix A, B, D and the short helix
(Figure S.3). This suggests that there were three or four localised regions of structure susceptible
to conformational change or partial unfolding at temperatures lower than for global unfolding.

This will be discussed after further analysis below.
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Interestingly, for a few residues (namely G55, 156, A59, S63 and F144), the > Ad—temperature
relationship was not entirely linear and a minor transition occurred at approximately 305/307 K,
as visualised in Figures S.6 and S.7. This transition represents a minor conformational
rearrangement clustered within the first half of loop AB and its interactions with helix D, which
is adjacent to the GCSF-R binding site 111 (Tamada et al., 2006). Notably, residue S63 climbs
Table 4a rapidly at above 305 K as it experienced larger changes in its microenvironment during

the localised conformational transition discussed above.
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Figure 9. Mapping NMR Observables onto G-CSF. Each observable parameter is mapped
onto the G-CSF crystal structure. A Residues in the 90th percentile of > Ad Residues that
appeared in the 90th percentile for up to two of the 14 temperatures are coloured pink, salmon
residues appeared at 3 to 9 temperatures, and deep red residues appeared for at least ten
temperatures. In B, all 90th percentile residues for PI (absolute change) are coloured red. In C,
the 15 residues showing the highest percentage increase in Pl over the temperature range are
coloured yellow. These form 3 sub-clusters, circled red. D combines all residues in A-C to
reveal four final structural clusters. Structural cluster 1 is blue, 2 is green, 3 is yellow and 4 is
red. Residue W58, assigned previously to observed hyper-fluorescence, is shown as sticks.

PDB:2D9Q is missing its first 6 residues, therefore S7 is highlighted in place of earlier residues.

A Residues in 90" Percentile > A8
Temperature
297 1299 301 | 303 | 305 | 307 | 309 | 311 | 313 | 315 | 317 | 319 | 321 | 323
K K K K K K K K K K K K K K
R 56, 70| 70| 70| 70, 70| 70| 70| 70| 70| 70| 70| 70| 70
e 68 56| 95 95| 95 95 95 95 95 95 95 95 95 95
s 134 | 134 | 134 | 134 | 134 | 134 | 134 | 134 | 134 | 134 | 134 63 63| 134
i 133 94| 68 68 | 68 68 94 63 63 63 63| 134 134 94
d 95 68| 94| 94| 94 94 | 68 68 94| 94 94| 94 94 68
u 37| 95| 133 ] 133 ] 133 63 63 94 68 68 68 68 68 43
¢ 12| 133 56| 156 | 43 56| 133 ] 133 ] 133 ] 133 43 43 43| 133
41 92| 156 6 6] 133 43 43 43 43| 133 133 133 61
69| 156 | 43 66 | 156 43 56| 156 156 156 93 61 61| 144
89 6 56 66| 156 | 156 6 6 66| 156 156 | 144 78
43 63 43 63 6 6 6l 66 6 6 6 6
66 66 66 66 156
6l 56 61
B. Significant Residues from PI

Residues in 90 Percentile of PI

T1, G4, A6, 57, S8, C36, V48, W58, C64, W118,Q120, T133, Q134, G135, A139,
S142, H156, Q173

Top 15 Residues in PI Percentage Change

E33,C36,T38,L41,H43, G51, G55,156, A59,Q70, L89, G94,1L.106, M126, V153

Table 4. A. Residues in the 90" percentile of the Y AS normal distribution at each temperature
point, highlighted on a green scale, with darker green representing higher > Ad. B. A list of

significant residues determined from PI. Residues with a maximum PI value (typically around
305K) that are in the 90™" percentile are shown in the top half of the table. The top 15 residues

with the highest percentage change in Pl are shown in the bottom half.
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3.1.3 Variation of Residue Signal Peak Intensities with Temperature

Over the thermal ramp, the peak intensities (PI) for all residues, in general, increased with
temperature up to ~305 K and plateaued before decreasing at ~313K and above (Figure S.4) and
could be fitted with a second order polynomial curve for all residues. This general trend relates
to the gradual increase in dynamics, and hence PI, as the temperature increases, but then as the
protein begins to unfold and aggregate, the Pls decrease, leading towards zero Pl as the thermal
denaturation midpoint is approached (at approximately 323 K). Residues T1 to S8, V48 and Q120
are an exception to this trend as they plateaued much earlier, perhaps signaling internal
rearrangement or high dynamics while the protein was in a low energised state. Residues in the
90th percentile of Pl were determined as those passing the upper 10% threshold for the total
distribution data for all PI (egn.5). Residues with a maximum Pl above this threshold were classed
as 90" percentile (indicated in Table 4b, Figure 9b and Figure 10a with red bars). Pl is strongly
influenced by dynamics such that residues in the 90" percentile can be classed as relatively

dynamic.

Given that both sample concentration and temperature can influence PI, | could, at least in part,
be observing a general 2™ order polynomial curve for PI due to the influence of these factors
(Shaoxiong Wu, 2011; Zhang, Powers and O’Day, 2020). The initial increase in Pl could result
from the rising temperature of the sample, which in turn increases bulk magnetization (Shaoxiong
Wu, 2011). Additionally, over a thermal melt, certain local conformations within the protein can
become dominant. Consequently, this would cause the Pl of these residues to increase over the
melt, given that PI reflects the number of nuclei resonating at a given frequency (experiencing
the same micro-chemical environment; Kleckner and Foster, 2011). Global increase in mobility
would also cause this initially increase in P1. An interplay between all mentioned factors is equally
likely. The decrease in peak intensity towards the end of the thermal melt could result from loss
of sample through unfolding or aggregation at around 321K (323K is where signals for the
majority of residues are lost with NMR) (Wood, 2020). Nevertheless, all residues may not follow

these global trends and may hold key information to their role in global stability.

In addition to the maximum PI, | aimed to identify residues that underwent significant changes in
dynamics during thermal denaturation. These large dynamic changes could result from local
unfolding events, or conformational switching within the native ensemble with relevance to
stability or function. The percentage increase in Pl (eqn.6) was calculated for all assigned residues
(Figure 10a). Therefore, unlike the 90" percentile for PI, percentage increase in Pl refers to the
largest change in dynamics experienced by a given residue. Residues that were highly dynamic
already at low temperatures, such as at the N-terminus (T1 to S8) tended to give low (7%-25%)
increases in Pl. However, some residues gave large increases in dynamics, such as G51 which

experienced a 297% increase in Pl. Many residues with a high percentage increase had low

51



maximum Pl values, and so had a low absolute change in Pl. However, residues C36 and H43
have both high maximum Pls and a high percentage change (Figure 10b), indicating significant
changes in dynamics for these residues. The vast majority of the top 15 residues experiencing the
highest percentage increase in Pl (also highlighted in Table 4b and in yellow in Table S.3) were
generally clustered at the receptor-binding end (site I11) of the protein structure, forming the sub-
clusters 2 and 3 shown in (Figure 9c). This is also particularly emphasised in the split half-way
through loop AB in which the N-terminal residues had large percentage increases in Pl, compared
to the C-terminal half of loop AB which gave high maximum P1 values.
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black line indicates percentage increase in Pl over the melt. B. Maximum Pl vs percentage

increase in P1 (with key residues labelled).

There was considerable overlap between the residues in the 90th percentiles of Y’ Ad, Pl and %PI
(Table 4), and hence also for their structural locations (Figures 9 a-c). Figure 9d combines the
residues highlighted by each measure, and clearly shows that they form four structural clusters.
The first is formed along the C-terminal half of loop AB (residues L61, S63, C64, S66, A68, L69,
Q70 and L78), the C-terminus (Q173), the N-terminus (T1, G4, A6, S7, S8, S12) and the
beginning of loop CD/end of helix C (W118, Q120 and M126). The second structural cluster
spans the N-terminal half of loop AB (G55, 156, W58, A59) with some interacting residues from
the short helix (V48, G51), helix D (F144, V153, H156), helix C residue L106 and loop CD
residues (L89 and L92-195). From the residues involved, this structural cluster appears to form a
large hydrophobic core in which residues also have a low solvent accessibility (Figure S.8).
Therefore, given that an increase in solvent accessibility can increase transfer of magnetization to
solvent (thereby increasing PI), structural cluster 2 could be experiencing an expanding motion,

making it more solvent accessible.

The third structural cluster resides in GCSF-R binding site 111, with helix A and nearby short helix
residues (E33, C36, A37, T38, L41 and H43). Finally, the fourth structural cluster is centred on
loop CD residues T133, Q134, G135, A139 and S142 at the end of loop CD, near to the short
helix. Clearly, these structural clusters overlap in some regions.

As discussed above, the large changes in microenvironment or dynamics for these residues in
localised structural clusters, indicates localised conformational changes or partial unfolding, at
low temperature (from 305 K) prior to any global unfolding or aggregation which begins (>1%
unfolded) at approximately 320 K (Robinson et al., 2018). The focus around loop AB is
consistent with previous work implicating this region in a conformational shift to form an
aggregation-prone G-CSF intermediate (Raso et al., 2005; Ko et al., 2022). More recent HDX-
MS studies on G-CSF formulations containing mannitol, phenylalanine or sucrose (Wood et al.,
2020), and on single-mutant variants of G-CSF (Wood et al., 2022) have confirmed the role of
loop AB. In addition, they revealed changes in dynamics within the short helix, loop CD and part
of helix D, that correlated with aggregation propensity and the thermal melting temperatures (Tm).
The NMR data, showing structural clusters 1, 2 and 3 encompassing loop AB, and structural
cluster 4 within loop CD, fully supports a conformational change localised in these same regions,
that is promoted through the moderate temperature increase to 307 K. The largest aggregation-
prone region (APR), identified by the consensus method employed in Figure S.10 (assisted by my
undergraduate student, Jinhui Kim), spans helix D. Conformational changes around loop AB
have a strong potential to expose this APR. Given the non-linear trajectory for residues clustered
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around the N-terminus of helix D (V163, R166, H170) and proximal C-terminus of loop AB (562
and G73), conformational changes in these regions could result from multiple states being

occupied in loop AB before helix D is exposed.

A notable feature of the structural clusters identified by NMR, is that none of them are directly
involved in the major binding site (site 1) containing residues K16, G19, Q20, R22, K23, L108,
D109 and D112. Thus, the structural rearrangements identified as the temperature is increased
would not necessarily affect the integrity and function of binding site 1l. However, the minor
binding site (site Ill) appears to be directly impacted, suggesting that this site can be
conformationally switched on or off. Indeed, the significant distortion of loop AB may be
necessary to elicit a conformational change in binding site 111 for receptor interaction, as eluded
to in Figures S.7 and S.9. It appears, therefore, that the structural change identified as making G-
CSF more aggregation-prone in vitro, is the same or similar to the structural change observed at
307 K in vitro. It is also very possible that the higher temperature structure is the functionally
relevant state in vivo at 37 °C (310 K), although the difference in pH from this work at pH 4.25,
and physiological pH of 6.7-6.9 in long bone marrow, would also likely have an influence
(Nikolaeva, 2018).

3.1.4 Probing Correlations in 46 and Pl

Although Y'A8, Pl and %Pl indicated which residues were undergoing the most change under
"native" conditions prior to the global thermal melt, this did not reveal how the movements in
each residue related to the others, beyond simply co-locating them in structural clusters.
Correlation analysis between residues could determine whether the changes in residues or the
structural clusters are directly coupled during the thermal denaturation. Figure 11a shows a cross-
correlation matrix (CCM) for the temperature-dependent A8 of all residues in the YAS 90"
percentile over the entire temperature range studied. Figure 11b shows a similar CCM for residues

in the 90" percentile of PI, but correlating across all of their P1 values at respective temperatures.

Correlations were determined in each case using the Spearman’s correlation coefficient (egn.7).
For Ad, each coefficient value was calculated between a pair of residues’ Ad values from
consecutive temperature points over the thermal melt. Using the example of residue 90 in Figure
S.1, residue Q90's Dy, Dy, D3 etc... would be correlated with residue E33's Dy, Dy, D3 etc.... In
the colour scale for Figure 11a, the red shades represent positive correlations above 0.7 whilst the
blue shades represent negative (anti-) correlations of less than -0.7. A white colour gate is used
between 0.7 and -0.7 to remove noise, or correlations of low confidence. The diagonal black line
occurs through the matrix where complete correlation occurs between the same residues. Most

space in this matrix is white, indicating that most residues do not elicit strong correlations between
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their temperature-dependent fluctuations in Ad. However, there are some clear regions of strong

positive or negative correlation.

For PI, positive correlation values were generally higher than those for A8. Therefore, a higher
colour gate (-0.95 to 0.95) was needed to reduce noise. Negative correlation did not occur below

a value of -0.95

Interestingly, residues within loop AB itself did not tend to correlate strongly with each other in
either matrix, suggesting that the overall change in conformation across the loop was not highly
concerted or cooperative, but was probably more progressive with temperature. This is also
reflected in the C-terminal end of loop AB having more 90" percentile Pl residues (highly

dynamic), but the N-terminal end having more 90" percentile %PI residues (large change in

dynamics).
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B. CCM for PI
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Figure 11. Cross-correlation matrices (CCM) for A. Ad and B. Pl. Spearman % correlation
coefficient values are colour coded. In A, shades from red to black represent positive correlation
(above 0.7) and shades from blue to purple represent negative correlation (below -0.7). A
colouring gate of white was used between -0.7 and 0.7 to reduce noise. In B, shades from red to
black represent positive correlation (above 0.95) and shades of blue represent negative correlation
(below -0.95). A colouring gate of white was used between -0.95 and 0.95 to reduce noise.

Unassigned residues have grey columns.

By contrast, several key clusters with strong correlations were observed in the two matrices.
Some were formed within their local sequence (close to diagonals on matrices), such as at the N-
terminus (G4, A6, S7 and S12), within loop CD (T133, Q134 and G135) and within loop BC (L92
and E93). However, the two regions in the N-terminus and loop CD also strongly correlated with
each other despite being spatially distant (30.1 A apart). A key linker between these regions
appears to be residue W118 in helix C, which sits between them spatially, and has strong
correlations with S8, T133 and G135 in PI.

The loop CD cluster (T133, Q134 and G135) was also correlated to regions of loop AB (S66,
A68, L69) close to the N-terminal end of loop CD, and to H156 at the other end of loop CD,
indicating increased dynamics in the centre of loop CD resulting from modified interactions with
the ends of that loop. As the C-terminal end of loop AB (A68, L69) was also strongly correlated
in Ad to N-terminal residues (G4 and S12), this provides another structural link that could mediate

the correlation between the N-terminus and loop CD. Thus overall, the structural changes in the
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N-terminus, the C-terminal end of loop AB, the centre of loop CD and residue W118, appear to
become modified in a concerted manner. The changes in the N-terminal end of loop AB is not in
concert with this, but instead undergoes its own non-linear transition at ~305 K as seen for
residues G55, 156, A59 and S63 (Table S.2B and Figure S.7).

A few other individual residues show strong correlations, without forming clusters with local
sequence. As such, while they may indicate coupled loss of interactions, their spatial separations
and occurrence as individual residues suggests that they are more likely to be coincidentally

undergoing similar changes in microenvironment.

3.1.5 Characteristics of Structural Cluster 3 Reveals a Potential “Switch Mechanism”
Residue H43 displayed a notably high Y A8, maximum PI and percentage change in PI (Table 4
and Figure 10), and appears in structural cluster 3 (Figure 9d). From this cluster, residue C36 is
disulphide bonded to C42, and while both residues showed a similar PI profile up to 307 K, there
was a clear inflection point for C36 where its Pl increased more rapidly at above 307 K and peaked
at 315K (Figure 12b). PI for residue C42, on the other hand, slightly increased at 307 K as well
but then decreased and stayed low after this. Similarly, >Aé for residues C36 and C42 were
similar up until 311 K, but then clearly differentiated at the same temperature as the large peak in
P1 for residue C36.

Residue H43 is adjacent to the disulphide bonded residue C42 (Figure 12a), and is also proximal
to a very negatively charged area composed of E45 and E46 (highlighted blue). P44 is positioned
such that it angles the sidechain of H43 towards these negatively charged residues. H43 also has
the second highest percentage increase in Pl (241%), visible as a distinct peak in Pl at 303 K
occurring immediately before the peak observed in Pl for C36 in Figure 12c. The physiological
temperature of ~309 K (indicated with a black arrow) occurs right at the transition point just after
the decrease in Pl for H43 and just before the peak in PI for C36. Therefore, H43 is well-placed
to instigate a “switch mechanism”, with attraction towards E45 and E46 placing a strain on the
disulphide bond between C42 and C36, due to the pulling of the short loop containing H43. A
significant Pl increase was experienced by C36, and much less so for C42, because it is part of a
structured a-helix with more restricted movement. The significant Pl increase for C36, and
decrease for H43 suggests a shift towards a new conformer with increased dynamics for C36,
potentially also including breaking of the disulphide, and with decreased dynamics for H43 as it
forms stronger interactions with E45 and E46. Of note, although processing of NMR observables
for E45 is not shown due to more than three missing temperature points, the Pl for E45 decreased
simultaneously with the increase in Pl for H43. This could signify increased conformational

restraint on E45 as H43 interacts more with it.
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Given that H43 is part of an unstructured loop between helix A and the neighbouring short helix
region, the proposed “‘switch mechanism” would likely expose the loop region that also contains
residues L41 and Y39 (highlighted green in Figure 12a). > Aé of Y39 and L41 sharply increases
during H43’s Pl maximum, with a slight slowing to that increase while C36 reached its PI
maximum (Figure 12c). Both Y39 and L41 form part of the minor G-CSF receptor (GCSF-R)
binding site 11, highlighted green in Figure 12a (Tamada et al., 2006). Furthermore, they are
amongst the most buried residues in both active sites for G-CSF, displaying a solvent accessible
surface area (SASA) of 0.640 nm?and 0.099 nm? respectively (in Table 5 and Figure S.8) as
determined using the online server ProtSA (Estrada et al., 2009). That makes L41 the most buried
residue in both of G-CSF active sites and Y39 the fifth most buried (Table 5). Hence, exposure
of these residues by a “switch mechanism” would have a significant impact on bioactivity.
Although the thermal melt with WT G-CSF was not repeated in this study, Figure 29 shows the
same general trend in NMR observables depicted in Figure 12b and C when this approach was

done in the presence of various excipients.
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Figure 12. The “Switch” Mechanism. A. Causal and beneficiary residues in the “switch”
mechanism. The disulphide bond between C36 and C42 is indicated in the red circle. Structural
cluster 3 residues are yellow, H43 is red, E45 and E46 are blue and residues in GCSF-R binding
site 111 are green. B and C compare Pl and Y A for C36, C42, Y39 and L41. A black arrow
represents the point of physiological temperature (~309K) in C. Table 5 shows the SASA of all
of these residues in binding site I11.

3.1.6 Insilico structure relaxation supports NMR and a proposed ‘switch mechanism”

To further understand the observed changes in Y Ad and PI, the PDB:2D9Q structure of the
receptor-bound G-CSF was relaxed using the online server Rosetta in the absence of the receptor.
This would allow residues that are thermodynamically constrained in the bioactive receptor-
bound state, to relax into conformations more favoured in the unbound state, and that could then
be compared to the large changes observed for Y’ Ad and P1. The relaxed structure (coloured cyan)

is compared with the unrelaxed PDB:2D9Q structure (coloured silver) in Figure 13.

Structural cluster 2 is the second largest of the four (Figure 9c¢). All of these residues, aside from
G94 and A59, form a hydrophobic pocket with their side chains in close proximity (within 4.7 A)
to each other (Figure S.9b). The H atom of G94 and side chain of A59 face towards this
hydrophobic region and both residues are highly buried with a SASA of 0.106 nm? and 0.246 nm?
respectively. Structural cluster 2 is also very close to V48, which has the highest maximum P1 by
a large margin (Figure 9/10). When comparing relaxed G-CSF (cyan) with unrelaxed (silver) in
Figure 13, the short helix next to the structural cluster 2 hydrophobic region clearly moves
outward in the unrelaxed structure (Figure S.9b). V48 appears to lead this outward movement of
the short helix. In the relaxed structure the short helix is fairly straight, whereas in the unrelaxed
structure it is curved with V48 at the apex. This structural change is not picked up by NMR as a
significant change in the microenvironment of V48 because it is already solvent exposed (Table
5 and Figure S.8) and so already highly dynamic. The large cluster of hydrophobic residues in
structural cluster 2 that experience a significant percentage increase in Pl over the thermal ramp
suggests that they become more mobile as the hydrophobic core unpacks, alongside a movement
in position of the short helix. The intensity of the signal can in part depend on the ability of side
chains to transfer magnetization to the solution. Therefore, expanding of the hydrophobic core
region could also cause these residues to become more solvent exposed and significantly increase
their signal. Moreover, residues G55, 156 and G149 experience extremely non-linear peak
trajectories (Figure S.5) and are within (and close to) structural cluster 2, suggesting that this N-

terminal loop AB region adopts multiple conformations as it expands.

H43 was in the 95" percentile of Y A8, had the second highest percentage increase in P1 (Table 4
and Table S.3) and was close to being in the 90th percentile for PI (Figure S.8). This suggested
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that it underwent a significant environmental change affecting its dynamics as the temperature
increased. Given that this residue would be positively charged under this study’s experimental
conditions, it would also be attracted towards the nearby negatively charged E45 and E46 residues
(Figure 12a and 13). Figure 13 highlights residues H43, E45, and L41 in green (relaxed) and red
(unrelaxed). H43 can be seen to move further from E45 upon relaxation, shifting from 4.8 A apart
in the receptor-bound state, to 6.2 A apart in the relaxed unbound structure. Moreover, the
backbone of the loop containing L41 moved slightly, while the sidechain became more tightly
packed onto the helix D backbone in the relaxed structure, compared to a more solvent exposed
position in the unrelaxed structure, undertaking a 0.8 A shift in position. Overall, the changes
observed upon relaxation into the unbound structure appear to correspond with the NMR-
observed transitions in reverse, and so from higher to lower temperature structures. This places

G-CSF into a more active conformation at above 309 K (36 °C) in vivo.

Figure 13. PDB:2D9Q vs. Relaxed Structure. PDB:2D9Q Relaxed structure in Rosetta
Cartesian_ddg (cyan) overlaid on an unrelaxed PDB:2D9Q (grey). H43 and E45 highlighted
green in the relaxed structure, H43 and E45 highlighted red in the unrelaxed structure. Distance
between both residues is indicated in the relaxed and unrelaxed as 6.2 A and 4.8 A respectively.
L41 is highlighted in the same manner as this with its distance from the neighbouring a-helix

backbone being 3.4 A in the relaxed structure and 4.2 A in the unrelaxed structure.

This "switch™ involving H43 could be significant to bioactivity because it is part of the same short
unstructured loop as L41 and Y39. Both of these residues are part of the GCSF-R binding site and
are buried (Table 5; Tamada et al., 2006). Hence, the aforementioned movement by H43 could
pull L41 and Y39 out into solution so that they are more exposed to allow receptor binding.
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Supporting this is the sharp change in the microenvironment of L41 and Y39 at the same time as
the increase in H43’s Pl and the relaxed structure comparisons (Figure12c and 13). This “switch”
appears to come at a cost to C36. The large increase in C36’s Pl beginning at ~307K places it in
the 90th percentile of Pl. However, at physiological temperature (309K), G-CSF would not
experience this possible strain on C36 but would experience the benefit of the H43 “switch”
(Figure 12c).

G-CSF is most stable at < pH7, ideally pH 4. Suggested contributions to this characteristic range
from high colloidal stability to stronger cation-r interactions between residues W58 and H156
(both of which are very dynamic according to this study) at low pH (Ko et al., 2022; Chi et al.,
2003). Furthermore, while the pH of bone marrow (where GCSF-R is present) is not well studied,
some studies suggest it to be slightly acidic (Nikolaeva, 2018; Massa et al., 2017). The lower pH
would therefore increase the attraction of H43 towards E45/E46, thus supporting a potential
“switch mechanism” controlled by H43 as seen when the unrelaxed and relaxed G-CSF structures
are overlaid (Figure 13). Bone marrow is also proposed to be more reducing than the intravascular
environment, which could lead to a larger population of the reduced disulphide bond near H43,
giving it more freedom to make the “switch” (Spencer et al., 2014; Woycechowsky and Raines,
2000).

Although V48 is part of the active site, its importance to bioactivity could be more than just
binding to the receptor. Its dynamic nature could facilitate the expansion of binding site 11l
(Figures 12a and S.9b), which could aid with the complementarity of this binding site to the
receptor (Tamada et al., 2006). Additionally, it could act in combination with the H43 “switch”
to help expose L41 and Y39. Faster binding has been reported when proteins are partially
unfolded (increasing the capture radius), inducing long-range, water-mediated interactions with
the target and finally folding upon binding. This emphasizes the importance of structure
remodelling in receptor recognition and binding (Shoemaker, Portman and Wolynes, 2000). The
positioning of histidines (Figure 14) in G-CSF could play an important role in this long-range
interaction mechanism. All histidine side chains, aside from H43, elicit potential for
intramolecular interactions with residues in loop regions (also suggested by Aubin et al., 2015),
namely cation-n/hydrogen bonding between H79 and W118/Q131, W58 and H156/H52 and H170
and S66. These interactions are likely to be stabilising because the histidines are in structured
regions, thus explaining greater stability for G-CSF at a lower pH. Therefore, the relatively higher
pH of blood would enable long-range targeting for G-CSF followed by higher stability and

binding affinity (from H43’s “switch”) at the lower pH of bone marrow.

62



Figure 14. The Importance of Histidine Positioning for Stability. PDB:2D9Q with all

histidines highlighted. Red boxes magnify potential interactions with these histidines.

3.2 Discussion

NMR was able to assign and track the mobility of G-CSF residues across a range of temperatures
prior to any global unfolding. These findings were highly consistent with previous observations
of the influence of loop AB and surrounding structure on G-CSF stability and aggregation
propensity. Physiological temperature induced structural changes in a local structural cluster
around loop AB that corresponded to regions previously linked to the formation of an
aggregation-prone state. Furthermore, the same structural changes were important for “switching
on” of bioactivity through remodelling of the receptor binding site I1l. The implication is that
while the use of formulation approaches remains highly suitable for stabilising against the
aggregation-inducing conformational change in a product vial or syringe, the use of protein
engineering strategies to stabilise against the same structural changes may have knock-on
functional effects in vivo. These findings also provide further insight into why the T, values are
often a poor predictor of aggregation kinetics when stored at lower temperatures (Robinson et al.,
2018). The thermally-induced conformational switch at 307-310 K (34-37 °C) would mean that
the global unfolding measurement of T, is made from a different native state than the one present
at the lower temperatures used for drug product storage. Finally, the remodelling of loop AB and

binding site 111 involves a critical change in the position of residue H43, which points to a likely
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pH-sensitivity, including the reason why G-CSF is more stable at pH 4.25 in vitro than at
physiological pH. It is also possible that the pH sensitivity is an important feature in G-CSF
activation in long bone marrow which has a slightly acidic pH.
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Chapter 4: Elucidating Excipient Mechanism of Action

The previous chapter explored residues that are key to G-CSF structure remodelling, and thereby
stability and function. Formulating biotherapeutics with excipients is a very common protein
engineering method for stabilisation in both liquid and solid state. Observing mechanisms by
which excipients (de-)stabilise proteins can be challenging, with current approaches including
NMR (Aubin et al., 2015; Ghasriani et al., 2020), SAXS, DCS, DLS (Xu et al., 2019) and
molecular docking software (Barata et al., 2016). The high resolution of 2D NMR endows it with
the ability to interrogate perturbed/interacting residues in the presence of excipients (Cui et al.,
2020). Furthermore, varied-temperature 2D NMR (VT-NMR) permits interrogation of non-
solvent hydrogen bonding as co-solvent is altered (Heisel and Krishnan, 2014). This chapter will
explore how the VT-NMR approach used in chapter 3 can probe the influence of excipients on
regions key to thermal resilience and structure remodelling. The purpose of this is to explain
previous observations with stability when G-CSF is formulated with excipients and to predict the
impact the these formulations on bioactivity.

In the case of G-CSF, sugars as cosolvents have a mild effect on thermal stability, whereas amino
acids have a more pronounced impact at pH 4.25 (Wood et al., 2020). Phenylalanine and histidine,
at 12.5 mM and 25 mM respectively, improved T, to the same point as ~150 mM mannitol,
sucrose, sorbitol and trehalose. However, all amino acid excipients became destabilising at above
~50 mM, with arginine being destabilising at all concentrations. This is in concert with studies
showing little to no protein-excipient interaction when G-CSF is formulated with surfactants and
sugars (Aubin et al., 2015; Ghasriani et al., 2020), while other studies show potential interaction
with arginine (Wood et al., 2020).

Applying the VT- NMR approach used in chapter 3 to excipient studies could shed light on
residues that encourage conformational diffusion to partially unfolded aggregation intermediates.
Conformation diffusion describes the shift in population between different structural conformers.
Therefore, the impact of excipients on the formation of intermediates, and thus possible
mechanisms of conformational and colloidal de/stabilisation can be probed. The excipients
examined in this chapter are phenylalanine and histidine at 12.5 mM and 25 mM respectively,
which improve conformational stability (Wood et al., 2020), as well as 25 mM and 50 mM
arginine, given its deleterious effect on conformational stability. Peak trajectory linearity
(described in Table S.1 and Figure S.5) is used here to assess how cosolvent affects
conformational diffusion and hydrogen temperature coefficients (described later) and to probe

whether this is due to stronger hydrogen bonding (Tomlinson and Williamson, 2012).

The relationship between residue peak trajectories and temperature is empirically linear and is

influenced by & in **N and *H planes (Andersen et al., 1997; Tomlinson and Williamson, 2012).
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While, linearity is dominated by hydrogen bonding for the amide hydrogen (*H), the amide
nitrogen (**N) is affected by many additional factors such as torsion angles of the same and
neighbouring residues (¢i, i1 and x*), side chain rotamer, hydrogen bonding and electrostatic
interactions (De Dios, Pearson and Oldfield, 1993; Wang and Markley, 2009). An increase in
hydrogen bonding either side of the amide, which could be induced by addition of acidic solvent,
decreases its electron density (shielding) and causes 6 to appear further downfield. According to
early studies by Llinas and Klein, rapid upfield movement of & for solvent exposed amides with
increasing temperature can be caused by the decrease in intermolecular hydrogen bonding (with
solvent) outweighing intramolecular bonding (Llinas and Klein, 1974).

However, the prediction of amide hydrogen bond status can be very elusive given their transient
nature. Some studies derive amide hydrogen/nitrogen temperature coefficients (i.e. the slope of
AS/ASN vs Atemperature) given that experimentally resolved structures have shown that H
temperature coefficients (AdH/AT) more positive than -4.6 ppb/K indicate non-solvent hydrogen
bonding for that amide (Cierpicki and Otlewski, 2001). Conversely, more recent studies have
indicated that hydrogen bonding poorly determines Adn/AT, particularly in structured regions
(Tomlinson and Williamson, 2012), instead attributing general loss in structure as a better
determinant. This has also led some to use relaxation dispersion NMR for more accurate
predictions (Bouvignies et al., 2011). Nonetheless, Adw/AT will be calculated in this study to
examine whether intramolecular hydrogen bonding can account for excipient-induced structural

changes.

Results confirmed previous observations that strength of protein-excipient interaction is a poor
measure of an excipient's ability to improve stability (Zalar, Svilenov and Golovanov, 2020).
Destabilising excipient conditions increased the influence of conformational diffusion for the
highly conserved residue R166, which elicits significant thermal resistance. Furthermore,
although excipients influence hydrogen bonding of select residues, the general structural
remodelling (including that for the “switch” mechanism) observed in WT with no excipients,

remained across all conditions.

4.1 Results

4.1.1 Thermal Resistance Relatively Stays the Same Across Excipient Conditions

Comparing microenviromental changes induced by temperature permits investigation into how

excipients influence regions showing little thermal resistance. The term WT will refer to the

control condition (i.e. just protein and no excipient) from this point on, given that all sample

conditions contained WT G-CSF. The maximum data distribution (Figure 15 and 16) at 323 K

for 25 mM histidine (~0.36 Appm) is smaller than for other conditions because signal is lost for
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the two highest ZAJd residues at 321 K (S63 and Q70). Both of these residues accumulated a ZAd
at 321 K similar to that for 12.5 mM phenylalanine. Data distribution for 25 mM histidine is the
only condition comparable to WT at 297 K, with other excipients displaying similar distribution
to WT for the following temperatures (except for 50 mM arginine). 12.5 mM phenylalanine and
25 mM arginine have probability distribution maxima ~10% lower than for WT with 25 mM
histidine at 295 K (Figure 16). This could indicate that histidine has a global stabilising effect on
WT at early temperatures. For 50 mM arginine, the data distribution shifted to considerably higher
YAS values for >299 K. However, there was a much lesser distribution of data from the mean at
each temperature above and including 299 K, perhaps suggesting that 50 mM arginine induced
microenvironment changes to a globally similar extent during denaturation. Thus, it appears that
these excipient conditions, with the exception of 50 mM arginine, generally induced similar XA

over the melt.
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Figure 15. Temperature dependence of Y Ad for all assigned residues at Different Excipient
Conditions. Differently coloured trends represent different residues. The starting temperature is

295 K and therefore has no cumulative Ad distance.
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Figure 16. Normal Distribution of Y A at Each Temperature Point for Different Excipient

Conditions. The temperature for each distribution is indicated in the legend.

Residues showing significant changes in Y A3 appear in the same unstructured loop regions (N-
terminus of helix A and loops AB, BC and CD) for the different excipient conditions as when
observed with no excipients. H156, located in helix D, is the only residue in a structured region
that exhibits significant > Ad change over the melt for all tested conditions (Figure 9a and 17).
Other common observations among all conditions include residue Q70 which displayed the
highest Y Ad for the vast majority of the melt, and Y Ad for residue S63 which increased rapidly
at above ~305 K. This increase in S63 > Ad for 25 mM Arginine, while not visible at ~305 K in

Table 6, did occur at this temperature.
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However, key differences in Y Ad appear to have occurred between conditions. The clearest of
these is the chaotropic nature of Arginine; perturbing more and more residues in helical regions
with increasing concentration. More specifically, the vast majority of these perturbed residues
appear to be localised to helices B and D. Residues in the 95" percentile of Y Ad were situated in
the same regions (loops AB, BC and CD) for the most of the melt for all conditions except 50 mM
Arginine. For this condition, residues L15 and V48 made more than just brief appearances in the
95" percentile. Of note, it was observed in no-excipient conditions that V48, although the most
dynamic residue, did not exhibit significant micro-environmental changes (Figure 9a and 17).
This same pattern was observed for all excipient conditions tested here aside from 50 mM
Arginine, which shows both the highest dynamics for V48 (Table 7 and Figure 17) and a
significant change in Y AS. Additionally, residues H43 and E45 only showed significant change
in Y AJ, as expected for a functioning “switch” mechanism, for 12.5 mM Phenylalanine and
25 mM Histidine.

A.12.5mM Phenylalanine

7

B.25mM Histidine
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Figure 17. Mapping Significant YAé onto G-CSF in Different Excipient Conditions.
Residues in the 90th percentile of > Ao are coloured in the same manner as Figure 9 for all
excipient conditions (A-D). PDB:2D9Q is missing its first 6 residues, therefore S7 is highlighted

in place of earlier residues.

12.5mM Phenylalanine

Residues in 901 Percentile of YA

A Temperature
297K 99K BOIK  BO3K  BOSK  BOTK PBOOK  BUK BLIK BISK BU7K BI9K BUK  BK
R 70 70 70 70 70 [0 70 70 70 70 70 70 63 03
) U3 04 04 134 05 05 03 05 03 63 63 63 70 05
g 93 134 134 93 134 134 134 63 03 oA 03 03 03 134
i 134 U3 03 04 63 04 03 134 134 134 134 134 134 04
d U3 05 U3 63 04 63 04 04 04 04 04 04 04 03
B 08 63 68 08 68 08 68 08 63 (0 08 08 133
e |04 63 68 133 133 133 133 133 133 45 i) 5 U3 Al
05 133 133 43 59 59 U3 45 133 133 133 133 144
94 59 93 93 156 0 03 03 93 6 156
133 03 59 45 156 6 156 6 6 66 156 156 6
108 66 156 6 6 03 03 156 156 156 (66
5 6 59 59 06 06 b
156 66
6 156
i

25mM Histidine

Residues in 90" Percentile of EAS

B Temperature
097K PO9K  BOIK B03K  BOSK  PBOTK PBO9K  BHK  BL3K  BISK BI7K - BI9K  BPUK  B3K
R 59 134 134 [0 70 0 [0 70 70 70 70 70 70 03
e 134 68 03 03 03 03 03 03 03 05 03 03 03 134
g i 05 08 134 134 134 134 134 134 134 05 05 05 04
i B 59 70 08 03 08 3 03 03 03 134 134 134 08
¢ [ 78 03 04 03 63 68 68 63 68 68 04 04 U3
8 b1 59 63 04 o4 P4 04 04 04 04 68 68 U3
e [0 133 04 59 133 133 133 U3 133 43 43 3 i3 78
104 ! 133 133 59 goom 133 13 133 133 133 133 133
12 78 156 156 b 0 06 b1 0l ] in 0l
b 04 1 b 156 b 156 b 66 45 78 2l b
93 156 156 166 1 66 1 b1 b1 156 66 1A 78 156
133 b 78 b 59 156 b6 136 b 156 06 6
10 U3 il 78
( 0

71



25mM Arginine

Residues in 90" Percentile of ZAS
Temperature

R97TK 99K PB0IK PB03K [305K PB07K 09K PBHIK P13K BI1SK 317K BI9K 21K 323K
05 05 05 05 70 70 70 70 70 70 70 70 70 70
04 04 134 [0 95 95 05 05 95 05 05 05 05 95
08 134 68 134 134 134 134 134 134 134 134 134 134 |63
134 68 04 68 68 08 68 68 04 04 04 63 03 134
03 70 70 04 94 94 04 04 08 08 63 04 04 94
72 03 133 133 133 133 133 133 |63 03 68 68 08 08
75 133 66 1 59 b1 6 66 133 133 133 133 133 01
153 50 59 59 03 06 1 03 06 1 61 61 1 133

o 2 & ——w o =" O

] 61 o3 6 61 6 61 61 93 66 (66 93 78
79 66 156 136 [66 03 63 b 6 6 03 03 6 66
133 |6 b 156 139 156 156 93 156 6 156
11 72 135 93 6 156 59 93 156 156 6 156

135 15 78
156

50mM Arginine

Residues in 90t Percentile of LA
D Temperature

297K 299K [B01K 03K B0SK PBO7K 09K BUK P13K P15K BI7K B19K 321K 313K
48 59 70 70 70 70 70 70 70 70 70 70 70 70

1: 02 18 134 134 134 63 63 63 63 63 63 63 63 134
, M 164 163 04 04 134 134 134|134 134 (134 134 134 194
{1491 04 13 63 04 04 04 04 04 04 04 04 68
g [Me6_ 134 M8 03 15 68 68 68 68 68 68 68 68 15
a |4 37 59 68 68 15 15 15 15 15 15 15 15 95
PO | S <[ 03 18 39 39 133 %5 133 133 95 133 195 6]
7 68 03 03 133 %9 133 19 93 133 19 133 133
155 15 59 133 166 93 59 06 6 66 78 78 78
ol 164 133 |66 03 6 (66 59 78 6 (66 6 (66
100 6 135 135 135 6 135 78 144
151 135 16 135 6 b
156

Table 6. Residues are highlighted in the same manner as Table 4A for all excipient conditions
(A-D).

4.1.2 Excipients Induce Structural Changes to Varying Extents

Monitoring > Ao reveals that key residues in loops AB, BC and CD are the most susceptible to
thermal stress, regardless of excipient condition. Nevertheless, this study shows that in a low
energy state/low temperature (299K), the addition of different excipients perturbed markedly
different regions (Figure 18). Excipient induced Ad is defined in Figures 18-20 as the Ad at each

residue position between no excipient (control) conditions and respective excipient conditions at
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299 K. The 90" percentile threshold for total data distribution of all control to excipient AS data
is 0.030 Appm and is the colour scale upper limit in Figure 18. Residues with a Ad above this
value are coloured raspberry, with residues displaying weaker Ad from red to white to grey.
Residues highlighted as sticks and labelled are in the 95™ percentile of WT to excipient AS data
for that individual excipient data set. Grey typically represents unassigned residues.

However, given that Ad was generally very low for 12.5 mM phenylalanine (Figure 18a), most
residues appeared as grey even though they are assigned. This condition caused no residues to be
significantly affected (no Ad above 0.030 Appm), whereas all other conditions did have an impact.
This could be because 12.5 mM phenylalanine had only a very weak/transient interaction (if any
at all) with G-CSF. Areas that were affected under 12.5 mM phenylalanine were localised to loop
AB and partially in loop BC, which could explain its stabilising mechanism given that loop AB
is the least thermally resistant region (Raso et al., 2005; Wood et al., 2020). As will be shown in
section 5.1.4, stabilising mutations made in loop AB when compounded with 12.5 mM

phenylalanine notably increase the melting point.

Residues that were significantly affected in 25 mM histidine and 25/50 mM arginine were more
spread throughout the structure than those relatively affected in 12.5 mM phenylalanine (Figure
18b-d). Furthermore, the more structured helical regions were disturbed under these three
conditions, potentially hinting at strong interactions. For 25 mM histidine (Figure 18b), these
significantly affected residues occurred in helix B, C and D, the short helix (residue E45), N-
terminus of loop AB and loop BC. Residue E45 is key to the “switch” mechanism and, as
expected, bioactivity was markedly impacted for WT G-CSF in 25 mM histidine (Figure 37).
Significantly impacted residues at both arginine concentrations were spread throughout helices
A-D. Of note, 50 mM arginine induced the largest changes of all conditions, which were also
globally spread across both loops and helices.

Given that the structural impact was widespread under 25 mM histidine and 25/50 mM arginine,
it was difficult to attribute a particular area of G-CSF to the de/stabilising mechanism of these
excipients. Nonetheless, to help address this point, it is important to understand what is meant
when a residue is “affected” under excipient conditions. Possible explanations may result from
direct excipient interaction, non-direct interaction (forcing solvent onto the structure and changing
it), or excipient-induced pH changes in solvent. Hence, probing predicted excipient docking sites,

residue charge and solvent accessibility could shed light on this.

73



A.12.5mM Phenylalanine B. 25mM Histidine

)

Figure 18. The Influence of Excipients on & at 299K (Excipient-Induced Ad). The colour scale
is grey (unassigned) to white (low Ad) to raspberry (high Ad) and is used for each excipient
condition (A.-D.). The colour scale upper limit is 0.030 Appm.

4.1.3 Investigating Excipient Interaction with iGEMDOCK

iIGEMDOCK (Hsu et al., 2011) is used here to predict potential protein-excipient interaction sites
(Figure 19). Excipients arginine, phenylalanine, sorbitol, mannitol, trehalose and sucrose were
docked against a relaxed G-CSF structure (described in section 3.1.6) and found to distinctly
cluster around helix A, B, D and loop AB (Figure 19a). The predicted binding energy of these
excipients was calculated by summing energies for side-chain and main-chain hydrogen bonding,
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VDW interactions and electrostatic interactions. This “total binding energy” was compared with
excipient-induced Ad for each condition tested with NMR (Figure 19). All quadrant plots are such
that the horizontal label represents the y-axis and the vertical label represents the x-axis. In Figure
19b, the lower the binding energy, the stronger the predicted binding. Although the vast majority
of residues had a predicted binding energy of 0 kcal/mol, some residues like H79 (helix B), G149,
G150 and V153 (helix D) were clearly predicted as interaction sites. Residue H79 was also
significantly affected in 25 mM histidine and 25/50 mM arginine (Ad at ~0.03 Appm or above),
while G150 was significantly affected in 25/50 mM arginine.

Hence, it would appear that excipient interactions can occur at H79. However, given that H79 is
positively charged (and buried from solvent, Figure 20d) under these experimental conditions,
histidine and arginine excipients may be interacting with the proximal E122 and indirectly causing

a change to the microenvironment of H79 (Figure 20b).

Electrostatic interaction is key to many protein-ligand interactions and was therefore compared
with excipient-induced Ad in Figure 20c. Charged residues in G-CSF were almost exclusively
located in its helices (aside from K40, H43, E93 and E98) as seen in Figure 20a. Residues that
were both charged and significantly affected in histidine and arginine excipient conditions are
illustrated with sticks and labelled in Figure 20b. All but one of these residues are negatively
charged, which comports with the notion of protein-excipient interaction Figure 20b/c.

Figure 20d compares solvent accessibility with Ad and emphasises the impact of destabilising
excipient arginine on more buried residues. Here, residues with a AS above 0.03 Appm skewed
towards lower solvent accessibilities. These same residues skewed more towards higher solvent
accessibilities (such as ~1.25 nm? for residue E45) for the stabilising excipient histidine. Affecting
buried residues could be key to a destabilising mechanism given that hydrophobic interactions

play an important role in protein folding (Newberry and Raines, 2019).

Residues E93/98 are highlighted in the green box in Figure 20b because protein-excipient
interaction in 25/50 mM arginine in this region may be pivotal to the destabilising mechanism of
this excipient as later described in section 4.1.4. Moreover, although E98 (circled green in Figure
20d) was affected to roughly the same extent with histidine and arginine excipients (~0.05 Appm),
E93 went from a Ad of below 0.02 Appm with histidine to above 0.08 Appm in 50 mM arginine.
The proximal and buried residue L92 followed this same trend. Of note, this region (L92-195)

was highly sensitive to temperature (Figure 17).
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Figure 19. Comparing Excipient-Induced Ad with In Silico Docking. A. Docking positions of
excipients (arginine, phenylalanine, sorbitol, mannitol, trehalose and sucrose) from iGEMDOCK
on relaxed G-CSF structure. B. Predicted docking energy from iGEMDOCK software (kcal/mol)
vs Ad from WT to excipient condition at 299K. Residue numbers are highlighted red.
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C. 12.5mM Phenylalanine
Excipient-Induced Ad (Appm)
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25mM Histidine
Excipient-Induced Ad (Appm)
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D. 12.5mM Phenylalanine
Excipient-Induced Ad (Appm)
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50mM Arginine
Excipient-Induced Ad (Appm)
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Figure 20. The Influence of Residue Charge and Solvent Accessibility on Potential Excipient
Interaction. A. Positively charged (red) and negatively charged (blue) residues with B.
highlighting some residues that are both charged and have high Ad. The green box highlights an
area of interest with distances between residues given on the yellow line. Charge and solvent
accessibility vs Ad from WT to excipient condition at 299K are shown respectively in C. and D.
A charge value of -1.0 is negative, 1.0 is positive and 0 is no net charge. Residues of interest are

circled green in D.

4.1.4 Probing Changes in Dynamics

PI 90" percentile residues predominantly stayed the same for the control and all excipient
conditions (Figure 9b and 21a-d). The few residues that did alter between excipient conditions
included K23, L47, L50 and C64. Comparing residues with the highest % increase in PI (Figure
21e-h) was more akin to the observations for the >Ad 90th percentile (Figure 17). Control,
12.5 mM phenylalanine and 25 mM histidine conditions yielded similar clusters of highlighted
residues, while arginine progressively affected more residues with increasing concentration.
Interestingly, the majority of these additionally affected residues were in structured regions (helix
A, C, D and short helix). This enforces previous observations of arginine’s chaotropic behaviour,
particularly in structured regions (Figure 21d and 18d). Nevertheless, since PI vastly stayed the
same for all conditions, these excipients did not appear to alter previous observations of residue
dynamics. On the other hand, they did alter residues with significant increases in solvent
accessibility/dynamics and changes in microenvironment to some extent. Of note, 25 mM
histidine resulted in a much higher concentration of residues in the “switch” mechanism region
that were in the top 15 of Pl % increase (C36-H43, Table 4b). This appears to play a role in its

impact on bioactivity, discussed in section 5.1.5.
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Although dynamics stayed the same for residues relative to each other in different excipients,
global dynamics from the control to the excipients did change. In Figure 22a, API is calculated
with control maximum PI — excipient maximum PI, thus, a positive differential would mean that
the control Pl was higher. The overwhelming positive differential for all conditions shows that
the addition of excipients decreased global dynamics. Furthermore, 25 mM histidine and
25/50 mM arginine generally showed higher API than 12.5 mM phenylalanine. The main peaks
in maximum P1 occurred in the same areas for all excipients, such as; T1, V48 and Q120. The
change in Pl over the melt for these residues were compared for all conditions in Figure 22b-d.
The change in dynamics with temperature for these residues was very similar for the control and
12.5 mM phenylalanine. The same cannot be said for other excipients as Pl curves for these were
much lower and flattened.

A. 12.5mM Phenylalanine B. 25mM Histidine
T1, G4, A6, S7, S8

T].,GﬁG,SZSS
oz i K19

C. 25mM Arginine D. 50mM Arginine
T1, G4, A6, S7, S8 T1, G4, A6, S7, S8
/'4
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E. 12.5m|\_/| Phenylalanine F. 25mM Histidine

Figure 21. Mapping Regions Significant to Pl onto G-CSF. A.-D. Residues in the 90™
percentile for maximum P1 (red) and E.-H. top 15 residues with the highest percentage increase

in PI (yellow).
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Significant Residues from PI

Residues in 90 Percentile of PI

1,4,6,7,8, 36,48, 67, 69,72, 118, 120, 133,
134, 135,139, 142, 156, 173

Top 15 Residues in PI Percentage Change

33,36,37,43,51,55,56,63,70,71, 89,93,
94,98, 153

Significant Residues from PI

Residues in 90 Percentile of PI

1,4,6,7,8,23,36,48,67,69,72, 118,120,
133,134, 135, 139, 141, 142, 156, 173

Top 15 Residues in PI Percentage Change

36, 37,39, 40, 41,43, 51, 55,59, 89, 92, 94,
95, 105, 149

Significant Residues from PI

Residues in 90" Percentile of PI

1,4,6.7,8,36,48, 64,67,69,72, 118,120,
133,134, 135,139, 142,156,173

Top 15 Residues in PI Percentage Change

36,43,51,59,67,70, 84, 92,94, 95,98, 146,
151,153,161

Significant Residues from PI

Residues in 90™ Percentile of PI

1,4,6,7.8,23,36,48, 67,69,72,118, 120,
133,134, 135, 139, 142, 156, 173

Top 15 Residues in PI Percentage Change

25,28, 33,36, 40,47, 51, 56, 59, 67, 92, 94,
110, 153, 158

Table 7. Regions Significant to Pl for Excipients. A.-D. represent 12.5mM phenylalanine,

25mM histidine, 25mM arginine and 50mM arginine respectively. Same table structure as with

table 4b.
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Figure 22. The Effect of Excipients on Dynamics. A. WT PI — Excipient PI calculates API. B.-
D. lllustrates the effect of excipients on Pl over the melt for residues T1, V48 and Q120

respectively.

4.1.5 Examining changes in NMR Ao and PI Correlation in the Context of Coevolution

Figure 23 depicts a correlation between assigned residue Ad and PI with temperature, as
previously with Figure 11, for all excipient conditions. 12.5 mM phenylalanine, 25 mM histidine
and 25 mM arginine all showed similar Ad correlation clusters to the control (Figure 23a), these
being; within T1-S12, within T133-A139 and between G1-S12 and T133-A139. PI CCM ((Figure
23b) echoed this same pattern but also included columns/clusters of correlation at S66-A68
(especially with T133-A139) for 25 mM histidine and 25 mM arginine. Residues E98-T102 also
possessed strong correlations with T38-C42, S66-A68 and T133-A139 in 25 mM arginine.

Therefore, the consistently strong correlations between the N-terminus, the C-terminal end of
loop AB and the centre of loop CD reinforced the notion that they become structurally modified
in a concerted manner over the thermal melt. A suggested reasoning for this, discussed in chapter
3, may also be supported by the close coevolution relationship between these regions, as depicted
in Figure 20. Here, a coevolution CCM (Pearson’s correlation) weighted by phylogeny (Figure
20a) was produced in CoeViz (Baker and Porollo, 2016) and revealed how closely residues were
related in G-CSF evolution. The deeper the red colour, the stronger the positive correlation and
the deeper the blue, the stronger the anti-correlation. Moreover, the stronger the “self-correlation”
(on the diagonal line) the more conserved a residue is. Coevolution was very sparse, while the
accompanying phylogenetic tree (Figure 20b) showed a close relationship between T1-S12 and
T133-A139, as highlighted by green arrows. All residues between L130 and A139 (aside from

86



P132 and A136) were closely related to a residue in the T1-S12 region, with correlation above
0.34 for F13 and P138 (Table 8). Hence, an epistatic nature may have been revealed between
these regions, which may be conducive to better molecule fitness when jointly mutating both
areas (described in section 5.1.4).

However, the correlation in 50 mM arginine was very distinct from that of the other conditions.
Here, the colour gate for Aé was widened (from -0.67-0.67 to -0.93-0.93) to reduce noise. Even
after widening the colour gate there were still many regions of strong correlation, the clearest of
which was for residue L92. A distinct column of strong correlation occurred between this residue
and a large proportion of other regions. Some regions that showed strong correlation with L92
(such as K16 to T38 and D104 to G125) also showed clusters of correlations with other regions

in the structure.

Although, some correlation occurred within T1-S12 and T133-A139 regions, correlation in
general for Pl was very sparse: an opposite trend to that for all other excipient and control
conditions. Residue T1 also had a column of correlation but it was anti-correlation. This coincided
with observations from Figure 22b where the change in Pl over temperature for T1 mirrorred
more of an exponential decay curve rather than the typical 2" order polynomial.

Thus, the significance of L92 in the destabilising mechanism of arginine was emphasised by this
AS CCM and echoed observations from Figure 20d. The mechanism being proposed here is that
E93 and E98 preferentially interact with the arginine in solution (at 50 mM) instead of the
neighbouring R146 and K34 (Figure 20b). Consequently, disrupting the interaction between E93-
R146 and E98-K34 would disrupt electrostatic interactions that help pull all four helices together.
This would render many hydrophobic residues exposed, thus explaining the dominance of buried
residues affected by 50 mM arginine (Figure 20d). Interaction at E93 could explain the
significance of the neighbouring L92 on structure and dynamics. Excipient-induced A8 for 192
was not relatively high for any condition but was highest at 50 mM arginine (~0.02 Appm for
phenylalanine and histidine and ~0.05 Appm for 50 mM arginine). Furthermore, given that L92
was one of most buried residues, this environmental change at 50 mM arginine could have
disrupted significant hydrophobic pockets such as that composed of residues L92, G94 and 195

(Figure S.8), which would drive unfolding given the importance of hydrophobic interactions.

NMR observables have shown that, unlike the other structurally temperature-sensitive regions
(N-terminus, loops AB/CD), L92-195 was also not significantly dynamic (Figure 9a, 17, 21a-d
and Table 4/6). Conversely, L92-195 likely experienced a significant opening motion in all
conditions, unlike the other regions (Figure 21e-h). This opening motion was accelerated by
50 mM arginine.
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CCM for Ad
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Figure 23. Cross-correlation matrices for A) Ad and B) Pl In the Presence of Excipients.

Refer to Figure 11 for colour gating. The colour gate for Ad is widened (-0.93 to 0.93) for 50mM

Arginine.
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2016).
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A. Residue

13 |23 29 32 36 42 49 52 64 82 152
Residues 138 | 32 32 23 42 36 36 42 36 64 51
with a 60 50 29 49 49 42 91 42 75 54
Pearson 106 |163 |41 64 52 82 86
Correlation 109 64 167 162
above 0.34
B. Residue

23 29 50 64 163
Residues 64 64 64 23 31
with a 167 161 82 29 42
Pearson 32 64
Correlatio 30
n Below - 163
0.34

Table 8. Residues Displaying Strong Correlation in Coevolution Heatmap. Residues with a

positive correlation above 0.34 (A.) and those with a negative correlation below -0.34 (B.).

4.1.6 Linearity and 40n/4T Reveals Changes in Thermally-Induced Structure Remodelling
Conserved residues from Figure 24a were mapped on to G-CSF in Figure 25a, with those shown
as sticks and coloured darker red/raspberry representing the most conserved (95" percentile for
self-correlation). These highly conserved residues were concentrated around helix D and B, with
moderately conserved residues populating the short helix and the rest of loop AB. These residues
were not directly involved with functionality and for the most part were buried (124, L54, L75,
G81, L82, L89, L152, L157, F160). Previous studies have demonstrated the importance of
conserved, hydrophobic cores in protein folding (forming “folding nuclei”) owing to their tight
packing and stress resilience (Liao et al., 2005; Ptitsyn and Ting, 1999). Sequence conservation
has also been shown to delineate functionally significant residues (Lichtarge et al., 1996; Ma et
al., 2003), an observation echoed in Figure 24a with some of the mildly conserved residues
overlapping with functional ones (K16, E19, K23, L41 and L49).

Peak trajectory linearity was calculated here, as previously described in Table S.1 and Figure S.5,
to probe whether residues explored more/less complex pathways with different excipients as their
microenvironment changed. The majority of residues were linear under all experimental
conditions, however, this became less clear for increasing concentrations of arginine (Figure 25b-
fand S.11). Regions of distinct non-linearity (highlighted as sticks in Figure 25b-f) concentrated
around highly similar regions for all conditions, those being; loopAB and helix D (with the
exception of loop BC and helix A/C for 50 mM arginine). Some of these residues overlapped with
(were in close proximity to) very conserved residues in the C-terminal region of helix D (F160,
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R166, H170). A low linearity, £Ad and maximum PI would be potential key attributes of highly
conserved residues that are important to protein folding and stress resilience. This is because there
would not be a simple exchange between populations over the melt and so total
microenvironmental change and dynamics would be kept minimal to protect the less resilient
areas. Although there was poor correlation between linearity and conservation (Figure S.11),
residues K23, 156, R166 and L171 could act as cores of high stress resilience because they were
conserved with a low linearity, XAd (aside from 156 which is moderate) and maximum PI (Figure

S.12). Hydrogen bonding was also strong in these regions (ASH/AT values > -3.5 ppb/K).

Linearity varied between excipient conditions and was calculated as Alinearity (control linearity
—excipient linearity) in Figure 26. Therefore, a positive differential, represented by the red arrow,
signified a more non-linear trajectory when the respective excipient was added, while the green
arrow signified the opposite. ALinearity was generally moderate for 25 mM histidine and arginine
(i.e. between -0.5 and 0.5) but was larger for 12.5 mM phenylalanine and 50 mM arginine. More
residues had a large increase in linearity (L31, 156, R166 and H170) than a large decrease (T38)
for 12.5 mM phenylalanine. The opposite was the case for 50 mM arginine where residues K23,
T38, 195, T105, W118 and S155 displayed a large decrease in linearity and only residues 156 and
H170 showed a large increase. This was evident in Figure 25f given that most residues were
highlighted as sticks at this condition. Of note, the highly conserved residue R166 only became
more non-linear at the destabilising condition of 50 mM arginine and became largely more linear
at the stabilising conditions of 12.5 mM phenylalanine and 25 mM histidine.

A. Conserved Residues
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C. 12.5mM Phenylalanine D. 25mM Histidine

K23

Figure 25. Peak Trajectory Linearity. A. Conserved residues determined by self-correlation in
CoeViz coevolution analysis are coloured on a scale of white to raspberry. Residues with highest
self-correlation are highlighted as sticks and labelled. B.-F. NMR Peak trajectory linearity over
the melt. The colour scale is white (linear) to Raspberry (non-linear) to grey (unassigned).
Residues with a linearity below 0.5 are highlighted as sticks and labelled.
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Figure 26. Linearity Changes with Excipient Condition. WT Linearity — Excipient Linearity
calculates ALinearity. Residues are labelled above the bars. The green and red arrows represents

more and less linear trajectories respectively.

However, a caveat exists when analysing linearity because some residues were classed as having
very low linearity, like R166 and H170 in the control condition, given that they have very little
movement in one plane but regular movement in the other (Figure 27a and d). On the other hand,
there were residues like F144 (Figure 27b) with low linearity and regular movement in both planes
(and a high A8, Table 4). Movement occurring markedly more in the H plane instead of *N
may Yield information on amide hydrogen bond breaking (and reforming) to a larger extent than
factors affecting *°N discussed earlier. To examine this further, Ad+/AT was calculated to reflect
the strength of hydrogen bonding. Correlation (R?) between AS/AT and ZAS at 323 K was strong
for all conditions (Figure 28a), which may reflect the large contribution of hydrogen bond
breaking to £AS. The R? value for 12.5 mM phenylalanine and 25 mM histidine was slightly
higher than that for the control, but the R? for arginine was lower and decreased with higher
concentrations. Conversely, Adn/AT correlated poorly with £Ad at 323 K (graphs not included).
Residues 92 and 106 deviate slightly from the linear trend for all conditions, lowering the R?value
and indicating uncharacteristically high environment changes, despite strong involvement in

hydrogen bonding.

Calculating ASH/AT may help circumvent the caveat of determining residues to be non-linear and
not knowing whether it is due to large curvature in the **N or H plane. This is because AS/AT

refers to curvature in Ad in the *H plane. Therefore, where ASw/AT becomes more positive at a
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different excipient condition (i.e. a positive Atempcoeff value), hydrogen bonding is stronger
(Figure 28b). These Atempcoeff values were moderate for 25 mM histidine and arginine (with the
exception of H43 for 25 mM arginine). On the other hand, 12.5 mM phenylalanine and 50 mM
arginine displayed relatively large Atempcoeff in L15, H43, Q70, A72 and 195.

Peak position for H43 moved upfield in the *H plane for all conditions, with the control and
25 mM histidine moving to a similar extent, and the other conditions moving to a much lesser
extent (Figure 27h, 28). Therefore, given that H43 was not in a structured region, this region could
be more resilient to change/loss in structure in 12.5 mM phenylalanine and 25/50 mM arginine
(Tomlinson and Williamson, 2012). Additionally, H43 had a general movement downfield in the
15N plane under these excipient conditions, which was opposite to the control and in 25 mM
histidine. With many factors influencing the evolution of magnetisation at the amide **N, the
reason for this difference could be that 12.5 mM phenylalanine and 25/50 mM arginine induced

alternate torsion angles and rotamer positions of H43.

Residue 195 showed the same trend between the control and 50 mM arginine where the peak
moved much less upfield in the H plane and moved in opposite fields in the N plane (Figure
27¢, 28). A potential interaction in this loop CD region at E93/98 was earlier observed in 50 mM
arginine (Figure 20d), with a distinct linearity decrease in this loop, while PyMOL predicted the
amide 'H of 195 to hydrogen bond to L92. As a result, a protein-excipient interaction induced by
50 mM arginine could result in stronger hydrogen bonding between 195 and L92 as well as a
torsion angle/ side chain rotamer change for 195. Alternatively, the amide *H on 195 could
hydrogen bond with the arginine excipient, thus causing the aforementioned structural changes.
Both mechanisms could open up the hydrophobic region in loop CD and contribute to the

destabilising mechanism of 50 mM arginine.

The Atempcoeff for residues Q70 and A72 showed clear positive and negative differentials for
12.5 mM phenylalanine, respectively (Figure 28). The diminished upfield *H plane movement
and positive Atempcoeff differential of residue Q70 in 12.5 mM phenylalanine compared to the
control (Figure 27i, 28) hinted at stronger resilience to change/loss in structure, possibly due to
stronger hydrogen bonding between S8 and Q70 (Figure S.9a). The opposite was the case for
AT72, where there was a large increase in upfield *H plane movement and negative Atempcoeff
differential (Figure 27j, 28). Residue A72 is just at the beginning of helix B and could, therefore,
experience greater backbone hydrogen bond stretching/breaking and structural change at
12.5 mM phenylalanine compared to for the control. This may work cooperatively with Q70 to
allow stronger hydrogen bonding. Additionally, there was a large increase in linearity for residue
156 at 12.5 mM phenylalanine (Figure 26) due to diminished variation in the *N plane (Figure
27c¢). Hence, by stabilising 156 conformational diffusion and strengthening S8-Q70 hydrogen
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bonding, the stabilising mechanism of 12.5 mM phenylalanine could be due to its highly

concentrated impact around the C-terminus of loop AB.
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4.1.7 Examining changes in the “switch” mechanism

Structural remodelling around the “switch” mechanism region is important to bioactivity. The
excipients used in this study impacted protein stability and may influence bioactivity
consequently. Therefore, Figure 29 compares £Ad with Pl in the same way as Figure 12b and ¢
to probe how excipients may affect residues significant to the “switch” mechanism. Both
observables generally displayed the same pattern as the control for residues C36, Y39, L41, C42
and H43. This emphasises the significance of the structure remodelling occurring in this region
to the molecule, given that all excipients appeared to alter structure (and stability) without
affecting the general pattern of changes in the “switch” mechanism. The main differences reported
in the NMR observables in this region was at H43 for the excipient-induced Ad and Atempcoeff
differential, as well as a large decrease in linearity for residues T38-H43 (Figure 26, 27 and 28).

At 12.5 mM phenylalanine, the greater structural resilience of H43 in addition to potential
conformational/rotamer change (Figure 27h and 28) points to potential stabilisation around the
“switch” mechanism area. This could be at the cost of residue T38 as it showed increased
conformational diffusion Figure 27e). The same pattern here for residues T38 and H43 was seen
in 50 mM arginine, hinting at a shared mechanism of action in this region. Furthermore, the
change in PI with temperature for C36 in both 12.5 mM phenylalanine and 50 mM arginine was
similar (Figure 29a and d). Here, PI showed a sharp increase at ~310 K, as also seen in the other

conditions, but then reached a maximum at ~3.0E+08 before sharply decreasing. This differred
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from the remaining conditions where C36 PI increased and then gradually decreased, resembling
more of a curve than a sharp point. The reason for this could be that the increased conformational
diffusion of T38 permits C36 to reach higher strain (PI), brought on by the “switch”, before loss
of sample causes PI to globally decrease. This could explain why C36 reached a higher PI of 2.8-
3.0E+08 for 2.5 mM phenylalanine and 50 mM arginine compared to 2.4-2.6E+08 for the other

conditions.

The behaviour of residue H43 was only comparable to the control at 25 mM histidine (Figure 27h
and 28). Additionally, £AJ at this condition was also most comparable with the control, and so
minimal impact was observed on H43. Nevertheless, 25 mM histidine was the only condition to
elicit potential protein-excipient interaction within the “switch” mechanism region at residue E45.
A mild decrease in linearity occurred in this region at residues T38 and Y39 (Figure 26) as it did
in 25/50 mM arginine. Therefore, whilst 25 mM histidine may not affect the ability of H43 to
“switch”, it may impact the surrounding environment at T38, Y39 and E45. This impact
resembled H43 choosing to “switch” towards the free E46 instead of the excipient-occupied E45.
Residue E46 is further away and would therefore put further strain on C36. Nonetheless, strain
on C36 may be offset onto T38 and Y39 causing them to undergo larger conformational diffusion
(Figure 26). This would explain why C36 experienced a larger overall value of (and steep incline)
in A8 compared to other conditions (except 25 mM arginine) without its Pl being much higher
(Figure 29b). An impact on bioactivity would be expected if this scenario was the case, given than
E46 is part of the binding site-I1I.

Increasing concentrations of arginine yielded more residues in the “switch” mechanism region
that became less linear (Figure 26), namely: T38, Y39, L41 and H43. The microenvironment of
C42 was also significantly affected upon addition of 50 mM arginine (Figure 18d and 20d).
Therefore, like with 25 mM histidine, increased conformational diffusion for these residues
permitted a larger £Ad for C36. The larger cluster of residues (T38-H43) for 25 mM arginine
would explain the larger increase in Ad for C36 compared with 25 mM histidine (Figure 29d).
Given that two residues discussed here (Y39 and L41) are in binding site-I11, we would also expect

bioactivity to be affected at 50 mM arginine.
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Figure 29. The Influence of Excipients on the “Switch Mechanism”. A.-D. Figure 12b and c

are reproduced for all excipient conditions.

4.1.8 Can In Silico Modelling of Excipients and Hydration Shells Explain NMR Observables?
Although NMR observables suggested changes to G-CSF structure and conformational
remodelling occurred upon addition of excipients, concluding that excipient binding was the
cause of these changes can be challenging. Computational modelling can complement NMR in
revealing energetically favourable protein-excipient interactions. IGEMDOCK was used (Figure
30a) to yield information on the sum of hydrogen bond, VDW and electrostatic free binding
energies between unrelaxed G-CSF (accompanying the graph) and the excipients arginine,
phenylalanine, mannitol, sorbitol, sucrose and trehalose. The unrelaxed structure was used instead
of the relaxed (used in Figure 19b) to investigate whether conformational changes between the
two structures influenced changes in excipient interaction sites. Excipients clustered with
interactions to the unrelaxed structure along the short helix (N-terminus of loop AB) and C-

terminus of loop AB (C-terminus of helix D), and was more clustered than with the relaxed
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structure. Strong excipient interactions were focused around the C-terminus of loop AB and helix
D with the unrelaxed structure, particularly residues C64-Q70 and V167-L171. Thus, excipient
docking with the unrelaxed structure reflected the targeted mechanism of action for 12.5 mM
phenylalanine (Figure 31a). On the other hand, docking with the relaxed structure highlighted the
potential interaction site on the N-terminus of helix B (around H79): reflecting more the
mechanism of action for the remaining excipient conditions (Figure 31). The contribution of each
excipient to overall free binding energy (not shown) revealed that the sugar excipients had the
largest contribution, which did not mirror NMR observations where sugars did not interact with
G-CSF (data not shown).

MD simulations were conducted with the same excipients used for docking (Figure 30a) using
the CHARMMS36 force field (TIP3P water model). Radial distribution function (RDF; Chen,
Weber and Harrison, 2008) was calculated for water with all of these excipients and averaged
from at least three repeats (Figure 30b). The amino acid excipients phenylalanine and arginine
were simulated at various concentrations because of their palpable concentration-dependent effect
on thermal stability stability (Wood et al., 2020). The peaks at ~2.75 A and 5.8 A corresponding
to the hydration shell layers would need to be disturbed for excipient interaction. However, their
sharpness and position remained unperturbed indicating that protein-excipient interaction was
unlikely at the tested conditions. Nevertheless, the excipient-protein distance distribution for
phenylalanine and arginine decreased with increasing concentration (Figure 30c). This suggested
that, although average distribution did not fall within the distance of hydrogen bonding or VDW
interactions, interaction became more likely as more co-solvent was added to the solution. Of
note, sites of potential interaction, as concentration increased, overlapped with NMR observables
(Figure 30d, 31a and d). Figure 30d shows the probability of phenylalanine and arginine
excipients (at 25 mM and 100 mM respectively) coming within the range of G-CSF residues
needed for hydrogen bonding and VDW interaction. Both NMR and MD showed interaction and
stabilisation most likely occurred around the C-terminus of loop AB (S62-L69) and helix D
(V163-L171) with phenylalanine (Figure 30d and 31a). Moreover, both approaches showed
excipient interaction near residues H79/S80 and A111-W118 (the red cluster; Figure 31d) and
that arginine is less selective for areas of preferential interaction (Figure 30d). However, MD
predicted there to be a higher probability of protein-excipient interaction for phenylalanine than
for arginine, which did not reflect the NMR observations (Figure 30c and d). In addition, changes
in the most dynamic protein regions from MD (data not shown) do not mirror NMR observations,

which show dynamics to decrease with increasing co-solvent concentrations.
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Figure 30. Probing Protein-excipient Interaction with iGEMDOCK and MD. A. Free
binding energy, for interactions outlined in the legend, for excipients arginine, phenylalanine,
mannitol, sorbitol, sucrose and trehalose calculated in IGEMDOCK. B. Water RDF. Co-solvents
and concentrations are defined in the legend. C. Distribution of distances between varying
concentrations of phenylalanine and arginine and G-CSF. D. Probability of interaction via
hydrogen bonding or VDW forces between G-CSF and 25mM phenylalanine and 100mM

arginine.

4.2 Discussion

The four structural clusters identified in Figure 9d vastly remained the same for all excipient
conditions (Figure 17 and 21). This emphasises the importance of conformational remodelling in
these regions, which are concentrated around loop AB and proximal regions (with the exception
of loop CD). Protein function instils selective pressure on structural changes significant to
bioactivity, which comports with the observation of consistent remodelling around loop AB, as
this region is significant to protein function (chapter 3). Remodelling in this region also
consistently translated to the general dynamic and environmental changes needed for the “switch”

mechanism to occur (Figure 29).

Also unperturbed by co-solvent (aside from 20 mM arginine) were the concerted structural and
dynamic changes occurring in between regions T1-S12 and T133-A139 (Figure 23). This suggests
these two regions to be epistatic via dynamic correlation with W118, as described in section 3.1.4.
Coevolution analysis in Figure 24 supported this hypothesis, showing strong coevolution between
residues in the two regions. Implementing point mutations in either of these regions has proven
to detrimental to thermal stability (Wood et al., 2022), an expected observation when both regions
show minimal thermal resistance (Figure 17). G-CSF seems to have found a way to stabilise this
region with post-translation modification, given that T133 is the site of O-glycosylation in hG-
CSF (Souza et al., 1986). Therefore, stabilising mutations implemented at both sites

simultaneously should improve thermal stability, perhaps in an additive manner.

On the other hand, co-solvent had an impact on G-CSF structure to varying extents (Figure 18).
These excipient-induced structural changes hinted at interactions for the positively charged
excipients histidine and arginine, because many of the affected residues were negatively charged
(E45, E93, E98, D112 and E122: Figure 20c). Previous pH studies on G-CSF with *N-'H NMR
suggested that the structural changes induced by excipients in this study were not solely due to a
change in pH (Aubin et al., 2015). The only assigned residues that overlapped as experiencing a
significant environmental change due to pH and excipient conditions were H79, S80, E93 and
E98.
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A strong correlation existed between ASH/AT and XAS, suggesting that hydrogen bond breaking
was the largest contributor to loss of structure over the thermal melt for all co-solvent conditions
(Figure 28). The high concentration of non-linear, very conserved residues in the C-terminal
region of helix D (F160, R166, H170) may serve as a region of structural resilience or even folding
nuclei, given their extremely low environmental and dynamic changes across all co-solvents
(Figure 25b-f, S.11 and S.12). The strong hydrogen bonding in this region (Figure 28), particularly
at R166, appears to have been stabilised, where all conditions (apart from 50 mM arginine)
diminished hydrogen bond stretching/breaking and reforming (Figure 26 and 27d). General
protein dynamics was also dampened at each excipient condition (Figure 22a), supporting
previous observations that addition of any co-solvent lowers the activity of the protein through
translational and rotational entropy loss (Timasheff, 2002; Irudayam, and Henchman, 2009).
Nevertheless, each excipient seemed to have its own additional mechanism(s) of action.
Therefore, areas displaying significant changes in structure or conformational rearrangement at

their respective excipient condition are highlighted and clustered in Figure 31.

4.2.1 Phenylalanine

Phenylalanine had the lowest impact on protein structure but elicited the largest influence on
structure remodelling and response to thermal perturbation along with 50 mM arginine. The
largest excipient-induced structural change observed at 299 K with 12.5 mM phenylalanine was
clustered in the C-terminus of loop AB and slightly in loop BC, coloured blue and green
respectively in Figure 31a. Loop BC was affected across all excipient conditions. However, pH-
sensitive residues E93/98 (Aubin et al., 2015) were not affected at 12.5 mM phenylalanine, unlike
with the other excipients (discussed below). Therefore, what makes phenylalanine’s mechanism
of action unique was its concentrated impact on loop AB. Residues 156, Q70 and A72 revealed
changes in remodelling in this loop region, where hydrogen bonding was strengthened around
Q70 (and weakened around A72: Figure 28) and large changes in torsion angle/side chain rotamer

around 156 were diminished (Figure 27c).

Similar to 156, residues T38 and H43 likely experienced profound differences in torsion angle/side
chain rotamer changes compared to the control (Figure 27h) and were thus clustered in yellow
(Figure 31a). In addition, 12.5 mM phenylalanine reduced hydrogen bond stretching/breaking at
R166 and rotamer switching at H170 (Figure 26, 27a and d): a region proximal to the C-terminus
of loop AB. As a result, 12.5 mM phenylalanine stabilised two regions significant to structural
stability and thermal resilience, namely the C-terminus of loop AB and helix D. This region in
helix D may be stabilised by charge shielding of proximal, positively charged residues R166,
R169 and H170. Loop AB could be stabilised by phenylalanine through resilience of this loop in
a similar relaxed conformation to that in Figure S.9a. This could take place via an increase in
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osmolarity upon excipient addition, effectively pushing the hydration shell towards the protein
surface, the least structurally resilient of which is the loop AB C-terminus and loop BC.
Consequently, Q70 was kept near S8 (explaining the increased hydrogen bonding strength) and
Q67 may be kept near H170 for longer, thus resulting in the delayed formation of the aggregation
prone conformation. This excipient condition serves to back the previous observation that binding
strength does not dictate the ability of a co-solvent to stabilise the protein (Zalar, Svilenov and
Golovanov, 2020).

4.2.2 Histidine

In general, 25 mM histidine exhibited the opposite features to 12.5 mM phenylalanine, where
significant structural changes were observed (albeit sparse), while structure remodelling changes
were minimal (Figure 26, 27h, 28 and 30b). Protein interaction likely occurred at the solvent
exposed, charged/polar residues E45, Q70 and E98 (Figure 20c and d), the strongest of which was
at E45 (coloured yellow). The importance of this residue to the “switch” mechanism (Figure 12)
appears to have had a knock-on effect, causing greater structural changes (and conformational
diffusion) in nearby residues (C36, T38 and Y39) which could affect bioactivity (Figure 29b).
Moreover, 25 mM histidine may have affected the pH of the solvent, thus explaining the structural
impact on pH-sensitive residues (Aubin et al., 2015) H79 and S80 in helix B and E98 in loop BC
(Figure 31b). Therefore, histidine did not have a concentrated impact on a specific structural
region like phenylalanine, but instead had a targeted effect on individual/small groups of residues.
The targeted stabilising effect occurred via interaction at Q70 and reduced hydrogen bond
breaking/stretching at R166, both in areas key to structural resilience (Figure 18b, 26 and 30b).
Although, mildly destabilising events may occur at E45, H79, S80 and E98, 25 mM histidine
reduced global dynamics more than for 12.5 mM phenylalanine (and drastically more at very
dynamic residues: Figure 22). Hence, having a moderate impact on protein structure with a large

impact on global dynamics, may be pivotal to histidine’s mechanism of action.

4.2.3 Arginine
Arginine exhibited chaotropic behaviour in disrupting many hydrophobic residues (Figure 20d,
30c and d). Chaotropic behaviour resulted from disruption of bulk and hydration shell water
structure, destabilising the hydrophobic effect and leading to protein-excipient interaction (Salvi,
De Los Rios and Vendruscolo, 2005). Interaction may occur at the solvent exposed, negatively
charged/polar residues E93, E98, D112 and E122 (Figure 20c and d). Disruption of hydrophobic
clusters was more striking with arginine given that green and red clusters grew larger with
increasing concentration (Figure 31c and d). The growth of the red cluster also signalled the pH-
sensitive structural change in this region to be more pronounced. At the heart of this change was
H79 (given the PI of histidine), showing a predicted interaction from iGEMDOCK and the largest
excipient-induced change in microenvironment (Figure 20c and d). Packing of loop CD may be
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hindered due to this structural change, promoting instability. Nevertheless, the most important
disrupted hydrophobic region was in loop BC (Figure 19 and 20b), at residues L92-195. Structural
instability in this region came in the form of increased conformational diffusion (Figure 26) and
significantly increased hydrogen bond strength at 195 (Figure 27g and 28). These changes
culminated in L92 leading to an effective global remodelling in structure (Figure 23a). Moreover,
50 mM arginine overwhelmingly increased the conformational diffusion for many residues, such
as; K23, T38, T105, W118, S155 and R166. This excipient condition was the only one to have
this effect on the structurally resilient R166. Therefore, arginine promoted instability through
disruption of loop BC and CD packing, disrupting hydrophobic pockets, and by destabilising

residues key to structural resilience.

A.12.5mM_PhenyIaIanine

B.25mM I7|/isj;idine
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Figure 31. Excipient Mechanisms of Action. Clusters important to excipient mechanisms of

action are coloured yellow, green, blue and red.

MD and iGEMDOCK only predicted the potential stabilising mechanism of action for
phenylalanine (Figure 30a-d, 31a), showing that interaction was unlikely and that the closest
protein-excipient distances occurred at the N-terminus of loop AB and helix D. NMR did not
support the in silico prediction that sugars bound G-CSF stronger than amino acid excipients and
that arginine interaction was less likely than phenylalanine interactions. Perhaps forcing
excipients on to the structure of G-CSF in iIGEMDOCK (not accounting for the hydration shell)
means that sugars appear as stronger candidates for interaction, and so this should be considered
in modelling. Furthermore, MD could still be correct in its prediction of arginine/phenylalanine
interaction likelihood. This is because arginine may just disturb the water structures in the
hydration shell, thus explaining why hydrophobic residues are affected significantly more with
arginine. However, this does not explain why dynamics wesre reduced more with arginine (Figure
22) as this would be expected with closer excipient-protein distances, thus reducing translational

and rotational entropy for water molecules and surface residues.
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Chapter 5: Semi-rational Mutant Design using NMR and In
Silico Modelling

The previous chapter found that the examined excipients affected stability by influencing both
common and distinct clusters of residues. These observations along with the structural clusters
from chapter 3 convey a pathway to implement a protein engineering strategy that considers
multiple factors affecting protein behaviour. This chapter will compare in silico modelling with
NMR observations from the previous chapters to provide rationale to mutant selection and
evaluate the ability of in silico modelling to reflect experimental data. The structure-function
relationship refers to a trade-off where an increase in stability typically comes at a loss to
bioactivity. Therefore, this chapter aims to leverage knowledge of functionally significant regions

to construct ideal mutant candidates that improve both function and stability.

Constructing and screening large libraries of mutants is a popular experimental approach to
protein engineering because it explores a large mutational space (Cravens et al., 2021; Sohrabi,
Foster and Tavassoli, 2020), which is particularly important when investigating epistasis
(Poelwijk, Socolich and Ranganathan, 2019). Nevertheless, construction and screening can be
expensive and time consuming, leading some to look for ways to guide construction of these
libraries (Wu et al., 2019). This chapter shows that in silico modelling supports key conclusions
from NMR regarding structural and functional changes. Furthermore, excipient-mutation
interactions are observed in regions of overlapping structural clusters. Therefore, the potential for

NMR to guide semi-rational mutagenesis is explored here.

5.1 Results

5.1.1 How well does In Silico Modelling Reflect NMR Observables?

The comparability of all-atom MD simulation with experimental observations is first inspected
with simulations at pH 4.4 and 7.4. These simulations were carried out in Gromacs v.19 in
triplicate at 295 K (22 °C) for both pH conditions with the CHARMMZ27 force field. Root-mean-
square fluctuation (RMSF) is calculated in Figure 32a/b and measures the standard deviation of
Co atom positions throughout the simulation (Sinha and Wang, 2020). Thus, RMSF measures the
flexibility of residues. This value is averaged for the triplicates at their respective pH (Figure 32b)
and subtracted (pH 7.4 — pH 4.4) to give ARMSF (Figure 32a). A negative differential in ARMSF,
signifying greater flexibility at pH 4.4, occurs for the vast majority of residues, reflecting previous
HDX analysis at these pH conditions (Wood et al., 2020). This may present as counterintuitive

because Filgrastim products are formulated at pH 4 (Lipiéinen et al., 2015) and higher flexibility

121



is typically associated with instability. However, the high electrostatic repulsion of G-CSF at low
pH combined with the proximity of its histidines to loop regions, discussed in section 1.5.1.3 and
Figure 14, would provide the molecule with enhanced colloidal and conformational stability.
Supporting the stipulation where histidines make the structure of G-CSF more compact, are
observations with radius of gyration (Rg), a measure of G-CSF compactness during simulation
(Figure 32c). Here, Rg mainly overlaps for both pHs but is higher at ~20 to 35 ns for pH 7.4.

Residues P57, G94 and A141 deviate from the pattern of increased flexibility at pH 4.4 (Figure
32a). P57 mediates backbone hydrogen bonding between W58 and 156, while the backbone
carbonyl and amide hydrogen of A141 hydrogen bond Q145 and R146 side chains. The backbone
carbonyl of G94 can either hydrogen bond G100 or S96. HDX analysis also shows higher
flexibility at pH 7.4 closer to the C-terminal region of loops AB (hear P57) and CD (near A141)
but not in loop BC where G94 resides. This could be because higher flexibility at pH 4.4 is
compensated for by P57, G94 and A141 forming preferential/stronger hydrogen bonding.

Further MD analysis in Figure 32b-i to 35 was carried out at pH 4.4 (aside from Figure 34) given
the comparability of general dynamics at different pH conditions with HDX. RMSF moderately
correlates with maximum PI for WT G-CSF (Figure 32d), displaying a Pearson’s r-value of 0.429.
Most residues in the 90" percentile of maximum P1 (such as S8, V48, Q67, T133-G135 and Q173)
also have high RMSF values. Yet residues like C36, W118, Q120, S141 and H156 are in the 90"
percentile for maximum P but have low RMSF values, while residues C42 and E45 have a high
RMSF but a low maximum Pl. Reasoning for the former could be that these residues are in
structured regions and MD is measuring dynamics on a nanosecond timescale. Therefore, MD
shows all of each loop region to be distinctly dynamic from the a-helices (Figure 32b). MD
analysis here would not pick up longer timescale dynamics that NMR reflects. Reasoning for the
latter could be that in nature G-CSF is more selective with which residues can be dynamic so that
global stability is not compromised by whole regions being very dynamic. Residues that are
permitted to be very dynamic must pose functional importance: such as V48, which is in the
middle of binding-site Ill. An exception to this is the whole region of T133-G135, which is
dynamic in both MD and NMR, because this region does not show any obvious functional
importance. However, the selection of O-glycosylation in this region by hG-CSF could explain
this (Souza et al., 1986).

The relationship between different residue fluctuations in simulation is examined in the dynamic
cross-correlation map (DCCM) in Figure 32e in a similar manner to Figure 11a and 23a. The
extent to which all Ca atom fluctuations are positively- or negatively-correlated with another atom
in simulation is given by pairwise cross-correlation coefficient (Cj) values, calculated in the R

studio package: Bio3D (Grant, Skjerven and Yao, 2021). Cj; values above 0.2 indicate positive
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correlation and below -0.2 indicate anti-correlation. This threshold was also used for DCCM
analysis on Transketolase (Yu and Dalby, 2018b). Figure 32f is a map, also produced in Bio3D,
showing contacting residues in PDB:2D9Q. Contacting residues are defined as such (and coloured
black) when any non-hydrogen atom is within 4.5 A, an approach used by Sethi et al. Areas of
positive correlation in the DCCM, which represents the majority of Cij values, overlaps with
contacting residues. This emphasises the point that MD conducted on a nanosecond timescale is
not sufficient to pick up the correlating conformational changes highlighted with NMR (Figure
11a and 23a).

Areas of negative correlation deviate from contacting residues and vastly occurs in the region of
residues ~A30 to E45 (Figure 32e). Strong negative correlation occurs between residues L41-
G87, L41-S159 and H43-L61, which are in and proximal to regions showing large structural
change in simulation (Figure 33c and d). Therefore, DCCM is picking up the conformational
rearrangement in loop AB confirmed by NMR (Figure 9d), suggesting that it is a coordinated

movement.

Root-mean-square deviation (RMSD) measures how much atoms deviate from their starting
position as the simulation progresses. This measure is compared at 295 K (22°C) and 393 K
(100°C) in Figure 32g and h respectively to assess thermal-induced unfolding events that can be
compared to NMR. Although RMSD is averaged from a triplicate of simulations at 295 K, just
one simulation is used at 393 K as this temperature was just used to test for unfolding. At 295K,
there is a steep increase in RMSD early in the simulation before it equilibrates at ~10 ns, after
which it becomes the “productive region” of the simulation. The simulation at 393 K takes a
longer time to reach equilibrium (at 90 ns) and when it does equilibrate, the RMSD is ~15 nm
larger, as expected when the simulation has more thermal energy. Rg deviates from its steady
baseline, at ~1.61 nm, between 90 ns and 110 ns (Figure 32i), which is also where RMSD begins
to equilibrate. This could suggest a conformational rearrangement that is needed at a higher
temperature to bring the molecule to equilibrium. Nevertheless, the steady Rg at 393 K indicates
that unfolding did not occur under these conditions. A single course-grained MD (CG-MD) run
was attempted with the SIRAH 2.0 force field (Machado et al., 2019) at 473 K (200°C) for 900
ns to induce unfolding (Figure S.13). Here, RMSD took even longer to reach its higher
equilibrium point (at 200 ns) and Rg appeared to oscillate between 1.6 nm and 1.85 nm. Therefore,
the CG-MD presented here seemingly picked up much larger conformational perturbation than

the aforementioned all-atom MD runs.
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Figure 32. Referencing All-atom MD with Experimental Data. All MD runs were at 295 K
aside from H and I. A. ARMSF is calculated with averaged RMSF at pH 7.4 — averaged RMSF
at pH 4.4. Residues showing a positive differential are labelled red and illustrated above
(highlighted red and shown as sticks), where yellow dashed lines show polar interactions. B.
Averaged RMSF at pH 4.4. C. Averaged Rg at respective pHs. D. Average RMSF at pH 4.4 vs
maximum Pl from WT condition (NMR). Residues are labelled red. E. DCCM averaged from
MD runs at pH 4.4. positive correlation is indicated on the red scale (>0.2) and negative
correlation is on the purple scale (<-0.2) with white in between to reduce noise. F. Contact map
produced using PDB:2D9Q. Contacting residues are coloured black. G. Averaged RMSD at 295
K. H. RMSD at 373 K from single MD run. I. Rg at 373 K from single MD run.

Although the all-atom MD simulations picked up the general dynamic trends in loop regions
observed with NMR, they did not pick up any unfolding events. This could hinder the ability of
MD to reflect the microenvironmental changes that residues experienced with NMR. To assess
this comparability, the conformational movements that accounted for the majority of motional
variation in an MD run were examined with principal component analysis (PCA) in Figure 33.
Figure 33a shows three score plots, for the top three principal components (PCs), and a scree plot.
The score plots show that the first PC (PC1) clearly separates the data (frames from the
simulation) into two clusters, unlike the other PCs. PC coverage of the variance in data, shown in
the scree plot, can vary between studies (Grant et al., 2006; Papaleo et al., 2009). In this study,
the majority of variance is not covered until PC5, however, the two distinct clusters in PC1
appears to be enough to reflect significant conformational changes. The dendrogram in Figure
33b depicts these two clusters as black and red with the two main branches (at the largest distance
in PC space). The closer the branches get, and the shorter the distance between data points in PC
space, the more similar the structural conformation. Therefore, two frames (indicated with arrows)
were chosen at random and are compared in Figure 33c, where the deep-salmon and grey
structures are from the red and black clusters respectively. Large motions are evident at both
termini, loop AB, the N-terminus of helix B and loop CD. The difference between Ca positions
in these frames is calculated as fluctuation in Figure 33d, and confirms these differences between
frames. There is also a lot of overlap between XAd at 323K (Figure 33e) and fluctuation,
particularly in loop AB and CD. The large £Ad at H43 is not quite reflected by its fluctuation in
simulation (with the neighbouring P44 displaying a large fluctuation instead), however this is
explored in more detail blow (section 5.1.2). While the region of L92-L99 is predicted to
experience a mild conformational change (Figure 33d), NMR shows this region experiences a
much larger environmental change. On the other hand, NMR and MD are in agreement that this
region is only moderately dynamic (Figure 32d), suggesting that it is predicted to possess thermal
resilience but in reality is very susceptible. The reason for MD not predicting this unstructured

loop (residues L92-L.99) to be dynamic or undergo large structural change could be the many
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hydrophobic residues that it harbours. This supports the destabilising mechanism proposed for
50mM arginine (section 4.1.8.3).
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Figure 33. PCA vs. NMR Observables. A. Scree and score plots for PCA on a single MD run
(pH 4.4, 295K). B. Dendrogram from PC 1 and 2. C. Superposition of simulation frame 90 in red
and 10 in grey, front and side view. D. Fluctuation between frame 10 and 90. E. A3 at 323K for
WT condition.

5.1.2 C36-C42 Disulphide Bond Adopts an Allosteric Conformation Important to “Switch”
Mechanism

Disulphide bonds are important to protein stability and function. These functional roles are
adopted by a minor population of disulphide bonds and are either catalytic, mediating thiol-
disulphide exchange (Holmgren, 1989), or allosteric, where their breaking/forming induces
functional changes (Schmidt, Ho and Hogg, 2006). Although, G-CSF contains two disulphide
bridges, at residues C36-C42 and C64-C74 (Arvedson and Giffin, 2012), the energy minimisation
step before the MD run removes the disulphide bridge at C36-C42 (Figure 34a). The purpose of
this energy minimisation step is to ensure that there is no inappropriate geometry or steric clashes
in the system before the simulation is run. This predicted inappropriate geometry around the C36-
C42 disulphide bridge is likely because this bridge adopts a less common conformation. Although
cysteine y3 and s angles can be tricky to determine, the o, y and 1 angles for C36-C42 (calculated
in Bio3D in Table 9) are normal (Armstrong, Kaas, and Rosengren, 2018). Disulphides fall into
three basic categories (spirals, hooks and staples) and are either right- or left-handed depending
on the y3 angle (Richardson, 1989). These definitions are extended to reflect the x1 angle (Schmidt,
Ho and Hogg, 2006), revealing that the C36-C42 disulphide bridge resembles a —LHStaple
allosteric configuration (Schmidt and Hogg, 2007). This is due to the short Ca-Ca’ distance of 4.7
A in the PDB:2D9Q for this bridge (Figure 34b) in contrast to 5.5 A for C64-C74 (Figure 34c).
These —LHStaple allosteric types typically have a high average strain energy of 36.1 kJ/mol, in
contrast to 19.2 kJ/mol for a typical -LHSpiral, thus disposing them to cleavage, which would
benefit the “switch” mechanism. The strain on C36 resulting from the switch (Figure 12)
compounded with the innate high strain of the —LHStaple and reducing environment of bone
marrow (Spencer et al., 2014) would likely cause breaking of the C36-C42 disulphide bridge.

This would improve receptor binding by allowing further expansion of binding site-I11.

MD simulations at pH 4.4 and 7.4 pick up the “switch” mechanism and show the strain that C36
would be subjected to had the disulphide bridge formed in the simulation (Figure 34d and €). The
switch happens at both MD conditions where H43 attracts towards E45/46 before making a ring
flip towards this region where it remains in this conformation for the remainder of the simulation.
An emphasis was earlier placed on the significance of pH in the attraction of H43 to E45/46.
However, given this attraction occurred at both pH conditions in MD, the significance of P44 in
angling H43 toward this region may have been understated. This reflects the significance of the

“switch” mechanism to function, because the success of the mechanism does not rely on one
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characteristic. Moreover, both simulations reinforce the observation from NMR that the
movement of H43 towards E45/46 pulls on C42, which would strain the disulphide bridge.
Therefore, MD alone reveals key predictive markers of structure remodelling that are functionally
important by identifying the highly strained —LHStaple bond and the “switch” mechanism
(accounting for a large portion of structure variation: Figure 33).

https://vimeo.com/819487033?share=copy
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Table 9.
Residue | Phi (°) Psi (°) Chil (")
Cys-36 | -46.956 -38.656 -165.972
Cys-42 | -100.599 -2.283 -52.648
Cys-64 | -112.157 -50.581 -45.408
Cys-74 | -81.484 -60.576 152.680

Figure 34. Allosteric Configuration of C36-C42 Disulphide Bridge. A. Unformed disulphide
bridge between C36 and C42 after energy minimisation. Formed C36-C42 and C64-C74
disulphide bridges in PDB:2D9Q are shown in B. and C. respectively. Table 9. Dihedral angles
for residues involved in disulphide bridges. D. and E. are screenshots from MD runs, at pH 4.4
and 7.4 respectively, focused on residues around the “switch” mechanism region. The simulation

video can be watched with link below each image (copy and paste into browser).

5.1.3 Constructing Mutants with Rosetta

So far, NMR has identified regions subjected to significant remodelling during thermal
denaturation and MD has confirmed most of these observations. Thus, semi-rational mutagenesis
can be targeted to these regions. The Rosetta Cartesian_ddg application was used to identify
stabilising mutations (Figure 35). This tool determines mutations to be stabilising when they
better pack their own (and neighbouring residues within 6 A) side chains and backbone (Park et
al., 2016; Frenz et al., 2020). Figure 35a shows the average stabilising Cartesian_ddg score, where
the more negative the score, the more stabilising the suggested mutations. Those with a score of

0 have no suggested stabilising mutations. These scores are mapped on to the structure of G-CSF
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in Figure 35b, where deeper red represents residues with a more negative score. Residues with a
score below the 5" percentile (the most stabilising scores) are labelled and highlighted as sticks.
The locations of these residues closely resembled those of highly conserved residues (Figure 25a)
given their concentration around helix B, D and loop AB.

Moreover, although there was weak to no correlation between ZAd at 323K and the average
stabilising Cartesian_ddg score (Figure 35c), there is a general trend that the lower the A9, the
more conserved the residue (Figure 25a and S.12a) and stabilising the predicted mutations.
Therefore, Rosetta may recognise that these conserved regions offer structural resilience. There
is not a lot of exact overlap between conserved residues and those with the most stabilising
mutations, although they are proximal, suggesting that backbone and side chain packing
surrounding conserved residues may be sacrificed for global stability. Alternatively, this could
hint that structure packing is not always equivalent to stability, which should be considered when
using this Rosetta application. This is especially true for residues H156 and H79 because their
side chains are close to (and interact with) residues in the neighbouring loop AB or CD (Figure
14). Hence, Cartesian_ddg suggests residues with smaller side chains to help with packing of the
loops. However, these histidine side chains are likely important for stability of these loops and

pH sensitive remodelling of these regions.

Nevertheless, the most stabilising mutations were predicted to be at residue P65, which is located
in the C-terminal region of loop AB where NMR confirms there to be significant thermal-induced
structural remodelling. Therefore, predicted stabilising mutations from Cartesian_ddg will be

taken into consideration with NMR observations when synthesising these mutants in vivo.
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Figure 35. Identifying Stabilising Mutants with Cartesian_ddg. A. Averaged Cartesian_ddg
score from all possible stabilising mutations. Negative scores are considered stabilising based on
the equation Cartesian_ddg = mutant free energy — WT free energy. Residues with no stabilising
mutations have a score of 0. B. Averaged stabilising Cartesian_ddg score mapped onto
PDB:2D9Q. Deeper red colours represent more stabilising mutations and residues with stabilising
mutations in the top 95" percentile are labelled and highlighted as sticks. C. Averaged stabilising
Cartesian_ddg score vs WT ZAJ at 323K.

5.1.4 Mutant-Excipient Interactions Influence Thermostability

Semi-rational mutagenesis is approached here by considering NMR and in silico observations
pertaining to the main structural and functional mechanisms of G-CSF. To this end, Rosetta’s
Cartesian_ddg application was used to construct stabilising mutations at these sites of interest,
namely mutants; Q134H, Q67V, S12E, S12E_Q134H, P65V and H156F. Mutants E45Q and
S12E_Q134H (a double mutant) were constructed based on NMR observations discussed below.
The mutant G51R_T38W was constructed by combining two previous point mutations (Wood et
al., 2021) that MD shows to be in anti-correlating regions (Figure 32e). All mutants were
synthesised as described in section 2.1 and possessed the correct molecular weight (Figure S.14).
Successful expression and purification was achieved for all mutants except for S12E, S96V and
H156F. The latter mutant was successfully expressed but failed at the refolding step, emphasising

the structural importance of residue H156 (Figure 14).

Conformational stability is examined in Figure 36 using the van’t Hoff thermal parameter: thermal
unfolding temperature (Tw), where 50% of the protein population is unfolded. WT and mutant
variants were formulated at 0.5 mg/mL in 50 mM sodium acetate at pH 4.25, with the exception
of P65V and a comparative WT sample (concentrated to 0.3 mg/mL) given the difficulty of
concentrating the mutant sample (Figure 36a). The Tr,was averaged from four runs (n = 4) for all
variants at 0.5 mg/mL and 0.3 mg/mL (Figure 36a) and three runs (n = 3) from variants at 0.15
mg/mL (Figure 36b-h). WT achieved a T, similar to previously reported at all concentrations in
Figure 36 (Wood et al., 2021; Robinson et al., 2018). Nevertheless, the mutants Q134H,
S12E_Q134H, E45Q and P65V showed a different trend, with some having a difference of more
than 10 °C in average Tm, perhaps hinting at a concentration effect. Figure 36b-h shows the Tr
for WT and variants formulated with the same excipient conditions used in chapter 4; 12.5mM
phenylalanine, 25mM histidine and 50mM arginine. The typically stabilising excipients
phenylalanine and histidine improved T, for all variants except for G51R_T38W, and Q134H,
and Q67V in the case of histidine. This likely eludes to phenylalanine having little mutant-
excipient interaction, supporting NMR observations that this excipient exhibits its stabilising

affect by increasing the water tension of the protein surface. On the other hand, histidine had more

136



of an impact on protein structure, explaining why this excipient has a less consistent stabilising
effect. Arginine, unexpectedly, did not have a destabilising effect on WT, S21E_Q134H, E45Q
and P65V. Reasoning for this could be that the concentration of protein was lower than that used
for previous experiments, 0.3-0.5 mg/mL (Wood et al., 2020), which could mirror the same effect
seen from NMR where higher concentrations of arginine yield more structural changes. P-values
from one-way ANOVA analysis indicate that a significant difference in thermostability is only
seen when formulating mutants P65V, Q67V and S12E_Q134H with the different excipients.
However, the large error bars in the majority of graphs indicate high run variability, suggesting
that repeating this data may be necessary.
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Figure 36. Examining Mutant Stability with Trm. The T was averaged from four runs in A. All
variants were concentrated to 0.5mg/mL aside from P65V and a WT negative control, which were
0.3mg/mL. Variants in B.-H. were formulated to 0.15mg/mL with either 12.5mM phenylalanine
(Phe), 25mM histidine (His), 50mM arginine (Arg) or more buffer (negative control) and T was
averaged from three runs. P-values from one-way ANOVA analysis (o = 0.05) are indicated in
the top right corner of each graph. A. denotes the p-value for mutants compared with the control
at 0.5mg/mL (top) and 0.3mg/mL (bottom).

5.1.4.1 Q134H and S12E_Q134H

A stabilising point mutation in regions T1-S12 and T133-A139 was anticipated to yield among
the most impactful stabilising effects of all mutants because these regions appeared to be epistatic
(chapter 4.1.8). Additionally, the two-state diffusion that occurs in both of these regions
(suggested by linear peak trajectories in Figure 25) suggests that better packing of their backbone
would slow this diffusion and improve structural resilience. Conversely, destabilising mutations
in these regions are expected to have a more pronounced impact on stability than if they were in
other regions. This has already been shown in previous mutation studies (Wood et al., 2021),
where mutations proximal to T1-S12 and T133-A139 (F13A, Q131F and P132E) were among the
most destabilising. The mutant Q134H (Figure 36a and c) was stabilising at 0.5mg/mL and
0.15mg/mL, possessing the highest stabilising effect amongst all mutants at 0.5mg/mL. Reasons
for this could be the histidine at position 134 packed the backbone better, thus stabilising loop
CD (and the N-terminal loop), substitution for a positively charged residue improves colloidal
stability, or a mixture of these scenarios. This extra positive charge could explain why histidine’s
stabilising effect is hindered (compared to having no excipient) for this mutant but returns for the
double mutant S12E_Q134H, where a negatively charged residue is substituted in. The large
variation in T, for mutants Q134H and S12E_Q134H with 25mM histidine could be because a
more packed backbone around one of the excipient-induced cluster (red cluster in Figure 31b)
could impact the excipient mechanism of action. However, the same outcome would be expected

for arginine (Figure 31c and d), which showed much less variation.

Although expression of the S12E mutant failed, the mutant S12W was successfully tested (Wood
et al., 2021) and showed a moderate decrease in stability. This likely explains the large drop in
thermal stability from Q134H to S12E_Q134H because tryptophan also possesses a large
sidechain like glutamic acid. The suggested epistatic relationship between T1-S12 and T133-
A139 regions stipulates that the stabilising Q134H mutation would rescue the destabilising S12E
mutation. While this is not the case at 0.15mg/mL protein concentration, it is true for 0.5mg/mL.
The addition of 12.5mM phenylalanine improved the T of S12E_Q134H by 12°C, which
comports with the notion that this variant is sensitive to increased surface tension of water,

brought on by phenylalanine (section 4.1.8.1) and increased protein concentration (Figure 36a).
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The stabilising Q134H mutation may be a dominant factor in this sensitivity because better

packing of the loop CD backbone would be complemented by increased surface tension.

5.1.4.2 P65V and Q67V

Loop AB is pivotal to the structure-function relationship and as confirmed by NMR and MD
(Figure 9d, 33c and d), this region undergoes significant structure remodelling, thus exposing the
APR region on helix D (Figure S.10). Therefore, because G-CSF aggregation is limited by
conformational stability (Raso et al., 2005), improving the structural resilience of the loop AB C-
terminus should improve conformational and colloidal stability. The mutant Q67V improves
conformational stability at both protein concentrations (Figure 36a and d), whereas P65V only
shows improvement at 0.3mg/mL. Aside from better packing, replacing the larger glutamine
residue with the smaller valine in Q67V may have permitted more flexibility in this region,
reducing strain on Q70-S8 (Figure S.9a) and W58-H156 (Figure 14) interactions. Nevertheless,
substituting out a more rigid residue in the loop AB C-terminus proved to be detrimental to
stability in the case of P65V. This mutant may serve as a caveat for software like Cartesian_ddg
that try to relax/better pack the backbone (and proximal side chains) to improve protein stability.
In this case, a more flexible loop AB backbone comes at the cost of conformational stability,
perhaps because P65 was important for positioning of Q70 and W58 and local structural

resilience.

The addition of 12.5mM phenylalanine to P65V reinforces the proposed mechanism of action of
this excipient (Figure 31a). The focus of this excipient on stabilising the loop AB C-terminus
compounds with the increased flexibility in this region for P65V, thus presenting as a benefit to
conformational stability, possessing the highest average Tm of 72°C. This underlines the
importance of the VT-NMR approach presented in chapter 4 in its ability to identify potential

regions for mutation-excipient relationships.

5.1.4.3 E45Q

Based on the “switch” mechanism, residue E45 plays an important role in capturing H43 when is
makes its ring flip. MD shows this event to stabilise the unstructured loop preceding H43 (Figure
34e) given that the histidine side chain has less freedom to move. Therefore, the mutant E45Q
was expected to take away electrostatic attraction to H43, without changing the local structure,
thus confirming the importance of E45 to the “switch” mechanism. However, without this
attraction, H43 could still be directed toward residue 45, as shown in Figure 34f, due to the
positioning of P44 or perhaps the negative charge from E46. Thus, the drop in thermostability for
this variant (Figure 36g) could be due to flailing of H43 as it tries to complete the “switch”. The
structural remodelling of loop AB is likely sensitive to these N-terminal residues, meaning that

H43 flailing could result in the compromised stability of E45Q.
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NMR observations suggest that histidine as an excipient interacts with/significantly alters the
conformation of E45 (Figure 31b). Hence, while the stabilising effect of this excipient was
expected to be hindered when added to E45Q, it remained. This could be because the excipient
instead interacts with E46, thus reducing H43 flailing as it cannot attempt to attract to E46.
Alternatively the addition of cosolvent could just be generally stabilising to this variant given that

all excipients improve Tp.

5.1.4.4 G51R_T38W

The point mutations G51R and T38W were mildly destabilising (Wood et al., 2021) and are
located in dynamically correlated regions according to MD (Figure 32¢). In both cases a smaller
side chain is substituted for a larger one, which would likely rigidify the N-terminal loop AB
region. This region relies on flexibility given its functional significance. Therefore, rigidifying
with a point mutation may cause another proximal region of this loop to compensate by becoming
more dynamic, compromising stability as a result. This proposed compensatory effect may
explain the clusters of anti-correlation in this part of loop AB from MD. Improved stability
resulting from combining the mutants G51R and T38W (Figure 36f) could be explained thusly:
The compensatory effect of rigidifying one region is diminished by the addition of another
rigidifying mutation. Hence, while this mutation enhances conformational stability, it should
decrease bioactivity because of restricted loop AB movement. Nonetheless, this double mutant
was only mildly stabilising at 0.15mg/mL and destabilising at 0.5mg/mL (by 0.4°C). Furthermore,
this is the only mutant for which all excipient conditions are destabilising. Both histidine and
phenylalanine exhibit their stabilising effect via their influence on both termini of loop AB (Figure
3la and b). Therefore, their stabilising effect may be rendered useless given that G51R_T38W

already stabilised this loop.

5.1.5 A Structure-function Relationship does not always lead to a Trade-off

Now that mutant thermostability had been assessed, the next step was to examine bioactivity.
Taken together with thermostability studies, information yielded from bioactivity assays can help
elucidate regions that are important to the structure-function trade-off. The mutant G51R_T38W
concentrates two rigidifying mutations near to the “switch” region, which stabilises the protein.
Therefore, functional assays, described in section 2.7, were conducted with this variant and WT
at the various storage conditions and formulations outlined in Figure 37. Mutants were tested after
FD and storage for a month at either -20°C or 45°C given the importance of this process in
biotherapeutic storage. The excipients phenylalanine and histidine were selected given their
stabilising effect (Figure 36) and consequently their ability probe the stability-functionality trade-

off. The potential of histidine excipient to interaction with E45 also allows us to probe the
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importance of this residue to the “switch”. Sorbitol and Mannitol were selected because of their

cryoprotective abilities (Carpenter and Crowe, 1988; Storey and Storey, 1991).

Figure 37a-c illustrates GNFS-60 cell response curves for the G-CSF variant and excipient
condition specified in the legends. All response curves decreased and converged into the baseline
as the protein concentration was reduced, which signified successful titration. The strength of the
response curves were generally spread out, showing some to achieve high CPM values while
others barely achieved above the baseline. Moreover, all storage conditions showed WT to
achieve the strongest response, whether formulated at 3.5% mannitol and 0.4% histidine or 3.5%
sorbitol. The non-FD conditions gave the lower responses than the FD conditions, however this

could just be more related to cell preparation than sample.

Table 10 denotes the change in response at respective storage conditions, from negative control
to excipient addition, as Aresponse. Therefore, when the addition of an excipient increases the
response, the Aresponse is 1. The opposite scenario is denoted with a value of -1 and O represents
very little change when the curves appear to overlay. The final three table columns show the
Aresponse between negative controls for WT and G51R_T38W, where a value of 1 signifies an
improvement in response brought about by the double mutant. Overall, this table underlines
consistencies in Aresponse for excipients, namely; the 3.5% sorbitol for WT, 0.4% histidine for
WT and 0.1% phenylalanine for both variants. The response is improved for WT at 3.5% sorbitol
and 0.1% phenylalanine and diminished at 0.4% histidine, all of which are excipients that improve
thermostability of WT G-CSF. G51R_T38W maintained native-like bioactivity in the non-FD
state but reduced in the in the post-FD state. Therefore, the slightly improved stability of this
variant did not come at a cost to bioactivity until the FD process. This could be because the two
mutations made loop AB more vulnerable to structural change during FD which hinders the

functionally significant structural reconfiguration needed.

Phenylalanine is the only excipient to show identical Aresponse values for both G-CSF variants,
where bioactivity is improved at non-FD conditions but reduced for both FD conditions. This
does not follow the stability-bioactivity trade-off for non-FD WT, because phenylalanine
improved stability, but it does for G51R_T38W. This could be because phenylalanine generally
stabilises the protein-receptor complex, by reducing protein-protein interaction or stabilising the
protein-receptor complex. Alternatively, this scenario could just happen for WT, and instead for
G51R_T38W, phenylalanine offsets the rigidification of the loop AB N-terminus. Of note,
phenylalanine was the only excipient that showed a potential change in the side chain rotamer of
H43 (Figure 27h). Therefore, this increase in bioactivity reinforces the conclusion that the

“switch” is not significantly altered by this excipient (Figure 29a). The diminished bioactivity for
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both FD variants could be attributed to loss in general structure because the excipient is not known

to be cryoprotectant.

Sorbitol consistently improves the response for WT, pointing to a general stabilising effect similar
to phenylalanine, with non-FD condition, but the added benefit of being cryoprotective as a sugar.
The two main hypothesised stabilisation mechanisms that protect against lyophilisation are the
“water substitution” (Carpenter, Arakawa and Crowe, 1992; Bjelosevi¢ et al., 2020) and “glass
dynamics” (Chang et al., 2005; Franks, 1994). The water substitution mechanism hypothesises
that excipients can replace the protein-water hydrogen bonds that are lost during the drying
process, which thermodynamically favours the folded state. On the other hand, the glass dynamics
mechanism stipulates that the cosolvent (particularly sugars) provides a rigid, inert matrix where
the proteins are dispersed and mobility is very low (Pikal, 2004). Sorbitol reduces the response
for G51R_T38W at non-FD and FD with 45°C storage conditions. This perhaps indicates that the
water substitution mechanism plays a more dominant role in sorbitol cryoprotection because
mutations can render this excipient non-cryoprotective (Table 10 and Figure 38). If the glass
dynamics mechanism was dominant, it would be less likely that mutations could affect the
excipient’s ability to form an inert matrix. The diminished response for G51R_T38W with
sorbitol in the non-FD state may infer mutant-excipient interaction because these mutations alone

do not decrease bioactivity.

Bioactivity diminishes at all conditions for WT when formulated with 0.4% histidine, reinforcing
the proposed mechanism of action for histidine (Figure 31b). Excipient interaction or induced
structural change at E45 has compromised bioactivity for WT, which also validates the
importance of E45 to the “switch” mechanism. On the other hand, 0.4% histidine improved
bioactivity for G51R_T38W at non-FD and post-FD -20°C storage. Furthermore, bioactivity at
these conditions for G51R_T38W with 0.4% histidine surpassed that of WT (negative control),
as shown in Figure 37a and b. At post-FD -20°C storage (Figure 37b), this revival of bioactivity
was so profound that the response curve went from near baseline for G51R_T38W negative
control to nearly to strongest response for this data set in the presence of histidine. Therefore,
while the mutations for this variant may have disposed loop AB to functionally unfavourable
structural change during the FD process, histidine may have acted as a cryoprotectant by
interacting with the N-terminal loop AB region and preventing said structural change. Mannitol
also acts as a cryoprotectant and appeared to prevent this mechanism of action for histidine given
that when the two excipients are combined, bioactivity of WT either stayed the same or increased
(Table 10).
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Figure 37. Bioactivity of G51R_T38W vs WT. A.-C. GNFS-60 response curves for WT and
G51R_T38W formulated with either sorbitol (Sor), histidine (His), phenylalanine (Phe), mannitol
(Man) or more buffer (-ve). Mutants were tested without undergoing FD (non-FD) and after FD
and storage for a month at either -20°C or 45°C. Table 10. Aresponse of 1, -1 and 0 means the
addition of an excipient increases, decreases and has very little change to the response curve. The
final three table columns show the Aresponse between negative controls for WT and

G51R_T38W.

Following bioactivity assays with G51R_T38W, the mutants constructed based on NMR
observations (E45Q, P65V, Q67V, Q134H, S12E_Q134H) were also assessed using the same
functional assays (Figure 38). Given the greater number of mutants to test, excipient conditions
were narrowed down to 0.4% histidine (2) and 3.5% (3) sorbitol due to their potential for
mutation-excipient interaction (Figure 37). Storage conditions were also narrowed down to non-
FD and FD (stored at -20°C for a month). The dilution for these assays appeared less successful
than previously with G51R_T38W because many of the response curves were less smooth. The
large deviation of some data points from the titration curve meant that some were omitted. This
must have resulted from a sample problem instead of a problem with cells or assay preparation
because the **G-CSF standard** produced a smooth response curve. This sample problem could
result from bad transportation of samples between UCL and NIBSC. Nevertheless, the strength
of the response curve for these mutants was comparable to that of the G51R_T38W assay and the
general trends that histidine and sorbitol exhibit on WT bioactivity remained. Moreover, the
strength response curves was spread out and they all eventually reached a baseline (Figure 38a
and g).

5.1.5.1 Q134H and S12E_Q134H

The mutant Q134H increased thermostability (Figure 36a and c) and bioactivity (Figure 38f),
albeit mildly. This may be accredited to the mutation being positioned in a region, not directly
important to bioactivity, eliciting structural and dynamic correlation with other regions.
Resultantly, this mutation likely had a stabilising effect on the protein-receptor complex without

affecting the structural changes in loop AB needed to exposed binding site-111.

Both WT and Q134H had shallow response curves post-FD (Figure 38l), revealing that the Q134H
mutation did not offer cryoprotection. However, unlike WT, 0.4% histidine improves bioactivity
for Q134H post-FD, hinting at a structural change in the excipient red cluster (Figure 27b) caused
by the mutation, as earlier discussed. Although, this structural change appeared to reduce
histidine’s stabilising capability for Q134H in the non-FD state (Figure 36¢), it may be what
promotes water substitution in this region during the FD process. The double mutant
S12E_Q134H saw a decrease in bioactivity (Figure 38b) but an improvement in cryoprotection
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(Figure 38h). Moreover, the return of histidine’s stabilising effect to this double mutant (Figure
36e) was accompanied by an increase in bioactivity with 0.4% histidine (and 3.5% sorbitol) at
both storage conditions. What’s more, S12E_Q134H with 3.5% sorbitol yielded the strongest
response curve in the non-FD state (with 0.4% histidine not far behind), which suggests that this
mutant improves excipient interact (Figure 38a). This improvement could result from an extra
negatively charged residue (improving histidine’s interaction) or structural disruption from the
large side chain of glutamic acid, which could improve excipient interaction near the loop AB C-
terminal (Figure 30a).

5.1.5.2 P65V and Q67V

The mutant P65V displayed a diminished bioactivity at both storage conditions (Figure 38d and
). Therefore, taken together with its relatively low thermostability at 0.15mg/mL (Figure 36h),
this mutant alone promoted undesirable qualities. The reasoning for this is likely the greater
freedom of movement that the valine mutation gives the loop AB C-terminus, as previously
proposed. Consequently, this loop could become more dynamic, thus compromising its
conformational stability and binding site-111-receptor interaction. It is difficult to interpret the
effect that 0.4% histidine and 3.5% sorbitol had on P65V in the non-FD state because of the noise
of the data. However, these excipients rescued bioactivity for P65V post-FD. Given that all
excipients rescued the thermostability of this mutant in Figure 36h, the general stabilising effect
of co-solvent could have prevented mutation-inducted conformational changes in loop AB,
protecting P65V from FD.

The packing of the loop AB C-terminus was likely better for Q67V than P65V because this mutant
yielded improved thermostability and bioactivity compared to WT (Figure 36d, 38c and i). In
addition, Q67V possessed the highest non-FD response curve out of all variants without
excipients (Figure 38a). This supports the previous suggestion that the valine mutation at Q67
improves Q70-S8 hydrogen bonding, which would stabilise much of loop AB given the
significant thermal-induced environmental change that Q70 experiences (Table 4a). Excipients
either decreased the response curve for Q67V, for the non-FD condition, or had little effect post-
FD (Figure 38c and i). The stabilisation of loop AB by Q67V is perhaps what ablates the
stabilising effect of these excipients (Figure 36d), which translates to little change in/diminished
bioactivity.

5.1.5.3 E45Q

The importance of residue E45 to the “switch” mechanism was emphasised by E45Q because this
mutant yielded the lowest bioactivity amongst all variants at the non-FD condition (Figure 38e).
Decreased E45Q thermostability caused by H43 flailing, as earlier proposed, appears to have

translated into a destabilised binding site-I11 and resultantly diminished bioactivity. However, the
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rescue of E45Q thermostability by histidine (Figure 36g) also rescued bioactivity at both storage

conditions (Figure 38e and k). This contradicts the notion of histidine excipient interaction with

residue E46 instead of E45 for E46Q because E46 is part of binding site-1ll1 and excipient

interaction would hinder receptor interaction. Nevertheless, if histidine gets displaced from

residue E46 during the receptor binding process, i.e. binding site-1l interaction before site-Ill,

then this would explain the rescue qualities of the excipient.
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Figure 38. Bioactivity of Mutants Designed from NMR Observations. GNFS-60 response
curves for variants without FD treatment (A.-F.) and after FD and storage at -20°C for one month
(G.-L.). Variants are formulated with more buffer as a negative control (1), 0.4% histidine (2) or
3.5% sorbitol (3).

5.2 Discussion

5.2.1 In Silico Modelling Guides Protein Engineering Approaches

MD correctly predicted the change in G-CSF dynamics between a-helices and unstructured
regions as well as between pH 4.4 and 7.4 (Figure 32a and b). Moreover, MD correctly underlined
the large conformational change in loop AB relative to the rest of the protein (Figure 33c and d)
and cooperative manner in which these changes take place (Figure 32e). Therefore, the general
trends observed from NMR were picked up with computation, making the case that MD is at least
effective as a guiding tool in understanding native ensemble dynamics. The all-atom MD
approach used here was not sufficient to make conclusions on G-CSF behaviour upon unfolding
due to the use of relatively low temperatures and timescales. CG-MD offers a computationally
cost-effect way of probing these longer timescale dynamics needed to observe unfolding.
Although larger global structure perturbation was observed from the CG-MD run in Figure S.13,
the analysis conducted could not conclude that unfolding occurred. However, CG-MD sacrifices
resolution about the residues because they are simulated as beads. This resolution can make all-
atom MD effective when engineering proteins because residue-level information can narrow
down the target. Nevertheless, analysis on all-atom MD with G-CSF highlights regions instead of
individual residues for their importance to structural and dynamic changes, at least until compared
with NMR observations. The prime example of this being the “switch” mechanism (Figure 34d
and e), which was only identified hindsight after the VT-NMR experiments. This highlights an

issue with analysis and being able to extract these significant functional mechanisms. Of note, the
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“switch” mechanism occurred on a longer timescale than tested with MD and was still identified.
In this case, events could have unfolded quicker because of the missing C36-C42 disulphide bond,
which would have stabilised the region more. Hence, a potential question is: Are we keeping up
with what MD is telling us? Residue C36 is the only residue that stood out as significant without
context from NMR because it did not disulphide bond with C42 and was characteristic of an
allosteric —LHStaple configuration.

Computational modelling with Rosetta’s Cartesian_ddg application (Figure 35b), on the other
hand, can reveal specific residues that compromise structural resilience as opposed to broad areas
like with MD. These suggested residues generally elicited structural resilience (Figure 35¢) from
NMR and were either highly conserved residues themselves or near them (Figure 25a). Therefore,
Cartesian_ddg appears to highlight residues that are important to conserved regions, and thus
protein viability, due to the resilience they offer. Consequently, this application sometimes
suggests stabilising mutations for residues that may prevent local structure packing (i.e. H79 and
H156) but form significant interactions with neighbouring regions. Hence, utilising Rosetta
without contextual knowledge of the protein does not advance a semi-rational mutagenesis

approach.

5.2.2 Combining VT-NMR with In Silico Modelling adds Rationale to Protein Engineering

The semi-rational approach to engineering G-CSF presented here contextualises in silico
modelling with NMR observations. The mutant P65V underlines the importance of this approach
because it could have been regarded as an instable (at 0.15mg/mL) and inactive mutant (Figure
36h and 38d) if potential excipient-mutation interaction not been identified. A valine substitution
for residue P65 was the most stabilising mutation predicted from Rosetta, which comported with
NMR data because this loop AB region experienced the largest thermal-induced environmental
changes. However, this mutation likely gave this region more freedom to move, which, taken
together with phenylalanine’s mechanism of action (Figure 31a), endowed P65V in 12.5mM

phenylalanine with the highest thermostability amongst the variants.

The rationality behind the mutant H156F was more conflicting than other variants. This was
because VT-NMR (Table 4) showed significant XA and dynamics for this residue (and its spatial
neighbour, W58 for dynamics) and Rosetta highlighted H156 as disruptive to the packing of local
structure. Thus, these observations appear to portray H156 as a cause of disruption to its proximal
loop AB region. On the other hand, a previous NMR study highlighting H156 as part of a pH
sensitive region suggests that this residue forms a cation-z bond with W58, which is important to
loop AB stability (Aubin et al., 2015). The latter observation is likely the reason behind the failure
to refold H156F, perhaps suggesting that the high £Ad and dynamics for H156 was owing to the
attempt for this residue to keep W58 (and neighbouring loop AB) packed onto helix D.
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Nevertheless, all mutants formulated at 0.5 or 0.3 mg/mL improved thermostability on average
(except for G51R_T38W where it remained the same). Furthermore, the mutant Q67V improved
both bioactivity and stability, and histidine excipient rescued bioactivity for mutants
G51R_T38W and E45Q. Therefore, the presented engineering approach combining VT-NMR
with in silico modelling provides (semi-) rationality behind constructing mutants and
formulations to yield desirable protein characteristics. A larger library of mutants, both semi-
rationally designed and negative controls, would be preferred because provide more statistical
robustness behind this approach. In addition, more amino acid excipient conditions would ideally
have been studied for mechanism of action and possible interactions with mutations pertaining to
stability and bioactivity. Arginine was not used in bioactivity assays because it is typically
destabilising (Wood et al., 2020), however, it improves Tm for some mutants (Figure 36) and
could possibly rescue bioactivity post-FD (Stértzel, 2018). Hence, going forward, this excipient
should be included in bioassays along with phenylalanine to assess if they save bioactivity as well

as stability.
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6 Conclusion

The consistency of these findings with conclusions from previous and current biophysical studies
not only shows that NMR can mechanistically detail the reasons for these studies, it validates
mapping functionally and structurally significant regions to G-CSF. Achieving the first aim of
this project provided insight to four structural clusters, concentrated around loop AB, that were
pivotal to the structure-function relationship for G-CSF. The potential for significant structural
remodelling within these clusters (promoted by residues H43, V48, Q70, H156 and the C36-C42
—LHStaple disulphide bond in particular) endows G-CSF with an adaptation to bone marrow.
These observations were key to addressing the second project aim of determining mechanisms of
(de-)stabilisation for excipients. Probing excipient mechanisms of action demonstrated that the
four structural clusters, “switch” mechanism and concerted structural and dynamic changes
largely remained the same with all co-solvents. This emphasises these importance of these
features to the protein and the ability of NMR to identify them. The different mechanisms of
action exhibited by each excipient were highlighted by another set of structure clusters, this time
identified by changes in hydrogen bond strength, side chain rotamer, conformational diffusion
and potential interaction sites. 12.5mM phenylalanine and 50mM arginine generally had the
largest impact on conformational remodelling, exemplified by such changes for residues T38,
H43, 156, Q70, A72, L92 and 195. What’s more, the impact of S0mM arginine on L92 had the
most pronounced knock-on effect, showing major disruption to the typical concerted structural
changes in G-CSF. On the other hand, 25mM histidine and arginine had a milder impact in this

respect, showing stronger interaction with the protein instead.

MD confirmed the major site of stabilisation for phenylalanine (in loop AB and helix D) and the
potentially pH-sensitive cluster around residue H79 for arginine, thus supporting the use of these
clusters for engineering G-CSF. In silico modelling proved useful in cross-referencing NMR
observations and designing mutants to address the final project aim of validating the use of VT-
NMR for semi-rational protein engineering. MD correctly predicted the significant
conformational change in loop AB and the “switch” mechanism and Rosetta’s Cartesian_ddg
highlighted residues in highly conserved regions that play an important role in thermal resilience.
Therefore, considering these observations alongside the allosteric —LHStaple for the C36-C42
disulphide bond, it could be argument that MD alone provided rationality behind mutating regions
to significant to structure and function. However, the mutants P65V and H156 were destabilising
despite being predicted as stabilising from Cartesian_ddg. This was due to a lack of context
regarding structural significance, which when obtained from NMR allowed the rescue of stability
and functionality for mutants E45W, P65V and G51R_T38W. The context provided by NMR

outlined potential for excipient-mutation interaction, leading to the high T, of 72°C for P65V in
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12.5mM phenylalanine. Furthermore, the mutants Q67V and Q134H increased both stability and
bioactivity, defying the typical structure-function trade-off. Therefore, while in silico modelling
mirrors experimental observations on many occasions, it has proven to be more effective as a

guiding tool in this study.

Overall, the semi-rational protein engineering approach presented here successfully outlines
mutants (also in combination with excipients) that improve protein fitness. Moreover, this
approach outlines key phenomena, such as structure-function trade-off and epistasis, which
underpin protein survival. However, this approach can be labour intensive (especially for NMR
data processing) and yields a low number of mutant and formulation variants to test.
Consequently, this approach currently would not likely be appeal to mainstream protein
engineering, as these issues would have a monetary cost not accompanied by a large explored
mutational space. In addition, NMR can only currently examine proteins up to ~40 kDa, which is
not sufficient for many therapeutic proteins. Nevertheless, examining separate chains of larger
proteins, automating VT-NMR spectra assignment and identification of structural clusters and
combining this with high-throughput mutation generation and analysis could offset some of these
issues. This could guide the direction of these mutant libraries so that the optimal experimental

space is explored.
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7 Future Work

7.1 Validating Current VT-NMR Approach

One of the largest validation problems facing this semi-rational engineering approach is the
mutant library size, thus, immediate next steps would be to expand it by including mutations in
loop BC, helix D and negative control mutations outside of structure clusters. Another validation
problem is the fact that this approach has only been tested on one protein, which could be
addressed by applying it to other proteins with backbone assignments. In addition, the fastest way
to test the ability of this approach to probe epistasis (like with residues T1-S12 and T133-A139
in G-CSF) would be to examine proteins that are already suspected to possess epistatic regions,

such as cheZ phosphatase and E1 glycoprotein.

Using VT-NMR to analyse the library of mutants and formulation conditions in this study would
reinforce the conclusions made. This is because detailed mechanisms of action have been
proposed and, thus, NMR observables should reflect the changes made. The mutants (and
formulations) that should show the most significant of these changes are P65V with 25mM
phenylalanine, E45Q and G51R_T38W (also with 0.4% histidine). WT G-CSF was briefly
compared before and after FD with NMR and, given the significance of FD in biotherapeutic
storage, should be further explored. This would include assessing cryoprotective properties of the
excipient sorbitol and buffer sodium acetate on the structure of G-CSF.

7.2 Improving Computational Methods

In silico modelling proved effective in cross-validation with NMR observables and should be
further explored in its predictive capabilities. This would be achieved by expanding comparative
computational data with more MD simulations, for example; higher temperature MD, longer run
times, thermal replica-exchange MD and simulating multiple G-CSF molecules in one system.
On a longer timescale, comparing more proteins analysed by the same VT-NMR approach with
in silico methods could develop these computational methods by adding a competitiveness similar
to the Critical Assessment of protein Structure Prediction (CASP) community. Here, instead of
predicting structure, methods could be developed to better predict/identify structure remodelling
significant to function and stability. Furthermore, a large enough library of proteins that are
comparable with VT-NMR would make machine-learning approaches to predict VT-NMR data
more feasible. Improving these tools that predict protein behaviour will facilitate biosimilars and

de novo protein design, thus advancing the market of novel therapeutics.
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7.3 Workflow for the Ideal VT-NMR-guided Protein Engineering
Approach

The automation of as much of the VT-NMR analysis process as possible is crucial to its
widespread use. Fortunately, automation of cross-peak propagation is made possible by the Shift-
T web server (Trainor et al., 2020). Therefore, focus can be shifted to automation post-initial data
processing where significant residues can be determined and mapped onto protein structure. This
includes top percentiles of £Ad, PI and percentage increase in Pl, temperature coefficients,
temperature-lines and peak trajectory linearity. Therefore, this would automatically map regions
of interest on to G-CSF structure, guiding the engineer to look in detail at these areas in simulation
or other computational methods. Highlighting regions of interest would also function like a design
of experiments platform, guiding mutation libraries to focus on certain spots. This would also
help with implementing epistatic mutations (in correlating regions from VT-NMR) to higher
degrees of order because larger combinations of mutations can be constructed. Manufacturers of
biosimilars would benefit from this approach because it removes the arduous steps from the
current VT-NMR process and provides a semi-rational path to develop successful mutants that

would show a significant improvement from the originator molecule.
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9 Supplementary Information

Using & to Calculate ) Ad, Peak Linearity, Slope and the Normal Distribution of Y Ad

S.1 illustrates the concept of calculating > A where, for example, the > Ad at 297 K = Ad from
295 K t0 297 K, and the Y’Ad at 301 K = (Ad from 295 K to 297 K) + (Ad from 297 K to 299 K)

+ (Ad from 299 K to 301 K). The example in this figure demonstrates how the Y Ad for residue

Q90 at 301 K is equal to the sum of the Ad distances travelled between the peaks for residue Q90

at previous temperatures.

D> Point X,

) Ad at point X =D
Dx= AS distance 2 P !

between peaks + D2+ D3

Point X = Residue at
301K

1560

846 84 iy 14 142 a4

Figure S.1. Deriving Y Ad.

The movement of the peak maxima for residue L89 is given here by the different coloured crosses,

with red representing its position at 295 K and orange at 305 K. Dy gives the Ad distance between

peaks at consecutive temperatures. Y Ad at point X, i.e. the total Ad distance travelled by residue

L89 at 301 K, is given as D1+ D, + Ds.
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Figure S.2. Temperature dependence of > Ad for all assigned residues. Trends for residues
are coloured as shown in the legend. The starting temperature is 295 K and therefore has no

cumulative AS distance.
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Figure S.3. Mapping Y Ad on G-CSF Structure. G-CSF (PDB:2D9Q) coloured according to
> A at their respective temperature. Red signifies the highest Y AS value (0.435 Appm), and white
signifies the lowest Y Ad value (0.000425 Appm) observed for the whole data set across the
thermal melt, while grey represents unassigned residues. Unassigned resides are coloured grey.

Residues T1 to A6 are missing in this structure.
1.20E+009
1.00E+009
8.00E+008
6.00E+008

4.00E+008

Peak Intensity

2.00E+008

0.00E+000

i I i 1 i I i I i I i 1
295 300 305 310 315 320 325
Temperature (K)

Figure S.4. Raw Pl Data with Temperature. Each different coloured line represents a different

assigned residue.

Linearity of WT peak trajectories Ad are given in Table S.1, where 68 trajectories are considered
as linear when they have an R? value over 0.9 (based on their 1-H and 15-N § values). The
remaining 44 residues for which linearity was calculated are non-linear. Accompanying this table
is the structure of G-CSF, highlighting non-linear (red scale), linear (white) and unassigned (grey)
residues (Figure S.5A).
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Residue Linearity R-Squared | [Residue | Linearity | R-Squared | Residue | Linearity | R-Squared
Number Number Number

1 Linear 0.993 71 Linear 0.992 145 Linear 0.994

4 Linear 0.993 72 Linear 0.923 146 Linear 0.969

6 Linear 0.992

8 Linear 0.996

11 Linear 0.935

99 s ose 169 |Liew o9 |

142

Linear 0.993

143

Linear 0.954

[ 70

| Linear

| 0.985 | 144

| Non-Linear | 0.636

Table S.1. Linear trajectories are defined as those with an R2>0.9 and are coloured white. Non-
linear trajectories are coloured red.
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Linear Non-linear

Figure S.5. Determining Peak Trajectory Linearity. Trajectory linearity for residues is
coloured on a white to red scale, with darker red representing a lower R2value and so more non-
linearity, white representing higher linearity. A) front (left-hand-side) and B) side (right-hand-
side) view of PDB:2D9Q. Extremely non-linear residues (R? <0.3) are labelled and shown as

sticks. Unassigned residues are light grey.
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Figure S.6. Monitoring > Ad for 90" Percentile Residues. Individual A8 vs temperature plots
for residues in the top 90" percentile of Y A8 are shown. Each YA vs temperature plot is
accompanied by the respective y= mx + ¢ equation.

Although all >’ Ad vs temperature plots are linear, deviations from the y = mx + ¢ line differs for
all residues. Large deviations from this line may indicate significant transitions at certain
temperatures. Therefore, to probe these residues that possibly experience significant transitions,
R? values are calculated for all residues. Those with a value in the lower quartile (under 0.99) are
considered to have a non-linear “Y Ad-temperature relationship” and are tabulated in Table S.2A.
The temperature point at which these residues (red) and those in the Y A8 90" percentile (green)
experience their largest deviation from their y = mx + c line is shown in Table S.2B. Both of these
residue categories are combined to examine how residues experiencing significant environmental
changes may influence conformational transitions for other residues. Residues 156 and A37 are
in the Y A8 90" percentile and have R? values in the lower quartile. A “temperature line”
illustrating residues in Table S.2B on the structure of G-CSF is given in Figure S.7A, showing
that when A8 90" percentile residues (in green) experience their largest deviation, as do

proximal residues in the lower quartile for R? (in red).
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Residue | R?

19 0.930
150 0.950
100 0.961
92 0.967
56 0.972
141 0.973
151 0.975
87 0.978
47 0.980
41 0.981
55 0.981
16 0.984
33 0.985
59 0.985
31 0.985
26 0.986
163 0.986
37 0.986
64 0.986
166 0.987
127 0.987
73 0.987
104 0.989
14 0.989
149 0.989

Table S.2A. R? values for linearity of Y A8 vs temperature for each residue.

Temperature (K)
29712991301 303305307 309|311 313 315317319
69 |94 134 [63 |56 |92
126 | 89 156 144 | 93

q

Residues

Table S.2B. Temperatures at which residues become non-linear in their trajectories for > Ad vs
temperature for all residues with R?<0.99. Those in the A8 90" percentile for lowest R? are
highlighted in green. Non-linear residues in the lower quartile for R? are highlighted in red to

match the shading in Figure S8.
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Figure S.7. Schematic temperature line. Residues are highlighted at the temperature at which
non-linearity occurred for Y A& 90" percentile residues (in green) and residues in the lower
quartile for R? (in red). Residue S7 was used in place of G4 and A6.
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Percentage Change in Pl

Percentage change was calculated using the PI value at the start of the thermal melt and at the

maximum point, which is typically around 309 K.

Percentage Increase in ? PI

Residue %lIncrease | Residue | %lIncrease | Residue | %Increase | Residue | %lIncrease
Number Number Number Number

51 297 115 124 16 95 135 54
43 241 14 123 76 95 156 53
153 229 124 122 134 95 72 51
70 227 99 121 15 94 64 50
94 210 144 121 25 91 163 50
55 203 62 121 119 91 81 47
36 202 107 120 69 90 27 43
59 202 35 119 29 89 133 41
38 192 155 119 157 89 169 36
56 190 31 112 170 89 8 36
126 184 47 112 164 88 48 32
89 183 39 110 61 86 7 23
33 181 66 110 73 85 6 19
41 166 171 110 42 84 50 18
106 157 142 109 58 84 4 15
71 156 114 109 166 83 120 9
93 151 100 108 102 83 1 7
78 150 95 107 172 80

63 149 87 106 68 78

37 144 84 106 26 78

28 143 80 105 141 77

145 137 150 104 19 77

92 137 127 102 12 75

161 134 159 100 173 75

151 134 105 100 160 72

40 134 79 100 112 71

146 134 110 99 75 70

158 133 118 98 22 70

165 133 149 98 104 56

98 132 121 97 139 56

13 130 125 96 143 55

11 129 122 96 23 55

Table S.3. Percentage increases in PI (in white columns) are given for all assigned residues (in
grey columns), which is the only residue to show a decrease in Pl at the start of the melt. Top 15

percentage increases are highlighted in yellow.
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Figure S.8. Top 15 Residues with Highest Percentage Increase in API. Maximum PI vs.
SASA. Residues in the sub-clusters have their SASA highlighted yellow.

Mapping Significant Structural Changes on to G-CSF
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Figure S.9. Proximity of residue S8 to Q70 and exposure of Sub-cluster 2 by V48.

Relaxed (cyan) and unrelaxed (grey) G-CSF structures are overlaid. A. S8 and Q70 are
highlighted green in the relaxed structure and red in the unrelaxed structure. Distance between
both of these residues is 3.3 A in the relaxed structure and 6.5 A in the unrelaxed structure. B.
shows residues in sub-cluster 2 (yellow). Distance between these residues are indicated along red
dotted lines. Residue V48 is highlighted red.

APRs

AmylPred 2 (Tsolis et al., 2013) employs a consensus method to identify aggregation prone
regions (APRs) APRs, combing results from several different software mentioned in Figure S.10.
The 5 different APR consensus regions predicted by AmylPred 2 based on successful hits from
at least 5 out of the 10 software are V48-S53, G81-L.89, T115-Q119, L152-L157 and S159-L171.
These regions are respectively coloured as green, red, blue and yellow (for L152-L.157 and S159-
L171 since they are so close in sequence) in. Helix D has the largest hotspot of APRs (coloured

yellow).

Consensus Software
AGGRESCAN
Amyloidogenic Pattern
Average Packing Density
Beta-strand contiguity
Hexapeptide Conf.
Energy

NetCSSP

Pafig

SecStr

TANGO

WALTZ
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Figure S.10. Identifying APRs. Five different Consensus APRs determined from AmylPred 2
are coloured yellow, red, green and blue. Two regions are coloured yellow because they are only
one residue apart. The ten APR scanning software used for the consensus are shown in the
accompanying table.
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Figure S.11. Linearity vs Conservation. Residues are labelled in red.
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Figure S.12. XA6 and Maximum PI vs Conservation and Linearity. A.-D. XAd and Maximum
PI are compared with conservation on the top graphs and linearity on the bottom graphs. Residues

are labelled red.
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Figure S.13. CG-MD. RMSD (A.) and Rg (B.) calculated from a single CG-MD run.
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Mass Spectrometry
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S.14. Mutant Molecular Weights. The main peak corresponds to the molecular weight (labelled
above) of the G-CSF variant.
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Cartesian_ddg

1 $ This file will generate single mutant folders (s.g. 3350G).

3 $ Each folder consists of job_cartesian_ddg.sh and mutfile (e.g. 5350G.mucfile)

4

5 mutant_total = 3152 $ 19%168 = 3192

& residue total = 168 # the total number of residuss in the protein

7 LA total = 20 £ there are 20 amino acid

B dir = "/scratch/scratch/ucbemwk/Cartesian ddg/4 cartesian ddg single mut/result/"

£l dir prefix = "/ascratch/scratch/ucbemwk/Cartesian ddg/4 cartesian ddg single mut/"

10

11 $ The first thing is to build the names for 3192 mutants (s.g. D1A, DIC, ..., IlA...)

12 sequence=["3

non npe wEn
R

WCH MY M UpA mOn AGH AEN MW M7 NEW ACn ATH nFe mon U mMpE wEn wTn nan
3", "L","e", Q" "s","g","L", "L K", nc","L","","Q",""v","r","K","1I","Q",

s L R R R s nomyn mEm A7 mon mgn npn nEn ngn ny
L",mQ","E","K","L" "C" "A", "T", "Y", "K", "L", "C", """, """, "E","E", "L

nonyn o nNTw NN nEn uEn non mpm o nEn mTH npn . mpin mnpm o npn nTmn wen mSm nen npm mon meynm npm
I L L G UH NS L G T R T R MR ML ST O e ma e g A,

wpm . mgw . g . npn . ngn . nCn . LR . ngn . ngw R LR . nye . mgu . , wpm . npmn . ngmw . ey . ngw R e . LR , nm . "0

nomApn NW NEN mSH o uIN NSn mpn _ AEn npe uEn mpen o Ay e AQe nTn ppm o nan nye ume myn o npn
TR ULE MEN NG T uE rp R L e e, 0T L nom I L g L D e R,

npnU_NEN MAN WTH NTH NN AEE NN mon mn nEn ngn nomEn o Npm NRW o MpN MAW o NTM Won npnom
om,mEn, e I, "I DU O O T MR MRS WL G M RN R mR e HL nge, e 0T

nonpn e nEn o npn 1 MRM WMEN WMEM ASH UAW NER AOSN ARN ARE NZW NS0 mESm nypm myn mym o mpm
O G R p MR UET RN NS RN WET O RN URI URI G G, T L T R,

mgn . nyn . ngn . ngm .
13 AA=[“;'.",“:","D“,

. nEn . ny,m . nEn . mirn R mon . nyn . ngn . ™ . LA . ngn . g . ny,m . nym R nom . “P"]

. ngEn . nge . nyn . myn R nEm R " R npgn . H . npn . mom . ngm . mgm . nwn R myrn R g . II\I_'Ir]

15 mutant list=[]

1la for i in range(mutant total):
17 mutant list.append("")

20 for residue number in range (residue total):

21 for AR number in rangs (A4 total):

22 if sequence[residue number]=—RAA[AR number]:

23 AL number=AL number+l

24 else:

25
mutant list[i]=sequence[residus number]+str(residue number+l)+AA[AR number
]

26 i+=1

27 tprint (mutant list)

2B $# At this point, the mutant list contains 3152 point mutations.

249

] $ To prepare the empty mutant folders

import o=
for i in range(mutant total):
if not os.path.exists(dir+mutant list[i]):
og.makedirs (dir+mutant list[i])

$ To prepare .mutfile in sach of the 3192 mutant folders

for i in range(mutant total):
appendfile = open(dir + mutant list[i] + "/" 4+ mutant list[i]+".mutfils", "am")
appendfile.write("total 1" + "\n"})
appendfile.write ("L1" + "\n")

b G0 QO Q0 G G Lo L) L3 Lo Lo b
=1 s L

=]

41 appendfile.write (mutant list[i][0] + " " + mutant list[i][l:-1] + " " +
mutant list[i][-1])

42 appendfile.close ()

43

44 t To prepare a job_cartesian ddg.sh file in each of the 31%2 mutant folders

45 for i in range(mutant total):

46 appendfile = open(dir + mutant list[i] +"/" + "job cartesian ddg.sh", "a")

47 appendfile.write ("#!/bin/bash -1" + "\n")

4B appendfile.write("#5 -5 /bin/bash"™ + "\n")

45 appendfile.write ("#5 -1 h rt=1:0:0" + "\n")

50 appendfile.write ("§$ -1 mem=2G" + "\n")

51 appendfile.write ("#5 -1 tmpfs=13G" + "\n")

52 appendfile.write ("#5 -H " + mutant list[i] + "‘\n")

53 arpendfile.write ("#5 -pe mpi 1" + "in")

54 appendfile.write ("#5 -wd " + dir + mutant list[i] + "\.n")

55

o6 arpendfile.write ("\n")

SB appendfile.write ("module unload compilers mpi™ + "\n")

59 appendfile.write ("module load compilers/gnu/4.9.2" + "\n")

&0 appendfile.write ("module load hon2/recommendsd™ + "\n")

61 appendfile.write ("module load nu-4.9.2" + "\n")
62 appendfile.write ("module load E60516-mpi"™ + "\n"})
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appendfile.write ("\n")

O O

o
18y U

appendfile.write("ca:x
appendfile.write ("

oo

appendfile.wraite ("

69 appendfile.wraze ("
? appendfile.write ("
appendfile .wraite ("
appendfile.wricte ("
appendfile.write ("
appendfile.writce ("
appendfile.wrice ("
€ appendfile.write ("
appendfile.
8 appendfile.,
appendile

)
Y UV o L

appendfile.wr
32 appendfile.write ("

4 appendfile.close ()

OF ob batch submit.sh", “a%)

3 appendfile.write("gsub " + dir + mutant list[i] + “/job_cartesian ddg.sh" + "\n")
o appendfile.close()

S.15. Single Mutant Cartesian_ddg Script. Python script to calculate the folding energy for
all possible single mutations (3192) for GCSF.
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Primer Design

Wb

from  furure import division
primerw"0"4+"CT
primer = primer .ur.p=x()
¢ Lelen(primer)-l

(OIS

$The following i3 o getT the compiimentary
det reverae (word):
list = [])
TevV = '’
for 1 in word:
list 4= 2

primer sequence

4 for 1 in range(len(word)):
5 rev += list.pop()
1é return rev
o
15  reverse primer=reverse(primer{i:])
19 reverse primer 1iatw=list(reverse primer)
20 for 1 1in range(len(reversse pxm-:r 1ist)):
i 1f reverse primer -15»[ ] 1in (" nrav):
22 teverse_prmer_l:sz[:]-" C"
:3 elif reverse primer list(i] im ("C","c"):
4 reverse primer list[i]="G"
25 elif reverse primer listfi] in ("A","a"):
2¢& reverse primer list[i]="T*
27 elif reverse primer list[i] in ("TI",":"):
28 reverse primer list[i]="A"
29 primer complimentary="".join(reverse primer list)
31 $The £ owing is to calculatre Tm
32 nGe0
33 nC=0
34 na=0
is nI=0
3§ NUNKROWN=(

for base nurber in range(l,len(primer)):
19 if primer(dbase number:base number+l] an ("G","g"):
40 nG+=1
41 elif primer[base number:base number#l] in ("C","c"):
42 aC+=1L
43 elif primer[base number:base numbersl] in ("A","a"):
44 nh+=1
45 elif primer[base number:base number+l] in ("I","t"):
46 al4=l
7 else:
48 nUNENOW+=L
49
50 1f 1<=15:

Trmel* (nA+nT) +4% (nG#nC)

Sa elif 1> 5:
53 Tm=65. 344 1% (nG#nlC) /1-€50 /1
55 $ The following is to calculate GC content
Sé GC content=(nG4al) / (nG+#nC+ni+nT)
<4
58 6C= ) 'g', 'CY, 'e]
59 def = lamp (sequence) :
€0 lI primer(i] in GC and primer[2] in GC anﬂ["i::![ ] 1n GC :
61 print("3 or more than 3 GC 1n the beginning, may cause GC clamp®)
63 elif primer[-i] in GC and primer[-Z] in GC and primer[-3] in GC:
63 print("3 or more than 3 GC in the end, may causs GCT clamp")
64 eclse:
€5 print("GC clamp not iikely To happen, good! @) ")
€ #The following is to print all the data.
€8 is",prime [1'])

",Prizer ccmplimentary)

72 print("nc=",nG)

WO -l e L

T conTenth

o clamp {primer[l1:]1)

S.16. Primer Design Script. Python script to obtain complementary primer sequence and
calculate Tm and potential for GC clamping.
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Pairwise
Sequence
Sequence
Sequence

Alignment

WT
Q0134H

ends allowed to slide over each other

Alignment score: 1041

Identities:

WT
Q134H

WT
Q134H

WT
Q134H

WT
Q134H

WT
Q134H

WT
Q134H

WT
Q134H

WT
0134H

WT
Q134H

0.9980843

T O T e e L e R
10 20 30 40 50
ACACCCCTAG GCCCTGCCAG CTCCCTGCCC CAGAGCTTCC TGCTCAAGTG
ACACCCCTAG GCCCTGCCAG CTCCCTGCCC CAGAGCTTCC TGCTCAAGTG

B L T o I I
60 70 80 90 100
CTTAGAGCAA GTGAGGAAGA TCCAGGGCGA TGGCGCAGCG CTCCAGGAGA
CTTAGAGCAA GTGAGGAAGA TCCAGGGCGA TGGCGCAGCG CTCCAGGAGA

B N e e e
110 120 130 140 150
AGCTGTGTGC CACCTACAAG CTGTGCCACC CCGAGGAGCT GGTGCTGCTC
AGCTGTGTGC CACCTACAAG CTGTGCCACC CCGAGGAGCT GGTGCTGCTC

R R L BRI I B I R I
160 170 180 190 200
GGACACTCTC TGGGCATCCC CTGGGCTCCC CTGAGCAGCT GCCCCAGCCA
GGACACTCTC TGGGCATCCC CTGGGCTCCC CTGAGCAGCT GCCCCAGCCA

T e e e e e e e
210 220 230 240 250
GGCCCTGCAG CTGGCAGGCT GCTTGAGCCA ACTCCATAGC GGCCTTTTCC
GGCCCTGCAG CTGGCAGGCT GCTTGAGCCA ACTCCATAGC GGCCTTTTCC

B N N e e e e
260 270 280 290 300
TCTACCAGGG GCTCCTGCAG GCCCTGGAAG GGATCTCCCC CGAGTTGGGT
TCTACCAGGG GCTCCTGCAG GCCCTGGAAG GGATCTCCCC CGAGTTGGGT

310 320 330 340 350
CCCACCTTGG ACACACTGCA GCTGGACGTC GCCGACTTTG CCACCACCAT
CCCACCTTGG ACACACTGCA GCTGGACGTC GCCGACTTTG CCACCACCAT

360 370 380 390 400
CTGGCAGCAG ATGGAAGAAC TGGGAATGGC CCCTGCCCTG CAGCCCACCC
CTGGCAGCAG ATGGAAGAAC TGGGAATGGC CCCTGCCCTG CAGCCCACCC

B T T O I
410 420 430 440 450
AGGGTGCCAT GCCGGCCTTC GCCTCTGCTT TCCAGCGCCG GGCAGGAGGG
ATGGTGCCAT GCCGGCCTTC GCCTCTGCTT TCCAGCGCCG GGCAGGAGGG
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T T e e e I
460 470 480 490 500

WT GTCCTGGTTG CCTCCCATCT GCAGAGCTTC CTGGAGGTGT CGTACCGCGT
Q134H GTCCTGGTTG CCTCCCATCT GCAGAGCTTC CTGGAGGTGT CGTACCGCGT
S I I
510 520
WT TCTACGCCAC CTTGCCCAGC CC
Q134H TCTACGCCAC CTTGCCCAGC CC

Pairwise Alignment

Sequence 1: WT

Sequence 2: S8C

Sequence ends allowed to slide over each other
Alignment score: 1041

Identities: 0.9980843

B e T e s o o

10 20 30 40 50

WT ACACCCCTAG GCCCTGCCAG CTCCCTGCCC CAGAGCTTCC TGCTCAAGTG

sS8C ACACCCCTAG GCCCTGCCAG CTGCCTGCCC CAGAGCTTCC TGCTCAAGTG
D e [ L I I

60 70 80 90 100

WT CTTAGAGCAA GTGAGGAAGA TCCAGGGCGA TGGCGCAGCG CTCCAGGAGA

s8cC CTTAGAGCAA GTGAGGAAGA TCCAGGGCGA TGGCGCAGCG CTCCAGGAGA
B e T e e N

110 120 130 140 150

WT AGCTGTGTGC CACCTACAAG CTGTGCCACC CCGAGGAGCT GGTGCTGCTC

sS8C AGCTGTGTGC CACCTACAAG CTGTGCCACC CCGAGGAGCT GGTGCTGCTC
B e [ e I I

160 170 180 190 200

WT GGACACTCTC TGGGCATCCC CTGGGCTCCC CTGAGCAGCT GCcccasececa

sS8C GGACACTCTC TGGGCATCCC CTGGGCTCCC CTGAGCAGCT GCcccasecceca
B e [ e I I

210 220 230 240 250

WT GGCCCTGCAG CTGGCAGGCT GCTTGAGCCA ACTCCATAGC GGCCTTTTCC

s8cC GGCCCTGCAG CTGGCAGGCT GCTTGAGCCA ACTCCATAGC GGCCTTTTCC
D e o e I I

260 270 280 290 300

WT TCTACCAGGG GCTCCTGCAG GCCCTGGAAG GGATCTCCCC CGAGTTGGGT

s8cC TCTACCAGGG GCTCCTGCAG GCCCTGGAAG GGATCTCCCC CGAGTTGGGT
D o T e S e O

310 320 330 340 350

WT CCCACCTTGG ACACACTGCA GCTGGACGTC GCCGACTTTG CCACCACCAT

s8cC CCCACCTTGG ACACACTGCA GCTGGACGTC GCCGACTTTG CCACCACCAT
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WT
s8cC

WT
s8cC

WT
s8cC

WT
s8cC

Pairwise
Sequence
Sequence
Sequence

360 370 380 390 400
CTGGCAGCAG ATGGAAGAAC TGGGAATGGC CCCTGCCCTG CAGCCCACCC
CTGGCAGCAG ATGGAAGAAC TGGGAATGGC CCCTGCCCTG CAGCCCACCC

e e e I I L e
410 420 430 440 450
AGGGTGCCAT GCCGGCCTTC GCCTCTGCTT TCCAGCGCCG GGCAGGAGGG
AGGGTGCCAT GCCGGCCTTC GCCTCTGCTT TCCAGCGCCG GGCAGGAGGG

I I R e e I e
460 470 480 490 500
GTCCTGGTTG CCTCCCATCT GCAGAGCTTC CTGGAGGTGT CGTACCGCGT
GTCCTGGTTG CCTCCCATCT GCAGAGCTTC CTGGAGGTGT CGTACCGCGT

B N R

510 520
TCTACGCCAC CTTGCCCAGC CC
TCTACGCCAC CTTGCCCAGC CC

Alignment
1: WT
2: E45Q

ends allowed to slide over each other

Alignment score: 1041

Identities: 0.9980843
S T o S o O S O O I
10 20 30 40 50
WT ACACCCCTAG GCCCTGCCAG CTCCCTGCCC CAGAGCTTCC TGCTCAAGTG
E45Q ACACCCCTAG GCCCTGCCAG CTCCCTGCCC CAGAGCTTCC TGCTCAAGTG
S T o S o O S O O I
60 70 80 90 100
WT CTTAGAGCAA GTGAGGAAGA TCCAGGGCGA TGGCGCAGCG CTCCAGGAGA
E45Q CTTAGAGCAA GTGAGGAAGA TCCAGGGCGA TGGCGCAGCG CTCCAGGAGA
e e e e L I I
110 120 130 140 150
WT AGCTGTGTGC CACCTACAAG CTGTGCCACC CCGAGGAGCT GGTGCTGCTC
E45Q AGCTGTGTGC CACCTACAAG CTGTGCCACC CCCAGGAGCT GGTGCTGCTC
T o O S L P I
160 170 180 190 200
WT GGACACTCTC TGGGCATCCC CTGGGCTCCC CTGAGCAGCT GCccceceasceea
E459Q GGACACTCTC TGGGCATCCC CTGGGCTCCC CTGAGCAGCT GCcccAagccAa

210 220 230 240 250
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WT GGCCCTGCAG CTGGCAGGCT GCTTGAGCCA ACTCCATAGC GGCCTTTTCC

E45Q GGCCCTGCAG CTGGCAGGCT GCTTGAGCCA ACTCCATAGC GGCCTTTTCC
B e e e e L I
260 270 280 290 300
WT TCTACCAGGG GCTCCTGCAG GCCCTGGAAG GGATCTCCCC CGAGTTGGGT
E45Q TCTACCAGGG GCTCCTGCAG GCCCTGGAAG GGATCTCCCC CGAGTTGGGT
B T e e e I
310 320 330 340 350
WT CCCACCTTGG ACACACTGCA GCTGGACGTC GCCGACTTTG CCACCACCAT
E45Q CCCACCTTGG ACACACTGCA GCTGGACGTC GCCGACTTTG CCACCACCAT
B e e e e L I
360 370 380 390 400
WT CTGGCAGCAG ATGGAAGAAC TGGGAATGGC CCCTGCCCTG CAGCCCACCC
E45Q CTGGCAGCAG ATGGAAGAAC TGGGAATGGC CCCTGCCCTG CAGCCCACCC
B e e e e I
410 420 430 440 450
WT AGGGTGCCAT GCCGGCCTTC GCCTCTGCTT TCCAGCGCCG GGCAGGAGGG
E45Q AGGGTGCCAT GCCGGCCTTC GCCTCTGCTT TCCAGCGCCG GGCAGGAGGG
T T e e I
460 470 480 490 500
WT GTCCTGGTTG CCTCCCATCT GCAGAGCTTC CTGGAGGTGT CGTACCGCGT
E45Q GTCCTGGTTG CCTCCCATCT GCAGAGCTTC CTGGAGGTGT CGTACCGCGT
B I
510 520
WT TCTACGCCAC CTTGCCCAGC CC
E459Q TCTACGCCAC CTTGCCCAGC CC

Pairwise Alignment

Sequence 1: WT

Sequence 2: HI156F

Sequence ends allowed to slide over each other
Alignment score: 1038

Identities: 0.9961686
o e L S I
10 20 30 40 50
WT ACACCCCTAG GCCCTGCCAG CTCCCTGCCC CAGAGCTTCC TGCTCAAGTG
H156F ACACCCCTAG GCCCTGCCAG CTCCCTGCCC CAGAGCTTCC TGCTCAAGTG
D o T e S e O
60 70 80 90 100
WT CTTAGAGCAA GTGAGGAAGA TCCAGGGCGA TGGCGCAGCG CTCCAGGAGA
H156F CTTAGAGCAA GTGAGGAAGA TCCAGGGCGA TGGCGCAGCG CTCCAGGAGA
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B e e T L s I
110 120 130 140 150

WT AGCTGTGTGC CACCTACAAG CTGTGCCACC CCGAGGAGCT GGTGCTGCTC
H156F AGCTGTGTGC CACCTACAAG CTGTGCCACC CCGAGGAGCT GGTGCTGCTC
R N e e e e
160 170 180 190 200
WT GGACACTCTC TGGGCATCCC CTGGGCTCCC CTGAGCAGCT GCCCCAGCCA
H156F GGACACTCTC TGGGCATCCC CTGGGCTCCC CTGAGCAGCT GCCCCAGCCA
e e e I I L e
210 220 230 240 250
WT GGCCCTGCAG CTGGCAGGCT GCTTGAGCCA ACTCCATAGC GGCCTTTTCC
H156F GGCCCTGCAG CTGGCAGGCT GCTTGAGCCA ACTCCATAGC GGCCTTTTCC
R N e e e e
260 270 280 290 300
WT TCTACCAGGG GCTCCTGCAG GCCCTGGAAG GGATCTCCCC CGAGTTGGGT
H156F TCTACCAGGG GCTCCTGCAG GCCCTGGAAG GGATCTCCCC CGAGTTGGGT
T O T e O S e
310 320 330 340 350
WT CCCACCTTGG ACACACTGCA GCTGGACGTC GCCGACTTTG CCACCACCAT
H156F CCCACCTTGG ACACACTGCA GCTGGACGTC GCCGACTTTG CCACCACCAT
B N e e e
360 370 380 390 400
WT CTGGCAGCAG ATGGAAGAAC TGGGAATGGC CCCTGCCCTG CAGCCCACCC
H156F CTGGCAGCAG ATGGAAGAAC TGGGAATGGC CCCTGCCCTG CAGCCCACCC
B I N e e e
410 420 430 440 450
WT AGGGTGCCAT GCCGGCCTTC GCCTCTGCTT TCCAGCGCCG GGCAGGAGGG
H156F AGGGTGCCAT GCCGGCCTTC GCCTCTGCTT TCCAGCGCCG GGCAGGAGGG
B N N e e e e
460 470 480 490 500
WT GTCCTGGTTG CCTCCCATCT GCAGAGCTTC CTGGAGGTGT CGTACCGCGT
H156F GTCCTGGTTG CCTCCTTTCT GCAGAGCTTC CTGGAGGTGT CGTACCGCGT
A P A I
510 520
WT TCTACGCCAC CTTGCCCAGC CC
H156F TCTACGCCAC CTTGCCCAGC CC

Pairwise Alignment

Sequence 1: WT

Sequence 2: Q67V

Sequence ends allowed to slide over each other
Alignment score: 1038

Identities: 0.9961686
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WT
Q67V

WT
Q67V

WT
Q67V

WT
Q67V

WT
Q67V

WT
Q67V

WT
Q67V

WT
Q67V

WT
Q67V

WT
Q67V

WT
Q67V

T T e e e I
10 20 30 40 50
ACACCCCTAG GCCCTGCCAG CTCCCTGCCC CAGAGCTTCC TGCTCAAGTG
ACACCCCTAG GCCCTGCCAG CTCCCTGCCC CAGAGCTTCC TGCTCAAGTG

T T e S L s
60 70 80 90 100
CTTAGAGCAA GTGAGGAAGA TCCAGGGCGA TGGCGCAGCG CTCCAGGAGA
CTTAGAGCAA GTGAGGAAGA TCCAGGGCGA TGGCGCAGCG CTCCAGGAGA

B T e e e I
110 120 130 140 150
AGCTGTGTGC CACCTACAAG CTGTGCCACC CCGAGGAGCT GGTGCTGCTC
AGCTGTGTGC CACCTACAAG CTGTGCCACC CCGAGGAGCT GGTGCTGCTC

B T e e e I
160 170 180 190 200
GGACACTCTC TGGGCATCCC CTGGGCTCCC CTGAGCAGCT GCCCCAGCCA
GGACACTCTC TGGGCATCCC CTGGGCTCCC CTGAGCAGCT GCCCCAGCGT

B e e e e e L I
210 220 230 240 250
GGCCCTGCAG CTGGCAGGCT GCTTGAGCCA ACTCCATAGC GGCCTTTTCC
GGCCCTGCAG CTGGCAGGCT GCTTGAGCCA ACTCCATAGC GGCCTTTTCC

B e e e I
260 270 280 290 300
TCTACCAGGG GCTCCTGCAG GCCCTGGAAG GGATCTCCCC CGAGTTGGGT
TCTACCAGGG GCTCCTGCAG GCCCTGGAAG GGATCTCCCC CGAGTTGGGT

310 320 330 340 350
CCCACCTTGG ACACACTGCA GCTGGACGTC GCCGACTTTG CCACCACCAT
CCCACCTTGG ACACACTGCA GCTGGACGTC GCCGACTTTG CCACCACCAT

B e e e e I
360 370 380 390 400
CTGGCAGCAG ATGGAAGAAC TGGGAATGGC CCCTGCCCTG CAGCCCACCC
CTGGCAGCAG ATGGAAGAAC TGGGAATGGC CCCTGCCCTG CAGCCCACCC

B e e e e o L I
410 420 430 440 450
AGGGTGCCAT GCCGGCCTTC GCCTCTGCTT TCCAGCGCCG GGCAGGAGGG
AGGGTGCCAT GCCGGCCTTC GCCTCTGCTT TCCAGCGCCG GGCAGGAGGG

T L T e s T I
460 470 480 490 500
GTCCTGGTTG CCTCCCATCT GCAGAGCTTC CTGGAGGTGT CGTACCGCGT
GTCCTGGTTG CCTCCCATCT GCAGAGCTTC CTGGAGGTGT CGTACCGCGT

B e A e

510 520
TCTACGCCAC CTTGCCCAGC CC
TCTACGCCAC CTTGCCCAGC CC
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Pairwise
Sequence
Sequence
Sequence

Alignment

WT
P65V

ends allowed to slide over each other

Alignment score: 1035

Identities:

WT
P65V

WT
P65V

WT
P65V

WT
P65V

WT
P65V

WT
P65V

WT
P65V

WT
P65V

WT

0.9942529

R N e e e e
10 20 30 40 50
ACACCCCTAG GCCCTGCCAG CTCCCTGCCC CAGAGCTTCC TGCTCAAGTG
ACACCCCTAG GCCCTGCCAG CTCCCTGCCC CAGAGCTTCC TGCTCAAGTG

B e T L s I
60 70 80 90 100
CTTAGAGCAA GTGAGGAAGA TCCAGGGCGA TGGCGCAGCG CTCCAGGAGA
CTTAGAGCAA GTGAGGAAGA TCCAGGGCGA TGGCGCAGCG CTCCAGGAGA

B I N e e e
110 120 130 140 150
AGCTGTGTGC CACCTACAAG CTGTGCCACC CCGAGGAGCT GGTGCTGCTC
AGCTGTGTGC CACCTACAAG CTGTGCCACC CCGAGGAGCT GGTGCTGCTC

B R T BRI I B R R I
160 170 180 190 200
GGACACTICTC TGGGCATCCC CTGGGCTCCC CTGAGCAGCT GCCCCAGCCA
GGACACTCTC TGGGCATCCC CTGGGCTCCC CTGAGCAGCT GCGTGAGCCA

T e e e e e e e
210 220 230 240 250
GGCCCTGCAG CTGGCAGGCT GCTTGAGCCA ACTCCATAGC GGCCTTTTCC
GGCCCTGCAG CTGGCAGGCT GCTTGAGCCA ACTCCATAGC GGCCTTTTCC

B N N e e e e
260 270 280 290 300
TCTACCAGGG GCTCCTGCAG GCCCTGGAAG GGATCTCCCC CGAGTTGGGT
TCTACCAGGG GCTCCTGCAG GCCCTGGAAG GGATCTCCCC CGAGTTGGGT

310 320 330 340 350
CCCACCTTGG ACACACTGCA GCTGGACGTC GCCGACTTTG CCACCACCAT
CCCACCTTGG ACACACTGCA GCTGGACGTC GCCGACTTTG CCACCACCAT

360 370 380 390 400
CTGGCAGCAG ATGGAAGAAC TGGGAATGGC CCCTGCCCTG CAGCCCACCC
CTGGCAGCAG ATGGAAGAAC TGGGAATGGC CCCTGCCCTG CAGCCCACCC

D T e e L e
410 420 430 440 450
AGGGTGCCAT GCCGGCCTTC GCCTCTGCTT TCCAGCGCCG GGCAGGAGGG
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P65V

WT
P65V

WT

P65V
Pairwise
Sequence
Sequence
Sequence

AGGGTGCCAT GCCGGCCTTC GCCTCTGCTT TCCAGCGCCG GGCAGGAGGG

O T e S L s
460 470 480 490 500
GTCCTGGTTG CCTCCCATCT GCAGAGCTTC CTGGAGGTGT CGTACCGCGT
GTCCTGGTTG CCTCCCATCT GCAGAGCTTC CTGGAGGTGT CGTACCGCGT

B I
510 520
TCTACGCCAC CTTGCCCAGC CC
TCTACGCCAC CTTGCCCAGC CC

Alignment

WT
s8C_Q70C

ends allowed to slide over each other

Alignment score: 1027

Identities:

WT
s8c_Q70C

WT
s8c_Q70c

WT
s8c_Q70cC

WT
s8c_Q70c

WT
s8c_Q70cC

WT
s8c_g70c

WT
s8c_Q70cC

0.9904215

T e T L I
10 20 30 40 50
ACACCCCTAG GCCCTGCCAG CTCCCTGCCC CAGAGCTTCC TGCTCAAGTG
ACACCCCTAG GCCCTGCC-G CTGCCTGCCC CAGAGCTTCC TGCTCAAGTG

B e e e I
60 70 80 90 100
CTTAGAGCAA GTGAGGAAGA TCCAGGGCGA TGGCGCAGCG CTCCAGGAGA
CTTAGAGCAA GTGAGGAAGA TCCAGGGCGA TGGCGCAGCG CTCCAGGAGA

T 1 T e e I
110 120 130 140 150
AGCTGTGTGC CACCTACAAG CTGTGCCACC CCGAGGAGCT GGTGCTGCTC
AGCTGTGTGC CACCTACAAG CTGTGCCACC CCGAGGAGCT GGTGCTGCTC

B e e e e o L I
160 170 180 190 200
GGACACTCTC TGGGCATCCC CTGGGCTCCC CTGAGCAGCT GCCCCAGCCA
GGACACTCTC TGGGCATCCC CTGGGCTCCC CTGAGCAGCT GCCCCAGCCA

B e e e e I
210 220 230 240 250
GGCCCTGCAG CTGGCAGGCT GCTTGAGCCA ACTCCATAGC GGCCTTTTCC
GGCCCTGTGC CTGGCAGGCT GCTTGAGCCA ACTCCATAGC GGCCTTTTCC

T L T e s T I
260 270 280 290 300

TCTACCAGGG GCTCCTGCAG GCCCTGGAAG GGATCTCCCC CGAGTTGGGT
TCTACCAGGG GCTCCTGCAG GCCCTGGAAG GGATCTCCCC CGAGTTGGGT

310 320 330 340 350
CCCACCTTGG ACACACTGCA GCTGGACGTC GCCGACTTTG CCACCACCAT
CCCACCTTGG ACACACTGCA GCTGGACGTC GCCGACTTTG CCACCACCAT

213



360 370 380 390 400

WT CTGGCAGCAG ATGGAAGAAC TGGGAATGGC CCCTGCCCTG CAGCCCACCC
S8C_Q70C CTGGCAGCAG ATGGAAGAAC TGGGAATGGC CCCTGCCCTG CAGCCCACCC
T O T e e L e R
410 420 430 440 450
WT AGGGTGCCAT GCCGGCCTTC GCCTCTGCTT TCCAGCGCCG GGCAGGAGGG
S8C_Q70C AGGGTGCCAT GCCGGCCTTC GCCTCTGCTT TCCAGCGCCG GGCAGGAGGG
I I R e e I e
460 470 480 490 500
WT GTCCTGGTTG CCTCCCATCT GCAGAGCTTC CTGGAGGTGT CGTACCGCGT
S8C_Q70C GTCCTGGTTG CCTCCCATCT GCAGAGCTTC CTGGAGGTGT CGTACCGCGT
B e e I
510 520
WT TCTACGCCAC CTTGCCCAGC CC
S8C_Q70C TCTACGCCAC CTTGCCCAGC CC

Pairwise Alignment

Sequence 1: WT

Sequence 2: S12E Q134H

Sequence ends allowed to slide over each other
Alignment score: 1032

Identities: 0.9923372
Alignment: N:\\~out.tmp

T O T L O e e R
10 20 30 40 50

WT ACACCCCTAG GCCCTGCCAG CTCCCTGCCC CAGAGCTTCC TGCTCAAGTG
S12E_Q134H ACACCCCTAG GCCCTGCCAG CTCCCTGCCC CAGGAATTCC TGCTCAAGTG

T B T A B T ICTCITIR IR IR
60 70 80 920 100
WT CTTAGAGCAA GTGAGGAAGA TCCAGGGCGA TGGCGCAGCG CTCCAGGAGA
S12E Q134H  CTTAGAGCAA GTGAGGAAGA TCCAGGGCGA TGGCGCAGCG CTCCAGGAGA

e e e e e
110 120 130 140 150
WT AGCTGTGTGC CACCTACAAG CTGTGCCACC CCGAGGAGCT GGTGCTGCTC
S12E Q134H AGCTGTGTGC CACCTACAAG CTGTGCCACC CCGAGGAGCT GGTGCTGCTC

T T e L e
160 170 180 190 200

WT GGACACTCTC TGGGCATCCC CTGGGCTCCC CTGAGCAGCT GCCCCAGCCA
S12E Q134H GGACACTCTC TGGGCATCCC CTGGGCTCCC CTGAGCAGCT GCCCCAGCCA

210 220 230 240 250
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WT
S12E _Q134H

WT
S12E_Q134H

WT
S12E Q134H

WT
S12E_Q134H

WT
S12E Q134H

WT
S12E_Q134H

WT
S12E_Q134H

GGCCCTGCAG CTGGCAGGCT GCTTGAGCCA ACTCCATAGC GGCCTTTTCC
GGCCCTGCAG CTGGCAGGCT GCTTGAGCCA ACTCCATAGC GGCCTTTTCC

B T e e e I
260 270 280 290 300
TCTACCAGGG GCTCCTGCAG GCCCTGGAAG GGATCTCCCC CGAGTTGGGT
TCTACCAGGG GCTCCTGCAG GCCCTGGAAG GGATCTCCCC CGAGTTGGGT

310 320 330 340 350
CCCACCTTGG ACACACTGCA GCTGGACGTC GCCGACTTTG CCACCACCAT
CCCACCTTGG ACACACTGCA GCTGGACGTC GCCGACTTTG CCACCACCAT

B e e e e L I
360 370 380 390 400
CTGGCAGCAG ATGGAAGAAC TGGGAATGGC CCCTGCCCTG CAGCCCACCC
CTGGCAGCAG ATGGAAGAAC TGGGAATGGC CCCTGCCCTG CAGCCCACCC

B e e e I
410 420 430 440 450
AGGGTGCCAT GCCGGCCTTC GCCTCTGCTT TCCAGCGCCG GGCAGGAGGG
ATGGTGCCAT GCCGGCCTTC GCCTCTGCTT TCCAGCGCCG GGCAGGAGGG

B e e e e e L I
460 470 480 490 500
GTCCTGGTTG CCTCCCATCT GCAGAGCTTC CTGGAGGTGT CGTACCGCGT
GTCCTGGTTG CCTCCCATCT GCAGAGCTTC CTGGAGGTGT CGTACCGCGT

O L T e
510 520

TCTACGCCAC CTTGCCCAGC CC

TCTACGCCAC CTTGCCCAGC CC

S.17. Mutant Primers. Sequences for WT and mutant primers are aligned, with mutated codon

highlighted yellow and percentage alignment score titled “Identities”.
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m T T T T T T 1 T T
0 10 0 30 40 50 b0 70 80 90

TPLGPASSLPQSFLLKCLEQVRKIQGDGAALQEKLCATYKLCHPEELVLLGHSLGIPHAPLSSCPSQALQLAGCLSQLHSGLFLYQGLLY,
e I ]

I T T T T T I I
100 10 120 130 140 150 160 170

ALEGISPELGPTLOTLQLDVADFATTIWQQMEELGHAPALQPTQGAMPAFASAFQRRAGGVLVASHLOSFLEVSYRVLRHLAQP
|
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